arXiv:1303.7210v3 [hep-ph] 1 May 2013

PREPRINT

Gauge Invariant Descriptions of Gluon Polarizations Revisited

Zhi-Qiang Guo and Iván Schmidt

Departamento de Física y Centro Científico Tecnológico de Valparaíso, Universidad Técnica Federico Santa María, Casilla 110-V, Valparaíso, Chile

E-mail: zhiqiang.guo@usm.cl, ivan.schmidt@usm.cl

Abstract: We examine the feasibility of gauge invariant descriptions of the gluon polarization following the proposal that a gauge field can be decomposed into its physical part and its pure gauge part. We show that gauge invariant angular momentum currents can be constructed from summations of gauge variant Noether currents. We present novel expressions of the pure gauge field, which are used to formulate gauge invariant descriptions of the gluon spin and the photon spin. We show that the gauge invariant extension of the Chern-Simons current can describe the spins of the Laguerre-Gauss laser modes. We also discuss the relation of gauge invariant operators and the parton distributions constructed from Dirac variables.

Keywords: Gluon Spin, Noether Theorem, Chern-Simons Current, Gauge Invariant Decompositions

Contents

1 Introduction 1

2 Gauge Invariant Angular Momentum Currents As Summations 2

3 Novel Expressions for the Pure Gauge Field 4 3.1 Abelian Case 4 3.2 Non-Abelian Case 5

4 Gauge Invariant Decompositions of the Nucleon Spin 6 4.1 Generation of Gluon Spin Angular Momentum from Surface Currents 6 4.2 Analysis on Laguerre-Gauss Laser Modes 8 4.3 Relations to Parton Distribution Functions 9

5 Conclusions 10

A Transformation of the Pure gauge Field 11

B Another expression of the Pure Gauge Field: Abelian Case 11 B.1 Fock-Schwinger Gauge in Abelian Case 12 B.2 Expression of the Pure Gauge Field in Abelian Case 12

C Another expression of the Pure Gauge Field: Non-Abelian Case 13 C.1 Fock-Schwinger Gauge in Non-Abelian Case 13 C.2 Expression of the Pure Gauge Field in Non-Abelian Case 14

1 Introduction

The electromagnetic and strong interactions are well recognized as gauge theories. Nevertheless, compared to their elegant mathematical formulation, gauge symmetries play an perplexing role when we try to understand the angular momentum structure of the photon field and gluon field. On one hand, the spin and orbital angular momentum of light modes have been measured experimentally [1–3], and the gluon spin contributions to the nucleon spin are also believed to be measurable [4–6]. On the other hand, it is believed that a gauge invariant operator decomposition of the gluon spin and orbital angular momentum is not feasible, compared to a well established gauge invariant decomposition of the quark spin and orbital angular momentum [7].

Recently, Chen et al. [8] proposed that the gluon spin and orbital angular momentum can be identified gauge-independently by decomposing the gauge field into its physical part A^μ_{phys} and its pure gauge part A^μ_{pure}. The decomposition of Chen et al. shows the appealing feature that the gauge covariant derivative operator in their construction appears to depend solely on the pure gauge field, so it can be regarded as the closest akin to the interaction-free canonical ones. Moreover, Chen et al. argue that the Coulomb gauge construction plays an especially superior role, mainly because the Abelian gauge field can be uniquely decomposed into its transverse part and longitudinal one. The proposal of Chen et al. has inspired lots of considerations on

– 1 – the feasibility of gauge invariant operator descriptions of the gluon spin [9–13]. However, there are also some concerns about the decomposition of Chen et al., such as the frame-dependence problem in the Coulomb gauge case and the light-cone gauge case [14], the uniqueness problem of identifications of the gluon spin operator [15, 16], whether the requirement of gauge invariant operators is necessary [17], and whether the decomposition of Chen et al. can provide new understandings on the decomposition of the nucleon spin beyond the framework of gauge invariant extensions (GIEs) [14]. In this paper, we discuss the feasibility of gauge invariant descriptions of the gluon spin and attempt to shed light on these concerns from several different aspects.

Firstly, we propose that gauge invariant expressions of angular momentum current can be constructed from summations of two kinds of Noether currents: one kind of current is induced by the Lorentz transformation and the other one is induced by the gauge transformation. These results are presented in section 2. Secondly, in section 3 we propose novel expressions for the pure gauge field A^μ_{pure}, using operators similar to the operators of specified twist in the operator product expansions. These expressions are apparently frame-independent. Based on these expressions, we suggest gauge invariant decompositions of the nucleon spin in section 4.1. We then pay special attention on the photon spin operator in section 4.2. When restricted on the Abelian case, we show that our proposed photon spin operator can describe the spin of light modes with a fixed frequency, such as the Laguerre-Gaussian laser modes. We further discuss the parton distribution functions constructed from Dirac variables [18–21] and their relations to the gauge invariant quark momentums in section 4.3. Finally, we give conclusions in section 5. We also have three appendices to give more details of the body of our paper.

2 Gauge Invariant Angular Momentum Currents As Summations

For gauge theories, the conserved currents constructed from the Noether theorem are generally not gauge invariant. However, we show in this section that gauge invariant currents can be constructed from the summations of gauge variant currents. We consider the Lagrangian L = − 1 4 F^a_{μν} F^{aμν} + i 2 [ψ̄γ^μ(∂_μ − igA_μ)ψ − (∂_μψ̄ + igψ̄A_μ)γ^μψ]. (2.1) For the Lorentz invariance of this Lagrangian, the corresponding Noether current can be written as J^μ_{LT} = δx^μL + ∂L ∂(∂_μA_ν ) δ_{LT} A_ν + ∂L ∂(∂_μψ) δ_{LT} ψ + δ_{LT} ψ̄ ∂L ∂(∂_μψ̄) , (2.2)

with field variations up to first order of the parameters ω_{μν} as

δ_{LT} A_μ(x) = −y^β∂_β A_μ(x) + ω_{μβ} A^β(x), y_μ = δx_μ = ω_{μν} x^ν , (2.3) δ_{LT} ψ(x) = − i 2 ω_{αβ}S^{αβ} ψ(x) − y^β∂_βψ(x), (2.4) δ_{LT} ψ̄(x) = i 2 ψ̄(x)ω_{αβ} S^{αβ} − y^β∂_βψ̄(x). (2.5) When Eq. (2.2) is written in a manifest way, it gives the canonical angular momentum current as proposed by Jaffe and Manohar [22]. The Lagrangian (2.1) is also invariant under gauge transformations. For gauge transformations, the corresponding Noether current is given by

J^μ_{GT} = ∂L ∂(∂_μA_ν ) δ_{GT} A_ν + ∂L ∂(∂_μψ) δ_{GT} ψ + δ_{GT} ψ̄ ∂L ∂(∂_μψ̄) , (2.6)

– 2 – with field variations up to first order of the gauge parameter θ as δ_{GT} A_μ(x) = D_μθ(x) = ∂_μθ(x) − ig[A_μ, θ(x)], (2.7) δ_{GT} ψ(x) = igθ(x)ψ(x), δ_{GT} ψ̄(x) = −igψ̄(x)θ(x). (2.8) Written manifestly, the current in Eq. (2.6) is

J^μ_{GT} = −2Tr(F^{μν} D_ν θ) − gψ̄γ^μθψ, (2.9) = 2Tr(D_ν F^{μν} θ) − gψ̄γ^μθψ − 2∂_ν Tr(F^{μν} θ). (2.10)

Here and hereafter we use the normalization Tr(T^aT^b) =^1_2 δ^{ab}. The first two terms of Eq. (2.10) give zero by the equations of motion. The third term satisfies ∂_μ∂_ν Tr(F^{μν} θ) = 0. So the current J^μ_{GT} is conserved for any values of the field θ(x). We can suppose a parametrization of the field θ(x) as

θ(x) = −ω_{αβ}x^αN^β (x). (2.11)

Then the current J^μ_{GT} can be summed with J^μ_{LT} to formulate a new current

J^μ = J^μ_{LT} + J^μ_{GT} = 1 2 ω_{αβ} M^{μαβ} , (2.12) M^{μαβ} = M^{μαβ}_{qs} + M^{μαβ}_{qo} + M^{μαβ}_{gs} + M^{μαβ}_{go} , (2.13) with identifications of quark parts as M^{μαβ}_{qs} = 1 2 ϵ^{μαβρ}ψ̄γ_ργ_5ψ, (2.14) M^{μαβ}_{qo} = i 2 [ψ̄γ^μx^α(∂^β − igN^β )ψ − (α ←→ β)] + H.C. (2.15)

+ (η^{μα}x^β − η^{μβ}x^α)L_{quark},

and identifications of gluon parts as M^{μαβ}_{gs} = −2Tr [ F^{μα}(A^β − N^β ) − F^{μβ} (A^α − N^α) ] , (2.16) M^{μαβ}_{go} = 2Tr [ F^μ_ν (F^{να}x^β − F^{νβ}x^α) ] (2.17) + 2Tr [ x^β F^μ_ν D^ν (A^α − N^α) − (α ←→ β) ] + (η^{μα}x^β − η^{μβ}x^α)L_{gluon}.

Here L_{quark} and L_{gluon} are respectively the corresponding gauge invariant fermion part and gluon part of the Lagrangian (2.1), and D_μ = ∂_μ − ig[A_μ, · ]. The above results are identical with our previous ones obtained by using a generalized Lorentz transformation [23]. The cause of their consistency is simply that the Lie algebra of the generalized Lorentz transformation used in [23] is the direct sum of the algebra of the Lorentz transformation and that of the gauge transformation. For N^β = A^β, we obtain the gauge invariant decompositions of Ji [7]; For N^β = A^β_{pure}, we obtain the gauge invariant decompositions of Chen et al. [8]. The feasibility of derivation of gauge invariant currents by the Noether procedure is also discussed in [21, 24] through different methods. Their results correspond to special cases of our above discussions when N^β = A^β_{pure}. Harindranath and Kundu [25], Shore and White [26] ever showed that the difference between the decomposition of Ji and that of Jaffe and Manohar is just a total divergence by imposing equations of motion. Our above results are also consistent with their analysis in the case N^β = A^β.

– 3 –

3 Novel Expressions for the Pure Gauge Field

3.1 Abelian Case A key step of the proposal of Chen et al. is to express the pure gauge field A^μ_{pure} in terms of A^μ in order that no extra freedoms are introduced. For several expressions of the pure gauge field, see [10–13]. In this section, we attempt to derive expressions for A^μ_{pure} through a method introduced by Delbourgo and Thompson [27]. For an Abelian gauge field, we consider the pure gauge field determined by ∂^μ[A_μ(x) − ∂_μφ(x)] = 0, (3.1) which can be rewritten as ∂^μ∂_μφ(x) = F(x), F(x) = ∂^μA_μ(x). (3.2) A series solution based on the inverse derivative operator has been given in [23, 27, 28]. We try to find another kind of solution of Eq. (3.2), we make the ansatz φ(x) = ∞∑ s=0

[^s_2 ]∑

n=0 a_{s,n}(x^ρx_ρ)^{n+1}x^{α1} · · · x^{αs−2n} ∂_{α1} · · · ∂_{αs−2n} (∂^β ∂_β )^nF(x), (3.3) where the notation [^s_2 ] stands for the largest integer which is smaller than^s_2 , and a_{s,n} are some unknown constants to be determined later on. In the ansatz (3.3), s + 1 counts the number of the derivatives appearing in the expansions. The terms in the ansatz (3.3) look very similar to the operators of specified twist appearing in the conventional operator product expansions. The ansatz (3.3) has the simple property, that is, after being acted by the derivative operator twice, it is transformed to be ∂^μ∂_μφ(x) = ∞∑ s=0

[^s_2 ]∑

n=0 c_{s,n}(x^ρx_ρ)^nx^{α1} · · · x^{αs−2n} ∂_{α1} · · · ∂_{αs−2n} (∂^β ∂_β)^nF(x). (3.4) It remains a similar structure to Eq. (3.3), but its coefficients are modified to be c_{s,n} = (n + 1)(2d + 4s − 4n)a_{s,n} + (s − 2n + 2)(s − 2n + 1)a_{s,n−1} (3.5) + 4(n + 1)a_{s−1,n} + 2(s − 2n + 1)a_{s−1,n−1} + a_{s−2,n−1}, with the constraints that a_{s,n} = 0 for n ≥ [^s_2 ] + 1 or s ≤ −1 or n ≤ −1, which are apparently absent from Eq. (3.3). In the above, d is the dimension of the space-time, and hereafter we shall work with d = 4. Therefore, a consistent solution of Eq. (3.2) exists if c_{0,0} = 1, (s = 0) (3.6) c_{s,n} = 0. (s ≥ 1) (3.7) Eq. (3.7) should be satisfied for s ≥ 1. It is a recursive identity, by which a_{s,n} with larger s and n can be determined by a_{s,n} with smaller s and n. By this recursive identity, the first four equations for a_{s,n} are 8a_{0,0} = 1, (s = 0, n = 0) (3.8) 12a_{1,0} + 4a_{0,0} = 0, (s = 1, n = 0) (3.9) 16a_{2,0} + 4a_{1,0} = 0, (s = 2, n = 0) (3.10) 24a_{2,1} + 2a_{2,0} + 2a_{1,0} + a_{0,0} = 0. (s = 2, n = 1) (3.11) – 4 –

Here we have used the relations that a_{s,n} = 0 for n ≥ [^s_2 ] + 1 or s ≤ −1 or n ≤ −1. For the equations derived from the recursive identity (3.7), the unknown variables match the number of equations. So the solution of Eq. (3.1) can be determined by the recursive equations such as Eqs. (3.8)-(3.11). The pure gauge field are hence obtained as

A^μ_{pure}(x) = ∂^μφ(x). (3.12)

From Eq. (3.3), we see that A^μ_{pure}(x) = 0 for the Lorentz gauge ∂^μA_μ(x) = 0. However, the pure gauge field determined by Eqs. (3.3) and (3.12) has a complicated formulation, and its transformation under gauge transformations is not transparent. In appendix A, we give arguments that it has the transformations as A^μ as we required. In appendix B.2, we present another solution of Eq. (3.1) through a slightly different method, that is,

Â^μ_{pure}(x) = A^μ(x) − 1 2 x_αF^{αμ}(x) + 1 6 x_{α1} x_{α2} ∂^{α1} F^{α2μ}(x) (3.13) + 1 8 x^μx_{α1} ∂_{α2} F^{α1α2} (x) + 1 16 x^ρx_ρ∂_αF^{μα}(x) + · · · . By this formulation, Â^μ_{pure}(x) apparently transforms as A^μ(x) under gauge transformations. Eq. (3.13) is expected to be equivalent with Eq. (3.12) by similar arguments in appendix A, albeit a straightforward proof of their equivalence, which means that we attempt to derive Eq. (3.13) from Eq. (3.12) by the method of simple decompositions and combinations, is not easy to implement.

3.2 Non-Abelian Case

For non-Abelian cases, we need to solve the equation D^μ(A_μ − i g U^{−1}∂_μU) = 0, U(x) = exp^{−igϕ(x)}, (3.14)

where ϕ(x) = ϕ^a(x)T^a taking values in the Lie algebra of SU(N) and D_μ = ∂_μ − ig[A_μ, · ] stands for a covariant derivative. Expanded as a series, the pure gauge field is

A^μ_{pure} = i g U^{−1}∂^μU = ∂^μϕ − i 2 g[∂^μϕ, ϕ] − 1 6 g^2[[∂^μϕ, ϕ], ϕ] + · · · . (3.15)

Because of its non-linearity, Eq. (3.14) is not easy to solve. We attempt to solve it by perturbative methods. We suppose Eq. (3.14) has a series expansion as

ϕ = ϕ^{(0)} + gϕ^{(1)} + g^2ϕ^{(2)} + · · · . (3.16)

Then Eq. (3.14) can be solved by setting terms of the same power of the coupling g to be zero. For the term independent of g, we obtain

∂^μ∂_μϕ^{(0)}(x) = F^{(0)}, F^{(0)} = ∂^μA_μ(x). (3.17)

This equation has the same structure with Eq. (3.2). So we can solve it by the ansatz (3.3). The solution is

ϕ^{(0)}(x) = ∞∑ s=0

[^s_2 ]∑

n=0 a_{s,n}(x^ρx_ρ)^{n+1}x^{α1} · · · x^{αs−2n} ∂_{α1} · · · ∂_{αs−2n} (∂^β ∂_β )^nF^{(0)}, (3.18)

– 5 – with ϕ^{(0)} and A_α(x) taking values in the Lie algebra of SU(N), and the coefficients a_{s,n} solved by Eqs. (3.6) and (3.7). For the term of g of power one in Eq. (3.14), we obtain

∂^μ∂_μϕ^{(1)} = F^{(1)}, (3.19) i 2 [∂_μϕ^{(0)}, ϕ^{(0)}] − i[A^μ, ∂_μϕ^{(0)}] = F^{(1)}. (3.20)

In Eq. (3.20), F^{(1)} is known because ϕ^{(0)} has been given by Eq. (3.18). This equation also has the same structure with Eq. (3.2). We can solve it by the ansatz (3.3) with F replaced by F^{(1)}. The solution is

ϕ^{(1)}(x) = ∞∑ s=0

[^s_2 ]∑

n=0 a_{s,n}(x^ρx_ρ)^{n+1}x^{α1} · · · x^{αs−2n} ∂_{α1} · · · ∂_{αs−2n} (∂^β ∂_β )^nF^{(1)}. (3.21)

For the coefficient of g^2 in Eq. (3.14), we obtain

F^{(2)} = ∂^μ∂_μϕ^{(2)}, (3.22)

F^{(2)} = i 2 [∂^μϕ^{(0)}, ϕ^{(1)}] + i 2 [∂^μϕ^{(1)}, ϕ^{(0)}] + 1 6 [[∂^μϕ^{(0)}, ϕ^{(0)}], ϕ^{(0)}] (3.23)

− i[A^μ, ∂_μϕ^{(1)} − i 2 [∂^μϕ^{(0)}, ϕ^{(0)}]].

This equation can be solved as above. The solution is

ϕ^{(2)}(x) = ∞∑ s=0

[^s_2 ]∑

n=0 a_{s,n}(x^ρx_ρ)^{n+1}x^{α1} · · · x^{αs−2n} ∂_{α1} · · · ∂_{αs−2n} (∂^β ∂_β )^nF^{(2)}. (3.24)

By the foregoing recursive procedures, a solution of Eq. (3.14) can be derived for the non-Abelian case. The pure gauge field A^μ_{pure} hence can be obtained for the non-Abelian case. It is apparent that A^μ_{pure}(x) = 0 in the Lorentz gauge ∂^μA_μ(x) = 0 by the foregoing constructions. Another solution of Eq. (3.14) can be derived by following the procedure in appendix C, which is expected to be a generalization of Eq. (3.13)

Â^μ_{pure}(x) = A^μ(x) − 1 2 x_αF^{αμ}(x) + 1 6 x_{α1} x_{α2} D^{α1} F^{α2μ}(x) (3.25) + 1 8 x^μx_{α1} D_{α2} F^{α1α2} (x) + 1 16 x^ρx_ρD_αF^{μα}(x) + · · · , which is also expected to be equivalent with the solution (3.15) obtained above, albeit a formal proof is not easy to implement.

So far, we have derived expressions for the pure gauge field in the Abelian case and the non- Abelian case. These expressions shall be used in the next section to construct gauge invariant operators of the gluon spin and the photon spin.

4 Gauge Invariant Decompositions of the Nucleon Spin

4.1 Generation of Gluon Spin Angular Momentum from Surface Currents

In section 2, we interpreted the gauge invariant current of angular momentum as summations of gauge variant ones. We saw that the gauge invariant decomposition of Ji and that of Chen et al. can be accommodated into this framework. In the decomposition of Chen et al. [8], there is gauge invariant description of gluon spin. However, in the decomposition of Ji [7], there is no

– 6 – gauge invariant description of gluon spin, while only the total gluon angular momentum current is gauge invariant. In this section, we attempt to propose another decomposition of the nucleon spin. We begin with Ji’s decomposition, that is, the quark parts are M^{μαβ}_{qs} = 1 2 ϵ^{μαβρ}ψ̄γ_ργ_5ψ, (4.1) M^{μαβ}_{qo} = i 2 [ψ̄γ^μx^α(∂^β − igA^β)ψ − (α ←→ β)] + H.C. (4.2) + (η^{μα}x^β − η^{μβ}x^α)L_{quark}, and the gluon part is M^{μαβ}_g = 2Tr [ F^μ_ν (F^{να}x^β − F^{νβ}x^α) ] (4.3) + (η^{μα}x^β − η^{μβ} x^α)L_{gluon}.

Apparently there is no natural candidate of the gluon spin operator in the above decomposition. In order to introduce descriptions of the gluon spin, following the similar proposal of Belinfante for the energy-momentum tensor [29], we construct a gauge invariant surface current M^{μαβ}_g = 1 2 ∂_ρ(x^αM^{μρβ}_g − x^β M^{μρα}_g ), (4.4) M^{μαβ}_g = −2Tr(F^{μα}A^β_{phys} + F^{βμ}A^α_{phys} + F^{αβ}A^μ_{phys}). (4.5) Here the physical field A^μ_{phys} = A^μ − A^μ_{pure} has been defined in section 3. Apparently M^{μαβ}_g is also a conserved current, that is, ∂_μM^{μαβ}_g = 0, (4.6) because M^{μρβ}_g is antisymmetrical about its indices μ and ρ. Adding this current to M^{μαβ} , we can obtain a new conserved current M̃^{μαβ} = M^{μαβ}_g + M^{μαβ} . (4.7)

The gluon parts of this new current are M̃^{μαβ}_{gs} = −2Tr(F^{μα}A^β_{phys} + F^{βμ}A^α_{phys} + F^{αβ}A^μ_{phys}), (4.8) M̃^{μαβ}_{go} = 2Tr[F^μ_ν (F^{να}x^β − F^{νβ}x^α)] + Tr[x^β F^{μρ}D_ρA^α_{phys} − x^αF^{μρ}D_ρA^β_{phys}] + Tr[x^β D_ρF^{μρ}A^α_{phys} − x^αD_ρF^{μρ}A^β_{phys}] (4.9) + Tr[x^αA^ρ_{phys}D_ρF^{μβ} − x^β A^ρ_{phys}D_ρF^{μα}] + (η^{μα}x^β − η^{μβ}x^α)L_{gluon}.

Here D_μ = ∂_μ − ig[A_μ, · ] and we have used the relation D_ρA^ρ_{phys} = 0 as it is the definition of A^ρ_{phys} in section 3.2. The quark parts of this new current remain the same as Eqs. (4.1) and (4.2). The above gluon spin operator (4.8) has been discussed in [12] in the light-cone gauge. The second line of Eq. (4.9) is reminiscent of the potential angular momentum in [9]. Of course, the surface current (4.4) is not the unique current which can be used to construct descriptions of the gluon spin. For other choice, we can consider the current

M^{μαβ}_g = −2Tr(F^{μα}A^β_{phys} + F^{βμ}A^α_{phys} + F^{αβ}A^μ_{phys}) − 2igTr(A^μ_{phys}[A^α_{phys}, A^β_{phys}]). (4.10) This choice induces the gauge invariant Chern-Simons current as descriptions of the gluon spin. We shall make more discussions of appropriate descriptions of the gluon spin in the subsequent two subsections. – 7 –

4.2 Analysis on Laguerre-Gauss Laser Modes In this subsection, when restricted on the Abelian case, we discuss how the operator (4.8) can be an appropriate description of the photon spin with a fixed frequency, such as the Laguerre- Gauss Laser Modes. As shown by Allen et al. [30, 31], the Laguerre-Gaussian laser modes have a well-defined angular momentum, and the angular momentum can be well described by classical analysis without the need of quantum field theories. The Laguerre-Gaussian laser modes are optical modes with a fixed frequency, and they conform to the source-free Maxwell equations ∇ × ⃗E = − ∂ ⃗B ∂t , ∇ × ⃗B = ∂ ⃗E ∂t . (4.11)

For ⃗E and ⃗B with the time dependence e^{−iωt}, the above equations can be rewritten as ⃗B = − i ω ∇ × ⃗E, ⃗E = i ω ∇ × ⃗B. (4.12) In the above descriptions, only gauge invariant field strength are needed. Of course, we can also describe the Laguerre-Gaussian modes by using the gauge potential A^μ = (A^0, ⃗A). Then the field strength ⃗E and ⃗B can be expressed by ⃗E = −∇A^0 − ∂ ⃗A ∂t , ⃗B = ∇ × ⃗A. (4.13) To solve the Maxwell equations, we have the freedom to choose a convenient gauge. We consider the Lorentz gauge

∂^μA_μ = ∂A^0 ∂t + ∇ · ⃗A = 0. (4.14)

In the Lorentz gauge, for optical modes with a fixed frequency, A^0 and ⃗A can both have the time dependence e^{−iωt}, which are consistent with the Lorentz gauge condition (4.14). So Eq. (4.13) can be rewritten as ⃗E = −∇A^0 + iω ⃗A, ⃗B = ∇ × ⃗A. (4.15) Now we begin to consider the descriptions of the photon spin. In the Lorentz gauge ∂^μA_μ = 0, we know that A^μ_{pure} = 0 from the discussions in section 3.1. So the photon spin operator (4.8) in the Lorentz gauge is simplified to be

M̃^{μαβ}_{gs} = −(F^{μα}A^β + F^{βμ}A^α + F^{αβ} A^μ). (4.16)

We define the photon spin vector as

S^i = 1 2 ϵ^{ijk} ∫ d^3xM̃^{0jk}_{gs} , (4.17)

when written manifestly, which is, ⃗S = ∫ d^3x( ⃗E × ⃗A + ⃗BA^0). (4.18)

Because ⃗E, ⃗B, A^0 and ⃗A all have the time dependence e^{−iωt}, as known in electrodynamics, the average of the photon spin vector over a time period^{2π}_ω can be given by ⟨⃗S⟩ = 1 2 ∫ d^3x( ⃗E^∗ × ⃗A + ⃗E × ⃗A^∗ + ⃗B^∗A^0 + ⃗BA^{0∗}). (4.19)

– 8 –

Here Z^∗ means the complex conjugate of Z. Using the relation of ⃗E and ⃗B in Eq. (4.12), we obtain ⟨⃗S⟩ = 1 2 ∫ d^3x( ⃗E^∗ × ⃗A + ⃗E × ⃗A^∗ + i ω ∇ × ⃗E^∗A^0 − i ω ∇ × ⃗EA^{0∗}). (4.20)

After integrating by parts and supposing the surface terms to be zero, we obtain ⟨⃗S⟩ = 1 2 ∫ d^3x[ ⃗E^∗ × ( ⃗A + i ω ∇A^0) + ⃗E × ( ⃗A^∗ − i ω ∇A^{0∗})]. (4.21)

Then using the definition of ⃗E in Eq. (4.15), finally we obtain ⟨⃗S⟩ = − i ω ∫ d^3x( ⃗E^∗ × ⃗E). (4.22)

This is consistent with the results in [14, 31, 32].

We give some comments here. For an Abelian gauge theory, the conventional Chern-Simons current (4.16) appears to be the reduced version of the extended Chern-Simons current (4.10) after the Lorentz gauge fixing ∂^μA_μ(x) = 0. We just show that the Chern-Simons current works well as descriptions of the spin of optical modes with a fixed frequency. From the above discussions, we may get the impression that the conventional Chern-Simons current (4.16) is sufficient for descriptions of the photon spin. However, this impression is not right. Although the Chern-Simons current (4.16) works well in classical descriptions as above, it does not work as descriptions in quantum theories. As shown by Manohar in the two dimensional Schwinger model [33], a forward matrix element of the Chern-Simons current is not gauge invariant. However, a gauge invariant extension of the Chern-Simons current (4.10) can yield gauge invariant results as shown in [23]. Therefore, it is the gauge invariant extension of the Chern-Simons current (4.10) works well both in classical and quantum theories.

Besides, the foregoing analysis apparently only applies to Abelian gauge theories. Because of the nonlinearity of non-Abelian theories, we do not have an appropriate definition of gluon modes with a fixed frequency. Therefore, for non-Abelian theories, we still can not determine whether it is the operator (4.8) or the operator (4.10) that can be considered as appropriate descriptions of the gluon spin by the above analysis, because they degenerate into the same formulation when applied to an Abelian theory.

4.3 Relations to Parton Distribution Functions As shown in [7], the quark orbital angular momentum (OAM) can be connected to the generalized parton distributions. In this subsection, we discuss the relations between the operators constructed in section 4.1 and the parton distribution functions. We consider the parton distribution function

f_q(ξ) = 1 2P^+ ∫ dλ 2π e^{iλξ}⟨P S|ψ̄(0)γ^+U[0; λn]ψ(λn)|P S⟩. (4.23) Here n^μ =^{1√}_2 (1, 0, 0, 1) is a light-like vector, and U[0; λn] is a path-ordered gauge link

U[0; λn] = P exp ( ig ∫_λ 0 n_μN^μ(un)du ) , (4.24)

which makes f_q(ξ) gauge invariant. The quark momentum can be connected to the second moment of f_q(ξ) ∫ dξ ξf_q(ξ) = n_{μ1} n_{μ2} ⟨P S|ψ̄(0)γ^{μ1} i(∂^{μ2} − igN^{μ2} )ψ(0)|P S⟩. (4.25) – 9 –

For N^μ = A^μ, we obtain the gauge invariant quark momentum of Ji [7]; For N^μ = A^μ_{pure}, we obtain the quark momentum considered by Chen et al. [34]. The above definition of parton distributions includes the gauge link U[0; λn], which depends on the choice of path (For a discussion, see [16]). However, we can use the Dirac variables [18, 19, 21] to formulate another definition of parton distributions, which are free of the path dependence. In section 3, in order to derive expressions of A^μ_{pure}, we have derived manifest expressions of the unitary matrix U(x), which can be used to formulate the Dirac variable

ψ_D(x) = U(x)ψ(x). (4.26)

By the definition of U(x) in section 3, ψ_D(x) is apparently gauge invariant. The parton distributions can be constructed from Dirac variables as

f^D_q (ξ) = 1 2P^+ ∫ dλ 2π e^{iλξ}⟨P S|ψ̄(0)U^{−1}(0)γ^+U(λn)ψ(λn)|P S⟩, (4.27) which has the bi-local formulation ψ_D(x)ψ_D(0), and each term of this bi-local expression is separately gauge invariant. Its second moment gives ∫ dξ ξf^D_q (ξ) = n_{μ1} n_{μ2} ⟨P S|ψ̄(0)γ^{μ1} i(∂^{μ2} − ig · i g U^{−1}∂^{μ2} U)ψ(0)|P S⟩. (4.28)

It shows that the pure field A^μ_{pure} =^i_g U^{−1}∂^μU appears in the covariant derivative. So the gauge invariant extension of the canonical quark momentum based on the pure gauge field is closely connected to the parton distribution based on Dirac variables. From the definition of A^μ_{pure} in section 3, we saw that the quark momentum of Chen et al. can be obtained by subtracting a series operator contributions from that definition of Ji.

When the above applied to the gluon distributions, we have the gluon distributions based on Dirac variables

f^D_g (ξ) = i 2ξP^+ ∫ dλ 2π e^{iλξ}⟨P S|U(0)F^{+α}(0)U^{−1}(0)U(λn)F̃^+_α (λn)U^{−1}(λn)|P S⟩. (4.29) Here the Dirac variable U(x)F^{μν} (x)U^{−1}(x) is gauge invariant by the definition of U(x) in section 3. The first moment of f^D_g (ξ) is

ΔG = 1 P^+ ∫ dξ f^D_g (ξ) = 1 P^+ ⟨P S|K^+|P S⟩. (4.30) Here K^μ is the Chern-Simons current which satisfies ∂_μK^μ =^1_2 F^a_{μν}F̃^{μν}_a [35]. Because f^D_g (ξ) is gauge invariant, we can regard K^μ as the gauge invariant extension of the Chern-Simons current. As shown in [23], the gauge invariant extension of the Chern-Simons current also satisfies ∂_μK^μ =^1_2 F^a_{μν}F̃^{μν}_a . From this regard, it appears that the gauge invariant extension of the Chern-Simons current works as an appropriate description of the gluon spin.

5 Conclusions

We have discussed the feasibility of gauge invariant decompositions of the angular momentum of the gauge field. We examined the structure of the angular momentum current through the Noether theorem. The gauge invariant angular momentum currents are shown to be summations of gauge variant currents, which are conserved Noether currents induced separately by the Lorentz transformation and the gauge transformation. This summation formulation suggests

– 10 – that a gauge invariant measurement should include not only the conventional canonical current but also the gauge current. We construct novel expressions of the pure gauge field by using a tower of operators similar to twist operators in the operator product expansions. These expressions show that the pure gauge field includes contributions from an infinite operator series. It does not seem easy to sum this tower of operators when performing phenomenological calculations. We also discussed the appropriate operator description of light modes with a fixed frequency. The gauge invariant extension of the Chern-Simons current is shown to yield results consistent with other classical analysis. Regarding its frame-independence and its gauge-independence, the gauge-invariant Chern-Simons current could be a proper candidate for descriptions of the gluon spin, albeit its physical meaning is not transparent because of its manifest non-local formulation.

Acknowledgments

This work was supported in part by Fondecyt (Chile) grant 1100287 and by Project Basal under Contract No. FB0821.

A Transformation of the Pure gauge Field

In this appendix, we give arguments that the pure gauge field A^μ_{pure} derived in section 3.1 transforms as A^μ under gauge transformations. For a gauge transformation, A^μ transforms as

δA_μ(x) = ∂_μΛ(x). (A.1)

Then by Eq. (3.3), φ transforms as δφ(x) = ∞∑ s=0

[^s_2 ]∑

n=0 a_{s,n}(x^ρx_ρ)^{n+1}x^{α1} · · · x^{αs−2n} ∂_{α1} · · · ∂_{αs−2n} (∂^β ∂_β )^nδF(x), (A.2) δF = ∂_μδA^μ = ∂_μ∂^μΛ(x). (A.3)

From the discussions in section 3.1, it is easy to understand that δφ in Eq. (A.2) satisfies the equation

∂_μ∂^μδφ(x) = ∂_μ∂^μΛ(x). (A.4)

So δφ can be solved as

δφ(x) = h(x) + Λ(x), ∂_μ∂^μh(x) = 0. (A.5)

Here h(x) is independent of Λ(x). So δφ(x) equals to Λ(x) up to a harmonic function. Moreover, from Eq. (A.2), we know that

Λ(x) = 0 =⇒ δφ(x) = 0, (A.6)

which means that h(x) should be zero and actually δφ(x) = Λ(x). So the pure gauge field A^μ_{pure} = ∂^μφ(x) transforms as A^μ.

B Another expression of the Pure Gauge Field: Abelian Case

In this appendix, we are going to derive another expression for the pure gauge field, which satisfies Eq. (3.1). This expression looks different from Eq. (3.3), but is expected to be equivalent to Eq. (3.3). In order to implement this goal, we first solve the pure gauge field through the Fock-Schwinger gauge condition, which then can be used to find another solution of Eq. (3.1).

– 11 –

B.1 Fock-Schwinger Gauge in Abelian Case For an Abelian gauge field, we consider a pure gauge field determined by the Fock-Schwinger gauge condition x^μ[A_μ(x) − ∂_μφ_{F S}(x)] = 0. (B.1) To solve Eq. (B.1), we make the ansatz

φ_{F S} (x) = b_1x^αA_α(x) + ∞∑ n=2 b_nx^{α1} · · · x^{αn} ∂_{α1} · · · ∂_{αn−1} A_{αn} (x). (B.2) This expansion is similar to but different from that in section 3.1. A consistent solution of Eq. (B.1) exists if b_1 = 1, b_2 = − 1 2 , b_n = − 1 n b_{n−1}, n = 3, 4, 5 · · · . (B.3) The solution Eq. (B.2) is not very concise at first sight. However, compared to those expressions in section 3.1, Eq. (B.2) has the nice property that, through some simple combinations, the pure gauge field that determined by it can be concisely expressed as

A^μ_{pure} = ∂^μφ_{F S}(x) (B.4) = A^μ(x) − 1 2 x_αF^{αμ}(x) + ∞∑ n=2 (−1)^n (n + 1)! x_{α1} · · · x_{αn} ∂^{α1} · · · ∂^{αn−1} F^{αnμ}(x), where F^{αμ}(x) = ∂^αA^μ(x) − ∂^μA^α(x) is the Abelian field strength, and then the corresponding physical field can be given as A^μ_{phys} = A^μ − A^μ_{pure} (B.5) = 1 2 x_αF^{αμ}(x) + ∞∑ n=2 (−1)^{n+1} (n + 1)! x_{α1} · · · x_{αn} ∂^{α1} · · · ∂^{αn−1} F^{αnμ}(x), which satisfies the Fock-Schwinger gauge condition x_μA^μ_{phys} = 0. (B.6) Similar but slightly different expressions of the physical field have been given in [36, 37] through different methods. From the above, we saw that the pure gauge field (B.4) that determined by the Fock-Schwinger gauge condition has a very concise expression and its transformation under gauge transformations is also transparent. These concise expressions can be used in next subsection to obtain concise expressions of the pure gauge field determined by the Lorentz gauge condition.

B.2 Expression of the Pure Gauge Field in Abelian Case Now we try to solve Eq. (3.1) in another way. We decompose φ(x) in Eq. (3.1) as φ(x) = φ_{F S}(x) + φ̃(x). (B.7) Then by Eqs. (B.4) and (B.5), Eq. (3.1) can be rewritten as ∂^μ∂_μφ̃(x) = F̃, F̃ = ∂_μA^μ_{phys}. (B.8) – 12 –

Here A^μ_{phys} is given by Eq. (B.5). This equation has the same structure with Eq. (3.2). It can be solved by the ansatz Eq. (3.3), that is,

φ̃(x) = ∞∑ s=0

[^s_2 ]∑

n=0 a_{s,n}(x^ρx_ρ)^{n+1}x^{α1} · · · x^{αs−2n} ∂_{α1} · · · ∂_{αs−2n} (∂^β ∂_β )^nF̃. (B.9)

In the Abelian case, F̃ is apparently gauge invariant by its definition in Eq. (B.8) and by Eq. (B.5). So φ̃(x) is also gauge invariant. By the above solutions, A^μ_{pure} can be written as

A^μ_{pure}(x) = ∂^μφ = ∂^μφ_{F S} + ∂^μφ̃ = A^μ_{pure} + Ã^μ_{pure}

= A^μ(x) − 1 2 x_αF^{αμ}(x) + 1 6 x_{α1} x_{α2} ∂^{α1} F^{α2μ}(x) (B.10) + 1 8 x^μx_{α1} ∂_{α2} F^{α1α2} (x) + 1 16 x^ρx_ρ∂_αF^{μα}(x) + · · · . From the above, we saw that the pure gauge field is decomposed into two parts: A^μ_{pure} and Ãμ_{pure}. The part Aμ_{pure} is determined by the Fock-Schwinger gauge condition, and it has a very concise expression (B.4). The part Ã^μ_{pure} is determined by Eq. (B.9), which depends on A^μ_{phys} in Eq. (B.5). That is the above decomposition makes the solution (B.10) to be possible. Here we only write out the terms of two derivatives, albeit a expression of all orders is also manifest by the above constructions. This new formulation makes the gauge transformation of the pure gauge field transparent.

C Another expression of the Pure Gauge Field: Non-Abelian Case

C.1 Fock-Schwinger Gauge in Non-Abelian Case Similar to the discussion of Fock-Schwinger gauge condition in the Abelian case, for non-Abelian cases, we need to solve the equation x^μ[A_μ − i g U^{−1}_{F S}∂_μU_{F S} ] = 0, U_{F S}(x) = exp^{−igϕF S (x)}, (C.1)

where ϕ(x) = ϕ^a(x)T^a taking values in the Lie algebra of SU(N). Expanded as a series, the pure gauge field is

A^μ_{pure} = i g U^{−1}_{F S}∂^μU_{F S} = ∂^μϕ_{F S} − i 2 g[∂^μϕ_{F S}, ϕ_{F S}] − 1 6 g^2[[∂^μϕ_{F S}, ϕ_{F S}], ϕ_{F S}] + · · · . (C.2)

Because of its non-linearity, we attempt to solve Eq. (C.1) perturbatively. We suppose Eq. (C.1) has a series solution

ϕ_{F S} = ϕ^{(0)}_{F S} + gϕ^{(1)}_{F S} + g^2ϕ^{(2)}_{F S} + · · · . (C.3)

Then Eq. (C.1) can be solved by setting terms of the same power of the coupling g to be zero. For the term independent of g, we obtain

x^μ[A_μ − ∂_μϕ^{(0)}_{F S}] = 0. (C.4)

This equation has the same structure with Eq. (B.1). So we can solve it by the ansatz (B.2). The solution is

ϕ^{(0)}_{F S}(x) = b_1x^αA_α(x) + ∞∑ n=2 b_nx^{α1} · · · x^{αn} ∂_{α1} · · · ∂_{αn−1} A_{αn} (x), (C.5) – 13 – with ϕ^{(0)}_{F S} and A_α(x) taking values in the Lie algebra of SU(N), and the coefficients b_n given by Eq. (B.3). For the term of g of power one in Eq. (C.1), we obtain

x^μ[A^{(1)}_μ − ∂_μϕ^{(1)}_{F S}] = 0, (C.6) i 2 [∂^μϕ^{(0)}_{F S}, ϕ^{(0)}_{F S}] = A^{(1)}_μ . (C.7)

A^{(1)}μ is known because ϕ^{(0)}_{F S} is given by Eq. (C.5). This equation also has the same structure with Eq. (B.1). We can solve it by the ansatz (B.2) with A_μ replaced by A^{(1)}μ . The solution is

ϕ^{(1)}_{F S}(x) = b_1x^αA^{(1)}_α (x) + ∞∑ n=2 b_nx^{α1} · · · x^{αn} ∂_{α1} · · · ∂_{αn−1} A^{(1)}_{αn} (x). (C.8)

For the coefficient of g^2 in Eq. (C.1), we obtain

x^μ[A^{(2)}_μ − ∂_μϕ^{(2)}_{F S}] = 0, (C.9) i 2 [∂^μϕ^{(0)}_{F S}, ϕ^{(1)}_{F S}] + i 2 [∂^μϕ^{(1)}_{F S}, ϕ^{(0)}_{F S}] + 1 6 [[∂^μϕ^{(0)}_{F S}, ϕ^{(0)}_{F S}], ϕ^{(0)}_{F S}] = A^{(2)}_μ . (C.10)

This equation can be solved as above. The solution is

ϕ^{(2)}_{F S}(x) = b_1x^αA^{(2)}_α (x) + ∞∑ n=2 b_nx^{α1} · · · x^{αn} ∂_{α1} · · · ∂_{αn−1} A^{(2)}_{αn} (x). (C.11)

By the foregoing recursive procedure, a solution of Eq. (C.1) can be derived for non-Abelian cases. We saw that the solution of ϕ_{F S} has a very complicated formulation. However, the expression for A^μ_{pure} and A^μ_{phys} are very concise. They are straightforward generalizations of Eqs. (B.4) and (B.5), and we have

A^μ_{pure} = i g U^{−1}_{F S} ∂_μU_{F S} = A^μ(x) − 1 2 x_αF^{αμ}(x) + 1 6 x_{α1} x_{α2} D^{α1} F^{α2μ}(x) + · · · , (C.12)

A^μ_{phys} = A^μ − A^μ_{pure} = 1 2 x_αF^{αμ}(x) − 1 6 x_{α1} x_{α2} D^{α1} F^{α2μ}(x) + · · · , (C.13)

where F^{αμ}(x) = ∂^αA^μ(x) − ∂^μA^α(x) − ig[A^α(x), A^μ(x)] is the non-Abelian field strength and D^α = ∂^α −ig[A^α(x), · ]. The physical field here also satisfies the Fock-Schwinger gauge condition.

C.2 Expression of the Pure Gauge Field in Non-Abelian Case In this appendix, we try to solve Eq. (3.14) in another way, similar to the Abelian case, we decompose ϕ(x) as

ϕ(x) = ϕ_{F S}(x) + ϕ̃(x). (C.14)

In the series formulation, it is

ϕ^{(0)}(x) = ϕ^{(0)}_{F S}(x) + ϕ̃^{(0)}(x), ϕ^{(1)}(x) = ϕ^{(1)}_{F S}(x) + ϕ̃^{(1)}(x), (C.15) ϕ^{(2)}(x) = ϕ^{(2)}_{F S}(x) + ϕ̃^{(2)}(x), · · · .

Then another solution of Eq. (3.14) can be derived through the similar procedures in appendix B.2 and section 3.2.

– 14 –

References

[1] R. A. Beth, “Mechanical Detection and Measurement of the Angular Momentum of Light,” Phys. Rev. 50 (1936) 115.

[2] A. T. O’Neil, I. MacVicar, L. Allen, and M. J. Padgett, “Intrinsic and Extrinsic Nature of the Orbital Angular Momentum of a Light Beam,” Phys. Rev. Lett. 88 (2002) 053601.

[3] J. Leach, M. J. Padgett, S. M. Barnett, S. Franke-Arnold, and J. Courtial, “Measuring the Orbital Angular Momentum of a Single Photon,” Phys. Rev. Lett. 88 (2002) 257901.

[4] COMPASS Collaboration Collaboration, E. S. Ageev et al., “Gluon polarization in the nucleon from quasi-real photoproduction of high-p(T) hadron pairs,” Phys. Lett. B 633 (2006) 25, arXiv:hep-ex/0511028 [hep-ex].

[5] PHENIX Collaboration Collaboration, K. Boyle, “Neutral pion double longitudinal spin asymmetry in proton-proton collisions at s**(1/2) = 200-GeV using the PHENIX detector,” AIP Conf. Proc. 842 (2006) 351, arXiv:nucl-ex/0606008 [nucl-ex].

[6] STAR Collaboration Collaboration, J. Kiryluk, “Measurement of the double longitudinal spin asymmetry in inclusive jet production in polarized p+p collisions at s**(1/2) = 200-GeV,” AIP Conf.Proc. 842 (2006) 327, arXiv:hep-ex/0512040 [hep-ex].

[7] X.-D. Ji, “Gauge invariant decomposition of nucleon spin and its spin-off,”

Phys. Rev. Lett. 78 (1997) 610, arXiv:hep-ph/9603249 [hep-ph].

[8] X.-S. Chen, X.-F. Lu, W.-M. Sun, F. Wang, and T. Goldman, “Spin and orbital angular momentum in gauge theories: Nucleon spin structure and multipole radiation revisited,” Phys. Rev. Lett. 100 (2008) 232002, arXiv:0806.3166 [hep-ph].

[9] M. Wakamatsu, “Gauge and frame-independent decomposition of nucleon spin,” Phys. Rev. D 83 (2011) 014012, arXiv:1007.5355 [hep-ph].

[10] X.-S. Chen, W.-M. Sun, F. Wang, and T. Goldman, “Proper identification of the gluon spin,” Phys. Lett. B 700 (2011) 21, arXiv:1101.5358 [hep-ph].

[11] Y. Hatta, “Gluon polarization in the nucleon demystified,” Phys. Rev. D 84 (2011) 041701,

arXiv:1101.5989 [hep-ph].

[12] P. Zhang and D. Pak, “On gauge invariant nucleon spin decomposition,”

Eur. Phys. J. A 48 (2012) 91, arXiv:1110.6516 [hep-ph].

[13] C. Lorce, “Wilson lines and orbital angular momentum,” Phys. Lett. B 719 (2013) 185,

arXiv:1210.2581 [hep-ph].

[14] X. Ji, Y. Xu, and Y. Zhao, “Gluon Spin, Canonical Momentum, and Gauge Symmetry,” JHEP 1208 (2012) 082, arXiv:1205.0156 [hep-ph].

[15] C. Lorce, “Geometrical approach to the proton spin decomposition,”

arXiv:1205.6483 [hep-ph].

[16] M. Wakamatsu, “Are there infinitely many decompositions of the nucleon spin?,”

arXiv:1302.5152 [hep-ph].

[17] E. Leader, “On the controversy concerning the definition of quark and gluon angular momentum,” Phys. Rev. D 83 (2011) 096012, arXiv:1101.5956 [hep-ph].

[18] P. A. Dirac, “Gauge invariant formulation of quantum electrodynamics,” Can. J. Phys. 33 (1955) 650.

[19] V. Pervushin, “Dirac variables in gauge theories,” Phys. Part. Nucl. 34 (2003) 348,

arXiv:hep-th/0109218 [hep-th].

– 15 –

[20] X.-S. Chen, “Poincare subalgebra and gauge invariance in nucleon structure,”

arXiv:1203.1288 [hep-ph].

[21] C. Lorce, “Gauge-covariant canonical formalism revisited with application to the proton spin decomposition,” arXiv:1302.5515 [hep-ph].

[22] R. L. Jaffe and A. Manohar, “The G(1) Problem: Fact and Fantasy on the Spin of the Proton,” Nucl. Phys. B 337 (1990) 509.

[23] Z.-Q. Guo and I. Schmidt, “Gauge Invariant Descriptions of Gluon Polarizations,”

arXiv:1210.2263 [hep-ph].

[24] B.-H. Zhou and Y.-C. Huang, “Gauge-invariant dynamical quantities of QED with decomposed gauge potentials,” Phys. Rev. A 84 (2011) 032505.

[25] A. Harindranath and R. Kundu, “Orbital angular momentum in deep inelastic scattering,” Phys. Rev. D 59 (1999) 116013, arXiv:hep-ph/9802406 [hep-ph].

[26] G. M. Shore and B. E. White, “The Gauge invariant angular momentum sum rule for the proton,” Nucl. Phys. B 581 (2000) 409–431, arXiv:hep-ph/9912341 [hep-ph].

[27] R. Delbourgo and G. Thompson, “Massive, unitary, renormalizable Yang-Mills theory without Higgs bosons,” Phys. Rev. Lett. 57 (1986) 2610.

[28] J. Kubo, “Comment on ‘Massive, unitary, renormalizable Yang-Mills theory without Higgs bosons’,” Phys. Rev. Lett. 58 (1987) 2000.

[29] F. J. Belinfante, “On the current and the density of the electric charge, the energy, the linear momentum and the angular momentum of arbitrary fields,” Physica 7 (1940) 449.

[30] L. Allen, M. Beijersbergen, R. Spreeuw, and J. Woerdman, “Orbital angular momentum of light and the transformation of Laguerre-Gaussian laser modes,” Phys. Rev. A 45 (1992) 8185–8189.

[31] S. M. Barnett and L. Allen, “Orbital angular momentum and nonparaxial light beams,” Optics Communications 110 (1994) 670.

[32] C.-F. Li, “Spin and orbital angular momentum of a class of nonparaxial light beams having a globally defined polarization,” Phys. Rev. A 80 (2009) 063814,

arXiv:0909.2306 [physics.optics].

[33] A. V. Manohar, “Gauge dependence of the matrix elements of K(mu) in the Schwinger model,” Phys. Rev. Lett. 66 (1991) 1663.

[34] X.-S. Chen, W.-M. Sun, X.-F. Lu, F. Wang, and T. Goldman, “Do gluons carry half of the nucleon momentum?,” Phys. Rev. Lett. 103 (2009) 062001, arXiv:0904.0321 [hep-ph].

[35] A. V. Manohar, “Parton distributions from an operator viewpoint,”

Phys. Rev. Lett. 65 (1990) 2511–2514.

[36] M. A. Shifman, “Wilson loop in vacuum fields,” Nucl. Phys. B 173 (1980) 13. [37] V. A. Novikov, M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, “Calculations in external fields in quantum chromodynamics. Technical review,” Fortschritte der Physik 32 (1984) 585.

– 16 –