arXiv:1305.3497v1 [hep-th] 15 May 2013

May 14th, 2013

Varying electric charge in multi-scale spacetimes

Gianluca Calcagni,^a João Magueijo,^{b,c} David Rodríguez Fernández^d aInstituto de Estructura de la Materia, CSIC, Serrano 121, 28006 Madrid, Spain bTheoretical Physics, Blackett Laboratory, Imperial College, London, SW7 2BZ, United Kingdom cDipartimento di Fisica, Università La Sapienza and Sez. Roma1 INFN, P.le A. Moro 2, 00185 Roma, Italia dDepartamento de Física Teórica II, Universidad Complutense de Madrid, 28040 Madrid, Spain E-mail: calcagni@iem.cfmac.csic.es, magueijo@ic.ac.uk,

davidrodriguezfernandez@estumail.ucm.es

Abstract: We derive the covariant equations of motion for Maxwell field theory and electrodynamics in multi-scale spacetimes with weighted Laplacian. An effective spacetimedependent electric charge of geometric origin naturally emerges from the theory, thus giving rise to a varying fine-structure constant. The theory is compared with other varyingcoupling models, such as those with a varying electric charge or varying speed of light. The theory is also confronted with cosmological observations, which can place constraints on the characteristic scales in the multi-fractional measure. We note that the model considered here is fundamentally different from those previously proposed in the literature, either of the varying-e or varying-c persuasion.

Contents

1 Introduction 1

2 Brief review of multi-scale spacetimes with weighted Laplacian 3

3 Electromagnetism and fermions in multi-fractional field theory 5 3.1 Maxwell action and equations 5 3.1.1 Maxwell equations 6 3.1.2 Energy-momentum tensor 10 3.2 Electrodynamics 12

4 Comparison with models with varying couplings 14 4.1 Varying electron charge 15 4.2 Varying speed of light and Planck constant 16 4.3 Comparison with multi-scale spacetimes 18

5 Discussion 20

1 Introduction

In the last few years, interest has been raised on spacetimes which, due to quantumgravity effects, show anomalous behaviour of their geometry. Independent approaches to quantum gravity, ranging from asymptotic safety, non-commutative geometry, causal dynamical triangulations, and spin-foams to fractal field theory, Hořava–Lifshitz and superrenormalizable gravity, display a feature known as dimensional flow or dimensional reduction, namely, the change of spacetime dimensionality with the scale [1–3]. The quest for a quantum theory of gravity presently aims, among other and perhaps more urgent objectives, to understand why effective quantum geometry exhibits, at short distances, the typical properties of fractals. The presence of this almost universal behaviour encouraged to seek common explanations and relations among the theories, as well as the relation between their desired-for ultraviolet (UV) finiteness and dimensional flow.

A framework where these questions may be posed with clarity is field theory in multiscale, in particular multi-fractional, spacetimes (short presentations of these models can be found in [3–6]). This is a field theory in an ordinary sense, constituted by a set of handmade tensor and spinor fields on a continuum obeying an action principle and the usual quantization rules, but such that the measure of the action represents a geometry with anomalous properties. The form of this measure is dictated by requiring that it encodes certain structures of multi-fractal geometry, including the presence of a hierarchy of scales. Modulo a change in the geometry (and, hence, the symmetries) of the model, one should be

– 1 – able to ask the usual questions one can answer in a conventional perturbative field theory, thus opening up the possibility to study the above-mentioned relation between renormalizability and dimensional flow, even in the absence of gravity. However, the definition of the theory itself is still in progress and one has to start by defining simple classical systems later to be quantized.

This program was started in concrete in [7] for a real scalar field. Here we shall extend the treatment, only at the classical level, to an Abelian gauge field and construct first Maxwell’s action and then electrodynamics with fermions. The procedure for deriving the equations of motions and the energy-momentum tensor is the one of [7] adapted to vector and spinor fields. We shall work out classical Maxwell theory and its equations for the electric and magnetic fields, as well as the equations of motion of electrodynamics in the presence of fermions and a U(1) gauge vector field. As expected, Maxwell’s equations for the electric and magnetic field are affected by the anomalous nature of the background geometry; in particular, we will find a modified conservation law for the charge density which suggests that the electric charge may vary in time and position.

Although the subject is of intrinsic interest, we must highlight an important spin-off resulting from the existence of an effective electron charge which depends on the spacetime measure. Models with spacetime-dependent couplings (violating the equivalence principle) have received considerable attention especially in the sector of electrodynamics. The finestructure constant α = e^2/(ℏc) depends on the electron charge e, the Planck’s constant ℏ, and the speed of light c. When one or more of these constants are promoted to coordinatedependent parameters, one effectively obtains a time-space varying α.

Theories with varying couplings, either at an effective or a fundamental level, are not a novelty in theoretical physics. Aside from sheer scientific curiosity, they find some justification in the fact that observations, both terrestrial and astronomical [8, 9], do not exclude that the constants of Nature are, eventually, not really constant [10]. For instance, there exist constraints on the variation of the fine-structure constant, which depend on the time and spatial scale of the experiment [10, 11]. A comparison of rates between different atomic clocks in laboratory give |Δα/α| < 10^{−15} ÷ 10^{−17} (see [10] for a detailed compilation of results), where Δα = α(t) − α(t_0) is the change in α from some time t in the past with respect to today’s value α(t_0). Model-dependent data analyses of the Oklo nuclear-fission event of about 1.8 billion years ago obtain roughly |Δα/α| < 10^{−8} [10]. Further back in time, low-redshift quasars at z = 0.25 and z = 0.68 (corresponding to a look-back time of about 3.0 Gyr and 6.4 Gyr, respectively, using the best-fit parameter estimates from the Planck+WP+highL dataset [12]) indicate that |Δα/α| < 10^{−5} [13–15]. Recent observations (at Keck observatory) of quasars at larger redshift yield an almost 5σ evidence that the fine-structure constant was smaller at early epochs [16, 17], Δα α = (−0.57 ± 0.11) × 10^{−5} , 0.2 < z < 4.2 , (1.1)

which can be further split according to the redshift range: Δα/α = (−0.54 ± 0.12) × 10^{−5} for z < 1.8, Δα/α = (−0.74 ± 0.17) × 10^{−5} for z > 1.8.

– 2 –

However, data from the Very Large Telescope (VLT) on different samples and using different methods of analysis gave results compatible with a non-variation of α [18, 19] and there is some ongoing debate [20–22] (again, see [10] for a review). To make things even more confusing, further data from VLT seems again to indicate a variation of α at large redshift, but of opposite sign with respect to eq. (1.1) [23, 24]: Δα α = (+0.21 ± 0.12) × 10^{−5} , 0.2 < z < 3.7 , (1.2)

again split in two estimates: Δα/α = (−0.06 ± 0.16) × 10^{−5} for z < 1.8 and Δα/α = (+0.61 ± 0.20) × 10^{−5} for z > 1.8. This can be reconciled with eq. (1.1) via a dipole model [23, 24] if α admitted spatial variations (Keck and VLT are located in different hemispheres and probe different directions in the sky).

Any varying-α field theory should be able to comment on these findings, either by explaining the dipole effect or, through the above experiments, placing constraints on the free parameters (if any) governing the spacetime dependence of the fine-structure parameter α. The latter is one of the goals of this paper.

The plan is as follows. In section 2, we review the theory of multi-scale spacetimes. Then, in section 3 we set up a gauge-invariant electromagnetic theory living on such a space. In section 4, we compare our framework with varying-e and varying-c models proposed in modern and contemporary literature, commenting on how the phenomenology of multi-fractional spacetimes fares with respect to these approaches and the above physical constraints. Finally, in a concluding section we summarize our results and outline further work deferred to a future publication.

2 Brief review of multi-scale spacetimes with weighted Laplacian

Field theories in multi-scale spacetimes are defined by an action S = ∫_{+∞} −∞ dϱ(x)L , (2.1) where ϱ(x) is a generic Lebesgue–Stieltjes measure with anomalous scaling,

ϱ(λx) = λ^{dH} ϱ(x) , d_H = Dα ≤ D . (2.2)

Here, d_H is the Hausdorff dimension of spacetime (it can be found also by looking at the way balls scale with the radius [7, 25]), D is the number of topological dimensions, and 0 < α ≤ 1 is a real parameter. We assume that the measure can be written as dϱ(x) = d^Dx v(x), i.e., is the usual D-dimensional volume element multiplied by a distribution law v(x). To make the problem tractable, this measure weight should have the following properties:

1. Be factorizable in the coordinates, v(x) = D−1∏ μ=0 v_μ(x^μ) , (2.3)

where the D functions v_μ may be all different. In the “isotropic” case, they are all equal.

– 3 –

2. Be positive semi-definite, v_μ = v_μ(x) ≥ 0.

Violation of either of these conditions would hinder the definition of an invertible momentum transform [26] and the construction of Noether currents [7], and would give rise to other problems at the level of quantum mechanics [27].

The prototypical measure obeying the anomalous scaling law (2.2) is fractional, i.e., of the form

v(x) = v_α(x) = ∏ μ v_α(x^μ) := D−1∏ μ=0 |x^μ|^{αμ−1} Γ(α_μ)

, (2.4)

where 0 < α_μ ≤ 1 are D parameters (all equal to their average α := ( ∑ μ α_μ)/D in the isotropic case) and the factor Γ(α_μ) is inherited from the definition of fractional integral associated with this kind of measures [25]. It is easy to check that the Hausdorff dimension of spacetimes endowed with this class of measures is that given in eq. (2.2). Fractional measures of the form (2.4) have been shown (in a one-dimensional embedding) to represent random fractals as well as an approximation of deterministic fractals [28–35] (see [25] for a discussion on this approximation). In this precise sense, the choice of (2.4) is in direct contact with fractal geometry and singled out among all possibles arbitrary functional profiles v(x).

To get a geometry where the spacetime dimension varies with the probed scale, it is sufficient to sum over a minimum of two values of α [7, 36, 37]:

v(x) = v_∗(x) = ∏ μ v_∗(x^μ) := ∏ μ [_N ∑ n=1 g_{μ,n}({ℓ^μ_n}_n) v_{αn} (x^μ) ] , (2.5)

where N is integer and the dimensionful couplings g_{μ,n} depend on a hierarchy of length scales ℓ^μ_n. When N = 2, the measure is called binomial and it realizes a monotonic dimensional flow between two asymptotic regimes. In particular, to get d_H = D in the infrared one can take the spatially isotropic choice α_{0,1} = α_0, α_{i,1} = α_∗ < 1, α_{μ,2} = 1, g_{0,1} = Γ(α_0)|t_∗|^{1−α0} , g_{i,1} = Γ(α_∗)ℓ^{1−α∗}_∗ , and g_{μ,2} = 1, where ℓ_∗ is a fundamental spatial length and t_∗ a characteristic time. Then, in the UV d_H = α_0 + (D − 1)α_∗ and

v_∗(x) = D−1∏ i=1 [ 1 + ( |x^i| ℓ_∗ )_{α∗−1}] , v_∗(t) = 1 + | | | t t_∗ | | | α_0−1

. (2.6)

Further generalizations, as to log-oscillating measures, are possible [4, 36, 38] and even in closer contact with fractal geometry [35].

The Lagrangian density L in the action (2.1) is made up of tensor fields as in theories in ordinary spacetime, except that the differential structure of the geometry they live on is modified by the non-trivial measure. There exist various models of multi-fractional geometry depending on the symmetries of the Lagrangian (see [39] for a detailed discussion), but here we choose to consider the one where the natural derivative is a self-adjoint operator with respect to the scalar product with measure ϱ, so that the Laplace–Beltrami operator □ = ∂_μ∂^μ of Minkowski spacetime M^D is replaced by

K_v := η^{μν} D_μD_ν , D_μ := 1 √ v(x) ∂_μ [√ v(x) · ] , (2.7)

– 4 – where η = diag(−, +, · · · , +) is the Minkowski metric. Thus, when constructing a field theory on these spaces, it is natural (but not sufficient, as we will see below) to take the standard action for the fields of interest (scalars, vectors, fermions, and so on) and make the replacements d^Dx → dϱ(x) and ∂_μ → D_μ.

With this Laplacian, one can then derive the diffusion equation through a Langevinequation approach and, from that, the spectral dimension d_S of spacetime, which is anomalous in general (that is, d_S ≠ d_H ≠ D) [39].

3 Electromagnetism and fermions in multi-fractional field theory

In this section, we set up electromagnetism in the spacetime reviewed just above. We note that the topic of electrodynamics in multi-fractional spacetimes is practically virgin. To the best of our knowledge, a Maxwell field theory has been briefly considered only in [40], for a fractional measure and an ordinary Lagrangian. There are some results in other, quite different models of anomalous spacetimes, such as the one due to Stillinger [41, 42] (where the electromagnetic wave equation has been studied [43–47]) and Nottale’s scale relativity [48–50] (Maxwell action and electrodynamics [51–53]). Both approaches have been compared with the multi-fractional framework in [36, 54]. Fractional calculus has been more extensively employed to describe Maxwell electrodynamics with fractal charge distributions [55, 56] or in fractal turbulent media [57, 58] (where a fractional integration measure makes its appearance), or in dielectric media and various problems [59–75] (where effective electromagnetic equations sport fractional derivatives). These scenarios are neither associated with intrinsically anomalous spacetimes (except as a heuristic motivation for [71, 74]) nor formulated in a field-theory context.

3.1 Maxwell action and equations In this subsection only, we will fix the units so that c = 1 = ℏ. The equations of motion are derived from a variational principle δS = 0,^1 where δ represents the field variation at a given point, δf := f^′(x) − f(x) for any field f (hence, v being a fixed coordinate profile, δ(vf) = vδf). Assuming that the Lagrangian density only depends on an Abelian gauge field A_μ and its weighted derivatives D_μA_ν , one has (integration is over the whole embedding M^D) δS = ∫ d^Dx v(x)δL(A_ν , D_μA_ν ) = ∫ d^Dx v(x) [ ∂L ∂A_ν δA_ν + ∂L ∂(D_μA_ν ) δ(D_μA_ν ) ]

= ∫ d^Dx v(x) [ ∂L ∂A_ν δA_ν + ∂L ∂(D_μA_ν ) D_μδA_ν ] , (3.1)

where we used the field-variation property [D_μ, δ]A_ν = 0. Using now the Leibniz rule

D_μ(ab) = (∂_μa)b + aD_μb , (3.2)

1A fractional version δv of functional variations exists [7], but in the present setting it gives the same equations of motion.

– 5 – it is not difficult to show that δS = ∫ d^Dx v(x) { ∂L ∂A_ν δA_ν − 1 2 ∂_μv v ∂L ∂(D_μA_ν ) δA_ν − ∂_μ [ ∂L ∂(D_μA_ν ) ] δA_ν +∂_μ [ v∂L ∂(D_μA_ν ) δA_ν ]} . (3.3)

The last term is a total derivative and it can be thrown away by virtue of the condition δA_μ → 0 on the field variation, when x^μ → ±∞ (later on, we will keep it when computing the variation under a coordinate transformation). Also, a continuity condition [7] guarantees that the boundary term is zero at x^μ = 0^±. Thus, the equations of motion read ∂L ∂A_ν − D_μ [ ∂L ∂(D_μA_ν ) ] = 0 . (3.4)

Notice that the same form of Euler–Lagrange equations (as well as the ensuing conservation laws below) would hold for a derivative with arbitrary weight,

D →_βD := 1 v^β ∂[v^β · ] . (3.5)

However, only for the self-adjoint case β = 1/2 is the theory invariant under a reordering of the operators in the action.

3.1.1 Maxwell equations Let us now choose L to be the Maxwell Lagrangian with source J,

L = L_F + J_μA^μ , (3.6) L_F = −^1_4 F_{μν} F^{μν} , (3.7)

where F_{μν} := D_μA_ν − D_ν A_μ (3.8)

is the (antisymmetric) field strength of the gauge vector. Then, one obtains the Maxwell equations with source, D_ν F^{μν} = J^μ . (3.9)

Applying the operator D_μ to this equation, and taking into account that [D_μ, D_ν ] = 0 for factorizable measures, we find that the current J obeys the (non-)conservation law

D_μJ^μ = 0 . (3.10)

Thus, the action (2.1) with Lagrangian density (3.6) is invariant under the gauge transformation A_μ → A_μ + D_μϕ , (3.11)

where ϕ is a scalar field density.

– 6 –

In D = 4 dimensions, writing down the field strength in terms of its components,

F^{μν} =

0 E_1 E_2 E_3 −E_1 0 B_3 −B_2 −E_2 −B_3 0 B_1 −E_3 B_2 −B_1 0

, (3.12)

we get the first pair of Maxwell equations from (3.9), telling how the divergence of the electric field and the curl of the magnetic field depend on the source:

D · E = D_iE^i = J^0 , D × B − D_tE = j , (3.13)

where the index i runs on spatial directions and j^i = J^i. In ordinary spacetime, the component J^0 = ρ is the charge density and, integrating the first equation over the whole volume, one gets the total charge, proportional to the electron charge e, which is a constant. To see what we should expect instead in a multi-fractional ambient space, we notice that eq. (3.10) leads to D_tρ + D · j = 0 . (3.14)

Thus, even in the absence of spatial current density, the charge density ρ is not conserved in time, ρ̇ = −ρv̇/(2v). In general, from the time component of the current density J^μ one defines the electric charge Q := ∫ dϱ(x) J^0 (3.15)

as an integral over the multi-fractional spatial volume of the charge density. Applying the operator D_t or ∂_t to the μ = 0 component, one finds D_tQ ≠ 0 ≠ Q̇, due to the fact that the left weight v^{−1/2} in D_i in (3.14) does not cancel the one in the spatial measure, and one does not obtain a total divergence.

The source of this novelty lies in the fact that J is a vector density with weight −1/2 with respect to v. Due to the non-trivial weight v in the action (2.1), L is a density, and so are A_μ, J^μ (vector densities), and F_{μν} (rank-2 tensor density). This immediately defines actual tensorial quantities A_μ, J^μ, and F_{μν} under the field redefinition

A_μ := √ v A_μ , F_{μν} [A] = ∂_μA_ν − ∂_ν A_μ = √ vF_{μν} [A] , (3.16) J^μ := √ v J^μ , (3.17)

so that, in particular, the Maxwell action can be reduced to the ordinary one: S[A, J] = S[A, J ] = ∫ d^Dx ( −^1_4 F_{μν} F^{μν} + J_μA^μ ) . (3.18)

Notice the complete disappearance of the measure weight into the new fields. This is nothing but the “integer picture” of [7], such that free fractional systems can be formally (the geometry is still anomalous) mapped onto ordinary systems via a field redefinition. The deduction of the equations of motion (3.9) could have proceeded as in the standard case by working with A and J .

– 7 –

There are three remarks one can make here. First, whilst under an ordinary Lorentz transformation A^{′μ}(x^′) = Λ^μ_ν A^ν (x) transforms as a vector, the density A acquires an extra weight factor:

A^{′μ}(x^′) = √ v(x) v(x^′) Λ^μ_ν A^ν (x) , (3.19)

where x^{′μ} = Λ^μ_ν x^ν (3.20)

and Λ^μ_ν is the usual Lorentz transformation matrix. The vector density A^{′μ} = Λ_ωA^μ is defined via the operator

Λ_ω := e^{− i2 ωμν Ωμν} = 1 √ v Λ̄_ω √v , Λ̄_ω := e^{− i}_2^ωμν^{Ω̄μν} , (3.21)

where ω is an antisymmetric matrix of parameters and Ω are the fractional Lorentz transformations in D-vector representation:

Ω^{νρ} := 1 √ v Ω̄^{νρ} √v , (Ω̄^{νρ})^μ_σ = i(η^{μρ}δ^ν_σ − η^{νρ}δ^μ_σ ) . (3.22)

The Ω̄^{νρ} generate ordinary rotations and boosts. Expanding as Λ_ω ≈ 1 − (i/2)ω_{μν} Ω^{μν} , √ v(x)/v(x^′) ≈ 1 − ∂_μvδx^μ/(2v), and noting that δx^μ = −(i/2)ω_{ρσ} (Ω̄^{ρσ})^μ_ν x^ν , it is easy to find the infinitesimal version of eq. (3.19). The infinite-dimensional field representations of the fractional Lorentz generators can be derived along similar lines [7].

Second, assuming D = 4, F^{0i} = E^i and F^{ij} = ϵ^{ijk}B_k obey the ordinary Maxwell equations ∇ · E = ρ̄ and ∇ × B − Ė = j̄, with

ρ̄(x) := J^0 = √ v(x)ρ(x) (3.23)

and j̄^i = J^i. From the divergence of the current (3.10), ∂_μJ^μ = 0, one has charge conservation, Q̇ = 0, where Q := ∫ dx J^0 . (3.24)

One can directly check conservation of ρ̄ by integrating eq. (3.14) in ∫ dx √ v(x). The sourceless Maxwell equations are immediately given by the Bianchi identity for the antisymmetric 2-tensor F: ∂_{μ1}F̃^{μ1 ···μD−2} = 0, where F̃^{μ1···μD−2} = ϵ^{μ1···μD} F_{μD−1μD} /2 is the dual field strength and ϵ^{μ1···μD} is the Levi-Civita symbol in D dimensions. In D = 2, F and its dual are proportional to each other (there is only one non-vanishing component) but the theory is trivial since there are no propagating degrees of freedom. In D = 3 there is only one sourceless equation, and the missing one (∇ · B = 0) signals the possibility of magnetic vortices. Only in D = 4 do the number of equations with and without source coincide. In general, the Bianchi identities yield D(D − 1)/2 independent equations. All this applies also to the multi-fractional model, where the Bianchi identity and eq. (3.16) give D_{μ1}F̃^{μ1···μD−2} = 0 , F̃^{μ1···μD−2} =^1_2 ϵ^{μ1···μD} F_{μD−1μD} . (3.25)

– 8 –

In particular, in four dimensions it corresponds to

D · B = D_iB^i = 0 , D × E + D_tB = 0 . (3.26)

The third consequence of having an anomalous geometry is that, looking at eq. (3.23), one is led to define an effective spacetime-dependent electron charge

e_v(x) := e_0 √ v(x) , (3.27)

assuming a given volume. In fact, for a uniform charge distribution ρ̄ = ne_0/V_1, while ρ = ne_v/V_v, where n is the number of charges in the volume. If the two volumes were equated numerically, one would obtain the relation (3.27). However, in fact they carry different measure weights, since V_v/V_1 ∼ v, and it would be more natural to define another fractional charge ẽ ∼ √ ve_0. This charge will indeed appear in section 3.2. For the time being, we discuss eq. (3.27) and its relation with the observed electric charge.

Notice that the Maxwell field strength (3.8) can then be written as

F_{μν} = e_v[∂_μ(e^{−1}_v A_ν ) − ∂_ν (e^{−1}_v A_μ)] , (3.28)

later to be compared with eq. (4.2). Equation (3.27) will emerge later on in a slightly different way, but we must already mention a caveat associated with it. The quantity e_v is not the charge sourcing the physical electric field E living in multi-fractional spacetime, since Q ≠ Q/ √ v, and e_v does not represent the fractional electric charge Q measured in a given Hausdorff volume. So which quantity can one measure in an experiment? To answer this question, we rewrite Q via (3.17) as Q = ∫ dx v(x) J^0 = ∫ dx v(x)

J^0 √ v(x)v_0(t) = 1 √ v_0(t) ∫ dx √ v(x) J^0 . (3.29)

At this point, we recall that in multi-scale spacetimes dimensional flow is possible because a tower of scales is established, where the top corresponds to the scale measured by a macroscopic observer. This happens not only in multi-fractional spacetimes but also in other field-theory approaches to quantum gravity, in particular asymptotic safety [54]. Therefore, it would be desirable to express eq. (3.29) in terms of the electric charge Q one would measure in a world with integer, ordinary geometry. To this purpose, we plug the binomial measure (2.6) in eq. (3.29) and expand the factor √ v_∗(x)/v_∗(t) in the limit of small ℓ_∗: Q ≈ 1 √ v_∗(t) ∫ [D−1∏ i=1 dx^i ( 1 + 1 2 | |x^i ℓ_∗ | |^{α−1} )] J^0 . (3.30)

To leading order, one ends up with Q ≈ Q √ v_∗(t) , (3.31)

which identifies an effective time-dependent observed charge

e_∗(t) := e_0 √ v_∗(t) . (3.32)

– 9 –

In particular, at times t ≫ t_∗, e_∗(t) ∼ ( 1 − 1 2 | |t^∗ t | |^{1−α0} ) e_0 , (3.33)

which is positive definite consistently with the t_∗/t expansion. The result (3.32) is actually exact for a uniform charge distribution, because the constant term of the spatial measure weight always dominates in the numerator of eq. (3.29) at large x^i (since 0 < α < 1), and it cancels the denominator in J^0 = Q/( ∫ dx). Inclusion of spatial gradients or, more generally, an inspection of the system at small scales will modify the observed charge to a hybrid between eq. (3.27) and (3.32), via (3.29).

A comment here is in order. The integer picture is only a mathematical tool to simplify the problem, and one should not reach the conclusion that multi-scale theory is physically equivalent to the usual one under the field transformation (3.16)-(3.17). The reason is that the most general multi-scale action with interacting fields is not equivalent to the usual one, due to the presence of effectively spacetime-dependent couplings after the field redefinition [7]. Thus, it is not always possible to reabsorb all measure factors and there typically is a non-trivial geometric effect. One could, in turn, assume that the integer picture is the physical one, with the consequence that the physically observed charge is Q, not Q, and electromagnetism is essentially the usual one.

This problem of “frame choice” (fractional versus integer) is reminiscent of the situation one encounters in Brans–Dicke theory, where one can choose between the Einstein and the Jordan frame. In the former, Einstein’s equations are valid (with a constant G), but matter is non-minimally (but universally) coupled to a scalar field, providing a fifth force satisfying the most basic form of the weak equivalence principle. But Jordan’s frame, where matter is minimally coupled, is indeed the frame where matter follows the geodesics of a metric (a stronger version of the weak equivalence principle). In Jordan’s frame a varying G is more evident, but in either frame we cannot deny that we have a theory with a varying coupling constant (gravitational in this case).

A similar phenomenon was already found and discussed in the context of varyingspeed-of-light theories, as we will see later. Here something similar happens: the integer picture produces the same type of effect one gets when transforming from the Jordan to the Einstein frame. As in that case, the two “frames” or pictures should be simply regarded as inequivalent theories. In the fractional picture, one is considering a field theory on a multi-scale spacetime where geometry (volumes, and so on) is measured with respect to the integro-differential structure determined by the weight v(x). There, experiments entail the field densities E, B, the charge Q, and so on. The integer picture, on the other hand, is a theory with ordinary Maxwell fields E and B and measured charge Q, where geometry is standard, Maxwell theory is standard, but a spacetime dependence arises in the couplings of other sectors of the full action.

3.1.2 Energy-momentum tensor To calculate the Noether current, we take the variation δ_0S with respect to a coordinate transformation x^μ → x^μ + δx^μ, and denote the coordinate variation of a field f as δ_0f :=

– 10 – f^′(x^′) − f(x). For infinitesimal transformations and after Taylor expanding, there follows a relation between δ_0 and the field variation δ: δ_0f(x) = δf(x) + δx^μ∂_μf(x). In [7], it was shown that a fractional scalar density field ϕ transforms as δ_0ϕ = −[∂_μv/(2v)]δx^μ ϕ (≠ 0, contrary to a proper scalar) and δϕ = −δx^μD_μϕ. For the vector density A_ν , a similar calculation from eq. (3.16) yields, under a translation δx^μ = −ϵ^μ = const, A^′_ν (x) = A_ν (x + ϵ)/ √ v(x) = √ v(x + ϵ)/v(x) A_ν (x + ϵ), which in infinitesimal form reads

δA_ν = ϵ^μD_μA_ν ⇒ δ_0A_ν = 1 2 ϵ^μ ∂_μv v A_ν . (3.34)

Consider now the total variation of the functional action under an infinitesimal coordinate transformation, δ_0S = ∫ d^Dx[δ_0(vL) + vLδ_0(d^Dx)]. Since δ_0(d^Dx) = d^Dx^′ − d^Dx = det(∂x^{′μ}/∂x^ν )d^Dx − d^Dx = det(δ^μ_ν + ∂_ν δx^μ)d^Dx − d^Dx and det(1 + O) = 1 + tr(O) for any operator O, it follows that δ_0(d^Dx) = ∂_μδx^μd^Dx as usual. Furthermore, δ_0(vL) = δ(vL) + ∂_μ(vL)δx^μ, and using the equations of motion we get, for a translation,

δ_0S = ∫ d^Dx { vL∂_μδx^μ + ∂_μ(vL)δx^μ + ∂_μ [ v∂L ∂(D_μA_σ) δA_σ ]}

= ∫ d^Dx ∂_μ [ vLδx^μ + v∂L ∂(D_μA_σ) δA_σ ]

(3.34) = ∫ d^Dx ∂_μ [ −vLϵ^μ + v∂L ∂(D_μA_σ) ϵ^ν D_ν A_σ ]

= − ∫ d^Dx ∂_μ (vT^μ_ν ) ϵ^ν , (3.35)

where the last term in the first line is the total derivative in (3.3) and we defined the energy-momentum tensor density T_{μν} := η_{μν} L − ∂L ∂(D^μA_σ) D_ν A_σ . (3.36)

In the last line of eq. (3.35) we used the constancy of ϵ, which is an arbitrary parameter. For the Maxwell Lagrangian, one has T_{μν} = − 1 4 F^{στ} F_{στ} η_{μν} + F^σ_μ D_ν A_σ + J^σA_ση_{μν} . (3.37)

This equation is not gauge invariant, since it depends explicitly on A and J. For later use, we only rewrite the second term in the right-hand side, ignoring the source contributions. As in the usual case, we can add the divergence of a rank-3 tensor (density) antisymmetric in the first two indices, T_{μν} → T_{μν} + Ď^σX_{σμν} , where

Ď_μ := 1 v ∂_μ [v · ] . (3.38)

In fact, Ď^μĎ^σX_{σμν} = 0, which does not change the (non-)conservation law we will find in a moment. Also, for μ = 0 one has a total spatial divergence Ď^σX_{σ0ν} = Ď^iX_{i0ν} which does not affect the momentum P^ν := ∫ dϱ(x) T^{0ν} . Choosing X_{σμν} = F_{σμ}A_ν and using eq.

(3.9), one can rewrite the energy-momentum tensor (3.37) as T_{μν} = − 1 4 F^{στ} F_{στ} η_{μν} + F^σ_μ F_{νσ} − J_μA_ν + J^σA_ση_{μν} =^{(F )}T_{μν} +^{(J)}T_{μν} , (3.39)

– 11 – where we split the first and last two terms in separate contributions.

The fractional Maxwell action is not invariant under translations, due to the source term. In fact, the latter is not a field but a coordinate vector profile. In particular, δ_0J^μ = J^μ(x − ϵ) − J^μ(x) = −ϵ^ν ∂_ν J^μ(x) and ∫ d^Dx^′ v(x^′)L^′_J (x^′) − ∫ d^Dx v(x)L_J (x) = ∫ d^Dx [v(x − ϵ)J^μ(x − ϵ)A_μ(x − ϵ) − v(x)J^μ(x)A_μ(x)] = ∫ d^Dx (−J^μA_μϵ^ν ∂_ν v + vJ^μδ_0A_μ + vA_μδ_0J^μ)

(3.34) = ∫ d^Dx ( −J^μA_μϵ^ν ∂_ν v + 1 2 J^μA_μϵ^ν ∂_ν v − vA_μϵ^ν ∂_ν J^μ )

= − ∫ d^Dx v (A_μD_ν J^μ) ϵ^ν .

Therefore, from eq. (3.35) and the arbitrariness of ϵ one gets the conservation law Ď_μT^μ_ν = A_μD_ν J^μ . (3.40)

The natural derivative acting on the energy-momentum tensor has weights v because T is a bilinear density.

The conservation law (3.40) can be verified directly from eq. (3.39). Noting that Ď_τ F_{μν} +Ď_μF_{ντ} +Ď_ν F_{τ μ} = 0 and using Maxwell’s equations, we have Ď_μ (F )T^μ_ν = −J μF_{νμ}. On the other hand, Ď_μ^{(J)}T^μ_ν = J^μF_{νμ} + A_μD_ν J^μ. Combining the two contribution yields eq. (3.40).

The source term in eq. (3.40) arises because the action does not include the matter contribution. It is well known in standard electromagnetism that, when a charged relativistic particle is added, the total energy momentum is conserved [76, 77]. In multi-scale spacetimes, one can adopt the same procedure and end up with a conservation law Ď_μ T^{μν}_{tot} = 0. This law is not the usual one ∂_μ T^{μν} = 0, which is not a new effect in varying-e scenarios. In fact, even in the most conservative varying-α theories such as those pioneered by Bekenstein, the energy momentum tensor of radiation is not conserved (see, for example, eq. (7) of [78]). We will not consider the relativistic particle here, as it would constitute a rather lengthy detour from the main focus of the paper.

3.2 Electrodynamics We now move to the action of electrodynamics and include fermions: S = ∫ d^Dx v (L_ψ + L_m + L_F ) , (3.41a)

L_ψ = iψ̄γ^μD_μψ , (3.41b) L_m = −mψ̄ψ , (3.41c)

where L_F is given in eq. (3.7), γ^μ are the usual Dirac matrices obeying the anti-commutation algebra {γ^μ, γ^ν } = 2η^{μν} , ψ̄ := ψ^†γ^0 is the Dirac adjoint, and

D_μ := D_μ + i ẽ ℏc A_μ (3.42)

– 12 – is the gauge covariant derivative. Here we denoted as ẽ the “electron charge,” later to be related to the constant charge e_0 and the effective charge e_v. We also restored the fundamental constants for later comparison with other theories. We still maintain arbitrary D dimensions since we will not consider axial currents, thus ignoring the well-known problem with the pseudo-scalar γ_5 matrix ([79], chapters 4 and 13).

We can formally map the fractional system into one in ordinary spacetime, but with spacetime-dependent effective electric charge. We already discussed the Maxwell term L_F , and found that the action S_F reduces to the usual one S_F . From the field redefinition^2

Ψ := √ v ψ , (3.43)

it is clear that the mass term is S_m[ψ] = S_m[Ψ] = − ∫ d^Dx mΨ̄Ψ. The kinetic Lagrangian L_ψ also contains a fermion-gauge interaction:

S_ψ = i ∫ d^Dx v ψ̄γ^μ 1 √ v ( ∂_μ + i ẽ ℏc A_μ ) ( √ vψ) = i ∫ d^Dx Ψ̄γ^μ ( ∂_μ + i ẽ ℏc A_μ ) Ψ = i ∫ d^Dx Ψ̄γ^μ ( ∂_μ + i ẽ_v ℏc A_μ ) Ψ = S_Ψ , (3.44)

where ẽ_v = ẽ/ √ v. Here we chose to attach the measure dependence to an effective electron charge rather than to ℏ or the speed of light. However, it would be premature to identify ẽ ≡ e_0 and claim we have recovered eq. (3.27). Conservations laws will show in a moment, in fact, that ẽ_v = e_0 , (3.45)

and that the theory in integer picture is exactly the usual one, S = S_Ψ + S_m + S_F . From now on we reset c = 1 = ℏ.

Thanks to the adoption of the self-adjoint operator D, the action (3.41) is real-valued. Consider first the standard case without mass and gauge field, i.e., the action S_Ψ in the integer picture. Using the properties (γ^μ)^† = γ^0γ^μγ^0 and (γ^0)^2 = 1, it is easy to show that iΨ̄γ^μ∂_μΨ − (iΨ̄γ^μ∂_μΨ)^† = i∂_μ(Ψ̄γ^μΨ). Thus, the kinetic term is self-adjoint up to a total diverge, which can be ignored upon integration. In the fractional case a similar relation holds, iψ̄γ^μD_μψ − (iψ̄γ^μD_μψ)^† = iĎ_μ(ψ̄γ^μψ) , (3.46)

and again the last term is a total divergence. This would not have been the case with the derivative of generic weight (3.5). Also, the use of_βD would determine a Dirac equation which, when “squared,” would not yield the Klein–Gordon equation of [7].

The Euler–Lagrange equations D_μ ∂L ∂(D_μψ̄) − ∂L ∂ψ̄ = − ∂L ∂ψ̄ = 0 , D_μ ∂L ∂(D_μψ) − ∂L ∂ψ = 0 , (3.47)

2This formula implies that the fractional spinor representation of the Lorentz algebra follows the same rule of the field representation of [7] and of the vector representation above: generators can be obtained from the ordinary ones by multiplying times 1/ √ v to the left and √ v to the right.

– 13 – yield the weighted Dirac equation (and its conjugate) with electromagnetic interaction: iγ^μD_μψ − mψ = 0 ⇒ iγ^μD_μψ − mψ = ẽA_μγ^μψ , (3.48) iD^†_μψ̄γ^μ + mψ̄ = 0 ⇒ iD_μψ̄γ^μ + mψ̄ = −ẽA_μψ̄γ^μ . (3.49)

The equation of motion (3.4) for the gauge field yields the Maxwell equation (3.9), with source J^μ = −ẽψ̄γ^μψ . (3.50)

At this point we can determine ẽ. The conservation law (3.10) should be compared with eq. (3.46), Ď_μ(J^μ/ẽ) = 0. Since Ď = v^{−1/2}D[v^{1/2} · ], eqs. (3.10) and (3.46) are compatible if, and only if,

ẽ = √ v e_0 . (3.51)

This is consistent also with eq. (3.17), since

J^μ = − √ v e_0ψ̄γ^μψ = − √ v e_0 v ( √ vψ̄)γ^μ( √ vψ) = − e_0 √ v Ψ̄γ^μΨ = J^μ√ v . (3.52)

The improved energy-momentum tensor is the generalization of eq. (3.36), T_{μσ} := η_{μσ}L − ∂L ∂(D^μA_ν ) D_σA_ν − ∂L ∂D^μψ̄ D_σψ̄ − ∂L ∂D^μψ D_σψ + Ď_ν (F^ν_μA_σ) = − 1 4 F^{ντ} F_{ντ} η_{μσ} + F^ν_μ F_{σν} − iψ̄γ_μD_σψ , (3.53)

where we used the fact that L_ψ + L_m = 0 on shell and the added correcting term (total weight-1 derivative in the first line) completes both the second term in (3.53) into a gaugeinvariant expression and the derivative in the last term into a gauge covariant derivative (3.42).

4 Comparison with models with varying couplings

In the introduction, we mentioned the existence of various scenarios where the fine-structure constant, α, depends on the spacetime point. These models may or may not break local Lorentz and diffeomorphism invariance, but we shall assume that they do not. Even then, we have a choice between varying-e and varying-c models, with different phenomenological implications. Here we attempt to set up a bridge between our construction and these models. In them, α is dynamically determined by a scalar field, in contrast with the results presented here. Even putting aside this point, the theories are structurally quite distinct in the form a varying coupling appears. Still, we find several points of contact between these constructions.

– 14 –

4.1 Varying electron charge

A possibility for varying α is to keep ℏ and c constant, but allow for a non-constant electric charge:

e_0 → e(x) . (4.1)

Bekenstein proposed a phenomenological varying-e model based under some reasonable assumptions: standard Maxwell equations, dynamical origin of variations of α, validity of action principle, gauge invariance, time-reversal invariance, causality (absence of ghosts), Planck length being the shortest physical scale, and Einstein’s equations [80]. The resulting Maxwell action is of the form

S_F = − 1 4 ∫ d^4x √ −g F_{μν} F^{μν} , F_{μν} := 1 e(x) {∂_μ[e(x)A_ν ] − ∂_ν [e(x)A_μ]} , (4.2)

where g is the determinant of the metric and e(x) is governed by the dynamics [80–83] via an action S_e := − ℏc 2l^2 ∫ d^4x √ −g e^{−2}∂_μe∂^μe , (4.3) where l is some length assumed to be larger than the Planck scale ℓ_{Pl} = √ ℏG/c^3 and smaller than the scales where standard electromagnetism is verified to high accuracy, ℓ_{Pl} ≤ l < 10^{−17}m. The theory can be recast as a dilaton-like model where only the electromagnetic Lagrangian is non-minimally coupled to the scalar field Φ := ln(e/e_0) [82]. By defining a_μ := (e/e_0)A_μ and f_{μν} := (e/e_0)F_{μν} = ∂_μa_ν − ∂_ν a_μ, the total action reads S = ∫ d^4x √ −g ( L_g + L_{mat} + e^{−2Φ}L_f − ω_e 2 ∂_μΦ∂^μΦ ) , (4.4)

where L_g ∝ R is the gravity Lagrangian (R is the Ricci scalar), L_{mat} is the contribution of all the other matter components, L_f = −(1/4)f_{μν} f^{μν} , and ω_e = ℏc/l^2. Notice that Φ does not appear inside L_{mat}, once the coupling between fermions and the Abelian gauge field is rewritten in terms of the new variable.

Astrophysical and purely electromagnetic experiments are not able to rule out a timevarying α [80], nor do tests of the weak equivalence principle [83].^3 Cosmology [78, 83–87] is compatible with the allowed variation of the fine-structure constant during the evolution of the universe, including at redshifts z ≲ 4 as per eq. (1.1) [17]. A varying α has consequences for the whole Standard Model of particles. If the electric charge varies in spacetime, one expects that, at high energies, all the gauge couplings of the electroweak sector are scalar fields [88, 89], leading to variable gauge-boson masses but constant lepton masses after spontaneous symmetry breaking of SU(2)_L × U(1)_Y → U(1)_{EM}. In the QCD sector, an extension of Bekenstein’s theory to a varying strong-coupling parameter is excluded

3From a cursory inspection of eq. (4.4), one might speculate that varying-e models violate the principle since the scalar Φ couples differently to different matter species. However, it turns out that the anomalous electric force acting on a charged particle with mass m(Φ) is canceled by corrections to the usual Coulomb force. Thus, different particles with same charge-to-mass ratio experience the same acceleration in external fields, and the weak equivalence principle is respected [83].

– 15 – experimentally [90], while in grand unification scenarios one obtains that the nucleon mass, the magnetic moment of the nucleon, and the weak coupling constant all vary [91–93].

Also, assuming that the effective electric charge is embodied by a Lorentz scalar field, as in Bekenstein’s model, changes in α would lead to tremendous changes in the vacuum energy, which can be made compatible with observations only via large fine tunings [94].

How does this model compare with the one proposed here? Most notably, our varying α is not driven by a scalar field, but is prefixed in spacetime due to its anomalous geometric structure. Therefore, the phenomenological constraints mentioned above are simply not applicable to our work. But even setting aside this very important practical detail (which does not hold in certain versions of multi-scale spacetimes where the measure is taken as a dynamical field [3, 116]), there is a crucial difference. The new variables a_μ and f_{μν} here look like the “integer picture” variables A_μ and F_{μν} , but when we look at the action in terms of the new variables we note a fundamental change. In Bekenstein-style theories, a dilaton coupling e^{−2Φ} appears in front of the “F^2” Maxwell term, unlike in the theory presented here. Furthermore, Φ disappears from the couplings to other matter components, in contrast with interacting multi-scale theories in general [7].

For these reasons, we can conclude that the theory presented in this paper cannot be reduced to the previously proposed varying e reviewed in this section, both dynamically and structurally.

4.2 Varying speed of light and Planck constant In other scenarios, the speed of light is made to be spacetime-dependent [95]:

c_0 → c(x) . (4.5)

A varying speed of light (VSL) was early recognized as having an impact in the history of the universe [96–101]. The cosmological applications of eq. (4.5) may have some problems [102, 103], but these can be overcome in a different incarnation of (4.5) [95, 104, 105]. More recently, VSL models reemerged as strong contenders to explain the observed cosmic structure [106] both in a bimetric reformulation [107, 108] and in the context of deformed dispersion relations [109].

Not only does the interest in a varying speed of light lie in its intimate relation to varying-e models [98, 105], but also in the fact that VSL theories simply correspond to frameworks where units are adapted with the scales in the dynamics [104] (and, in particular, chosen such that c varies). Time and space units are redefined so that the differentials scale as dt → [f(x)]^adt, dx^i → [f(x)]^bdx^i, where f is a function, a and b are constants, and local Lorentz invariance of the line element requires c(x) ∝ [f(x)]^{b−a}. We recognize here a particular form of anisotropic multi-scaling (one that distinguishes between space and time variables). In particular, when b = 0 one formally reabsorbs c in the coordinate

x^0 = ∫ dt c(x) , (4.6) which scales as a length. With this coordinate, all equations can be made general-covariant and gauge invariant (in a word, formally identical to the usual ones) provided some conditions are met. For instance, the field strength of the Abelian electromagnetic field A is of

– 16 – the form F_{μν} = ℏc e [ ∂_μ ( e ℏc A_ν ) − ∂_ν ( e ℏc A_μ )] , (4.7)

and explicit c dependence (hence, coordinate dependence, unlike eq. (4.2)) disappears if e ∝ ℏc (a major difference with respect to the theory proposed in this paper). However, even with this constraint, we may still have a varying α (which, being dimensionless, signals the presence of non-trivial effects). Specifically, if e ∝ ℏ(c)c ∝ c^q , (4.8) then α ∝ ℏc ∝ c^q , (4.9) and, as long as q ≠ 0, we have non-trivial effects. Notice that this amounts to a statement on Planck’s constant:

ℏ(c) ∝ c^{q−1} . (4.10)

Moreover, the gravitational dynamics is non-trivial. VSL models are locally Lorentz invariant (namely, under transformations which look like the usual ones but with c_0 replaced by a varying c). Defining the scalar field χ := ln(c/c_0), the total action for a minimal version of VSL can be written as [104] S = ∫ d^4x √ −g [ L_g + e^{bχ} (L_{mat} + L_F ) − ω_c 2 ∂_μχ∂^μχ ] , (4.11)

where b and ω_c are constants. Only when q = 0 is the theory equivalent to a Brans–Dicke model [104].

Models where e or c varies can be recast in new units such that, respectively, the electric charge and the speed of light become constant, but in both cases the dynamics become substantially more complicated. This criterion of simplicity is not the only one which attaches one label or the other (varying-e versus varying-c) to these models: experiments are able to distinguish between them. Concerning spatial variations, in VSL α increases near compact objects (such as black holes) and electromagnetism may become non-perturbative, while in varying-e models the opposite happens and α decreases [105]; this may lead to distinctive predictions for the cosmic microwave background temperature and polarization spectra [110]. Furthermore, tests of the weak equivalence principle can distinguish between the two classes of models, since whereas VSL theories abide by this principle, Bekenstein’s model does not [105]. Also, the sign of the time variation of α is in agreement with Keck observations [16, 17] in both theories. VSL scenarios are generally able to predict a decrease in α in the past for all types of dark matter [105], but so does the varying-e theory, should the dark matter electromagnetic energy be of the magnetic type [83].

Once again, none of these constraints applies to the model proposed in this paper. However, there are obvious structural similarities between them, should we be prepared to contemplate anisotropic scaling dimensions (differentiation between space and time) [38, 54].

– 17 –

4.3 Comparison with multi-scale spacetimes Here we list in a more systematic way the differences between the varying α models previously proposed and ours.

1. Multi-fractional theory and the varying-e proposal are invariant under deformed gauge transformations such that the dependence on the effective electron charge is inverted. In the multi-fractional scenario this transformation is eq. (3.11), which can be also written equivalently as e^{−1}_v A_μ → e^{−1}_v A_μ + ∂_μφ, or e^{−1}_0 A_μ → e^{−1}_0 A_μ + ∂_μφ, where φ = ϕ/e_v is an ordinary scalar. On the other hand, Bekenstein’s theory is invariant under eA_μ → eA_μ + ∂_μφ, where e = e(x). The correspondence e_v ↔ e^{−1} is also apparent in the comparison of eqs. (3.28) and (4.2). Still, we can play with eq. (3.28) and make it formally equivalent to (4.2) under the replacement ∂ ↔ Ď. In fact, noting that ve_v = e^2_0/e_v, the multi-fractional Maxwell field strength is F_{μν} = e^{−1}_v [Ď_μ(e_vA_ν ) − Ď_ν (e_v A_μ)].

2. In our case, the variation of the fine-structure constant stems from a variation of e → e_∗(t) of purely geometric nature. In the absence of dynamics for geometry (both for metric and measure structures), this time dependence is non-dynamical, contrary to both varying-e and varying-c models, and e_∗(t) is a given profile motivated by multi-fractal geometry. A consequence of this (further discussed in the final section) is that the variation law of the fine-structure constant does not change during the history of the universe, contrary to the cosmology of Bekenstein’s model [78, 84–87].

3. In the VSL context, it is intriguing to notice how the change of units at the base of that proposal maps into the notion of “adapting rods” in multi-scale models [54]. Equation (4.6) corresponds to a coordinate redefinition such that the theory action looks trivial from the point of view of general covariance and Lorentz invariance, but in fact it hides a unit redefinition of the coordinates. This, in turn, corresponds to a highly non-trivial choice of momentum space [39]. In multi-fractional theories exactly the same thing happens: the units of the coordinates are defined in a way making geometry (in particular, momentum space) non-trivial and anomalous, although it is possible to formally (and only to some extent) map the theory into a usual one with some modifications. The resemblance with VSL models is especially striking for the multi-fractional theory with q-Laplacian [36, 39, 54], where the most general action in position space can be made identical to the usual one when using anomalous coordinates q(x) (scaling as [q^μ] = −α_μ) which actually depend on coordinates x with normal scaling ([x^μ] = −1). Anomalous coordinates feature also in Hořava–Lifshitz gravity [111, 112], where, however, the scaling is implicit and coordinates are not composite objects. They can be made composite by mapping the model to a multifractional one with anisotropic measure [54]; this connection (valid up to the choice of symmetries, which crucially determine the form of the Laplacian in either theory) is based upon the presence of a hierarchy of scales, either hidden or explicit. For the very same reason, the geometries of multi-fractional, Hořava–Lifshitz, and VSL scenarios share several similarities.

– 18 –

4. A comment is in order on the resemblance of the multi-fractional measure weight with a dilaton or a Brans–Dicke scenario. The dilaton of string theory couples differently in different matter sectors, but non-perturbative effects may render its coupling universal [113] (see also [85, 114, 115]). This is somewhat similar to the fractal model of [3, 116], where v was regarded as a scalar field appearing as a global rescaling of the standard Lagrangian. As we saw above, also varying-e and VSL theories feature a non-minimal coupling between matter and Maxwell sectors and a scalar field, eqs. (4.4) and (4.11). On the other hand, in the framework studied in the present paper the measure weight is not a Lorentz scalar but a fixed coordinate profile without kinetic term (whose shape is dictated by fractal geometry rather precisely [25, 36]), changing the differential structure of the geometry. The presence of a non-trivial measure consistently affects the definition of functional variations, Poisson brackets and Dirac distribution, in turn leading to a deformation of the Poincaré symmetries [7]. On the other hand, Lorentz invariance is respected in both varying-e and varying-c, although Lorentz matrices are themselves “deformed” in the second case.

5. A consequence of the last point is that the argument of [94] severely against appreciable variations of α may be avoided in multi-fractional field theories. In fact, α(x) is not a scalar field but a geometry-dependent object, and one would be entitled to subtract off the vacuum-energy shift in the cosmological constant for all values of α (if α were a scalar, the subtraction would proceed only for its value at low energy/late times).

6. Even reverting to the interpretation of [3, 116] of v as a scalar and reinstating a kinetic term (and risking to incur in the objection of [94]), the multi-scale scenario would be significantly different from the others. In the fundamental formulation with field densities, the weight v modifies all derivatives in the action, in all sectors. Even when translating the theory from field densities to fields, the gravitational sector does not become trivial, since L_g is highly non-linear in the metric [117]. Furthermore, Poincaré symmetries would be deformed in the characteristic way of anomalous geometries, as explained above [7]. Therefore, multi-scale spacetimes cannot be made physically equivalent to any of the above dilaton-like proposals.

7. As a bird’s eye view, one can state that multi-fractional spacetimes possess a mixture of properties which make them akin to varying-e and varying-c models in different ways. On one hand, by construction an effective spacetime-dependent electric charge naturally arises in multi-scale spacetimes. On the other hand, the latter always predict a decrease of α in the past regardless the matter content, just like VSL [105] and, in a subtler way, varying-e models [83]. Also, in multi-scale theories the spacetime profile of all effectively varying couplings only depend on the measure weight v(x), just as the couplings in VSL models depend on the profile (4.5) alone, eq. (4.11). In this sense, multi-scale spacetimes respect the weak equivalence principle as VSL and varying-e models, although we have not really discussed gravity in the present context.

– 19 –

5 Discussion

In this paper, we have worked out the field theory for electrodynamics in a particular class of multi-scale spacetimes. Fermions and the U(1) gauge field have been introduced extending previous knowledge of field theories living in such spacetimes, which was limited to real scalars [7]. This opens up the possibility to study non-Abelian gauge fields and, in particular, the electroweak Standard Model. A discussion of the latter along the same lines of [88] will be left for the future.

In general, spacetime-dependent couplings naturally arise in this framework. Electrodynamics in multi-scale geometry displays a varying electric charge whose profile is determined by the measure, thus falling into a class of models whose phenomenology has been extensively discussed in the literature. The type of coordinate dependence of the charge, however, as well as its motivation and the overall theoretical structure, widely differ with respect to other varying-e models, as detailed above. It also makes this model distinct from the covariant varying-c scenarios previously proposed. In spite of various similarities, the present one is a genuinely new proposal for a varying-constants theory.

A remark valid for both the present multi-scale theory and previous proposals is in order. One should note the difference between the conserved electric charge, for example in Bekenstein’s theory, and the charge that actually couples to electromagnetism. The number n of electrons is conserved even when dilaton field Φ varies, so ne_0 obviously provides a conserved charge, but this is not what couples to the electromagnetic sector. This has some implications when applying experimental constraints for the conserved charge which is, by definition, conserved even in varying-e (and also varying-c) theories. Therefore, one should carefully examine the type of experiment and theoretical observable in order to relate one to the other in a non-misleading way. In the case of the theory in multi-scale spacetime, there is a further complication. We have found two types of charges, the one appearing in the conservation law of the Noether current (Q and e_∗, eqs. (3.15) and (3.32)) and the one coupling electrons to the electromagnetic field (ẽ(x), eq. (3.51)). It is the former, in fact, that we should compare with experiments, since ẽ is just a quantity appearing in the action which, when properly manipulated, leads consistently to e_v .

As we stated before, none of the phenomenological constraints valid for previously proposed varying-α theories can be applied directly to our work. We conclude with an estimate of the variation of the fine-structure constant in multi-scale spacetimes, between a time t in the past and today (t_0). From eq. (3.32), it follows that Δα α = v_∗(t_0) v_∗(t) − 1 = − | |^t∗_t | |^{1−α0} − | |_{t∗t0} | |^{1−α0} 1 + |_{t∗} t |_{1−α0} ≈ − 1 1 + | |^t_{t∗} | |^{1−α0} , (5.1)

where in the last step we assumed that t_0 ≫ t_∗.^4 Notice that Δα/α < 0, in intriguing agreement with the signature of the effect (1.1) in quasar observations at Keck [17] (but

4Multi-scale theories are not translation invariant in the usual sense because the measure fixes a frame. The background dependence establishes that there is an origin which, in the time direction, we assumed in the text to coincide with the big bang. On the other hand, in another version of the theory where the

– 20 – in disagreement with VLT results [23, 24], eq. (1.2)). If t_∗ was Planck time, the corrective effect would be completely negligible. Taking instead α_0 = 1/2 (a reasonable value at small scales/early times [25, 36]) and the observational bound (1.1) applied to t ∼ 1.79 Gyr (z ∼ 3.5, using the best-fit values of the parameters of [12]) from the big bang, we obtain an estimate for the intrinsic time scale of the measure:

t_∗ ∼ 0.058 yr , (5.2)

stating that multi-fractional effects on the geometry of the universe have become negligible after about 21 days since the big bang (which we assumed to be at t = 0). We can plug back this value to estimate Δα/α at other times. For the small-redshift quasars (t ∼ 10 Gyr), we get Δα/α ≈ −2.4 × 10^{−6}, quite compatible with the bound |Δα/α| < 10^{−5} of [13–15].^5 Extrapolating back to big-bang nucleosynthesis (BBN, t ∼ 2 s ÷ 20 min) leads to an effect of order of Δ/α ∼ −0.98, which is excluded experimentally (standard BBN can tolerate as much as O(10^{−2}) variations [10, 118]). This may be interpreted either by regarding the estimate (5.2) as too large (but in this case varying α in quasar observations would not be explained by the multi-fractional model; matching allowed α-variations during BBN yields t_∗ < 0.3 s), or as a failure of real-order multi-fractional measures and the appearance of a finer hierarchy of scales in the very early Universe [36, 38], or, again, as the effect of naive simplifications such as ignoring gravity. In particular, adopting a polynomial rather than a binomial measure [37] might account for a more resilient history of the Universe and a better fit to datasets. Also, inclusion of the full spatial dependence of the measure (i.e., probing smaller spatial scales, which are amplified to cosmological size during the history of the early universe) might interestingly confront the theory with the preferred-frame or “dipole” effect allegedly found in quasars data [23, 24]. Further study will hopefully refine the multi-scale model and its predictions.

Acknowledgments

We thank Luis J. Garay and Giuseppe Nardelli for useful discussions. The work of G.C. is under a Ramón y Cajal tenure-track contract. J.M. was funded by STFC through a consolidated grant and by an International Exchange Grant from the Royal Society.

References

[1] G. ’t Hooft, Dimensional reduction in quantum gravity, in Salamfestschrift, A. Ali, J. Ellis, and S. Randjbar-Daemi (eds.), World Scientific, Singapore (1993) [gr-qc/9310026].

measure is v(x−x^′) instead of v(x), the measure singularity is at some non-zero x^{′μ}. The geometry, however, does not change: spectral and Hausdorff dimension will remain the same, since one has not changed the scaling law of v. In this respect, the translation of the origin can be regarded as a different presentation of the theory. However, when comparing with experiments as in the text, one will notice this x^μ − x^{′μ} shift in the measure and will have to state, for instance, what t^′ is in relation to the history of the universe.

5For the Oklo natural reactor (t ∼ 12 Gyr), we obtain Δ/α ≈ −2.2×10^{−6} , about two orders of magnitude larger than the present constraints [10]. However, this bound is strongly model-dependent and possibly subject to criticism [91, 92], and it should be taken cum grano salis.

– 21 –

[2] S. Carlip, Spontaneous dimensional reduction in short-distance quantum gravity?, AIP Conf. Proc. 1196 (2009) 72 [arXiv:0909.3329].

[3] G. Calcagni, Fractal universe and quantum gravity, Phys. Rev. Lett. 104 (2010) 251301 [arXiv:0912.3142].

[4] G. Calcagni, Discrete to continuum transition in multifractal spacetimes, Phys. Rev. D 84 (2011) 061501(R) [arXiv:1106.0295].

[5] G. Calcagni, Diffusion in quantum geometry, Phys. Rev. D 86 (2012) 044021 [arXiv:1204.2550].

[6] G. Calcagni, Introduction to multifractional spacetimes, AIP Conf. Proc. 1483 (2012) 31 [arXiv:1209.1110].

[7] G. Calcagni and G. Nardelli, Symmetries and propagator in multi-fractional scalar field theory, Phys. Rev. D 87 (2013) 085008 [arXiv:1210.2754].

[8] D.J. Shaw and J.D. Barrow, Local experiments see cosmologically varying constants, Phys. Lett. B 639 (2006) 596 [gr-qc/0512117].

[9] J.D. Barrow and D.J. Shaw, Observable effects of scalar fields and varying constants, Gen. Rel. Grav. 39 (2007) 1235 [gr-qc/0607132].

[10] J.-P. Uzan, Varying constants, gravitation and cosmology, Living Rev. Rel. 14 (2011) 2.

[11] J.D. Barrow, Varying alpha, Annalen Phys. 19 (2010) 202 [arXiv:0912.5510].

[12] P.A.R. Ade et al. [Planck Collaboration], Planck 2013 results. XVI. Cosmological parameters, arXiv:1303.5076.

[13] M.J. Drinkwater, J.K. Webb, J.D. Barrow and V.V. Flambaum, New limits on the possible variation of physical constants, Mon. Not. Roy. Astron. Soc. 295 (1998) 457 [astro-ph/9711290].

[14] C.L. Carilli et al., Astronomical constraints on the cosmic evolution of the fine structure constant and possible quantum dimensions, Phys. Rev. Lett. 85 (2000) 5511 [astro-ph/0010361].

[15] M.T. Murphy, J.K. Webb, V.V. Flambaum, M.J. Drinkwater, F. Combes and T. Wiklind, Improved constraints on possible variation of physical constants from H I 21cm and molecular QSO absorption lines, Mon. Not. Roy. Astron. Soc. 327 (2001) 1244 [astro-ph/0101519].

[16] M.T. Murphy, J.K. Webb and V.V. Flambaum, Further evidence for a variable fine-structure constant from Keck/HIRES QSO absorption spectra, Mon. Not. Roy. Astron. Soc. 345 (2003) 609 [astro-ph/0306483].

[17] M.T. Murphy, V.V. Flambaum, J.K. Webb, V.V. Dzuba, J.X. Prochaska and A.M. Wolfe, Constraining variations in the fine-structure constant, quark masses and the strong interaction, Lect. Notes Phys. 648 (2004) 131 [astro-ph/0310318].

[18] H. Chand, R. Srianand, P. Petitjean and B. Aracil, Probing the cosmological variation of the fine-structure constant: Results based on VLT-UVES sample, Astron. Astrophys. 417 (2004) 853 [astro-ph/0401094].

[19] R. Srianand, H. Chand, P. Petitjean and B. Aracil, Limits on the time variation of the electromagnetic fine-structure constant in the low energy limit from absorption lines in the spectra of distant quasars, Phys. Rev. Lett. 92 (2004) 121302 [astro-ph/0402177].

– 22 –

[20] M.T. Murphy, J.K. Webb and V.V. Flambaum, Revision of VLT/UVES constraints on a varying fine-structure constant, Mon. Not. Roy. Astron. Soc. 384 (2008) 1053 [astro-ph/0612407].

[21] M.T. Murphy, J.K. Webb and V.V. Flambaum, Comment on “Limits on the time variation of the electromagnetic fine-structure constant in the low energy limit from absorption lines in the spectra of distant quasars”, Phys. Rev. Lett. 99 (2007) 239001 [arXiv:0708.3677].

[22] R. Srianand, H. Chand, P. Petitjean and B. Aracil, Srianand et al. Reply:, Phys. Rev. Lett. 99 (2007) 239002 [arXiv:0711.1742].

[23] J.K. Webb, J.A. King, M.T. Murphy, V.V. Flambaum, R.F. Carswell and M.B. Bainbridge, Indications of a spatial variation of the fine structure constant, Phys. Rev. Lett. 107 (2011) 191101 [arXiv:1008.3907].

[24] J.A. King et al., Spatial variation in the fine-structure constant —new results from VLT/UVES, Mon. Not. Roy. Astron. Soc. 422 3370 ([) 2012arXiv:1202.4758].

[25] G. Calcagni, Geometry of fractional spaces, Adv. Theor. Math. Phys. 16 (2012) 549 [arXiv:1106.5787].

[26] G. Calcagni and G. Nardelli, Momentum transforms and Laplacians in fractional spaces, Adv. Theor. Math. Phys. 16 (2012) 1315 [arXiv:1202.5383].

[27] G. Calcagni, G. Nardelli and M. Scalisi, Quantum mechanics in fractional and other anomalous spacetimes, J. Math. Phys. 53 (2012) 102110 [arXiv:1207.4473].

[28] F.-Y. Ren, Z.-G. Yu and F. Su, Fractional integral associated to the self-similar set or the generalized self-similar set and its physical interpretation, Phys. Lett. A 219 (1996) 59.

[29] Z.-G. Yu, F.-Y. Ren and J. Zhou, Fractional integral associated to generalized cookie-cutter set and its physical interpretation, J. Phys. A 30 (1997) 5569.

[30] F.-Y. Ren, Z.-G. Yu, J. Zhou, A. Le Méhauté and R.R. Nigmatullin, The relationship between the fractional integral and the fractal structure of a memory set, Physica A 246 (1997) 419.

[31] Z.-G. Yu, Flux and memory measure on net fractals, Phys. Lett. A 257 (1999) 221.

[32] W.-Y. Qiu and J. Lü, Fractional integrals and fractal structure of memory sets, Phys. Lett. A 272 (2000) 353.

[33] F.-Y. Ren, W.-Y. Qiu, J.-R. Liang and X.-T. Wang, Determination of memory function and flux on fractals, Phys. Lett. A 288 (2001) 79.

[34] F.-Y. Ren, J.-R. Liang, X.-T. Wang and W.-Y. Qiu, Integrals and derivatives on net fractals, Chaos Solitons Fractals 16 (2003) 107.

[35] R.R. Nigmatullin and A. Le Méhauté, Is there geometrical/physical meaning of the fractional integral with complex exponent?, J. Non-Cryst. Solids 351 (2005) 2888.

[36] G. Calcagni, Geometry and field theory in multi-fractional spacetime,

J. High Energy Phys. 1201 (2012) 065 [arXiv:1107.5041].

[37] G. Calcagni, Diffusion in multiscale spacetimes, Phys. Rev. E 87 (2013) 012123 [arXiv:1205.5046].

[38] M. Arzano, G. Calcagni, D. Oriti and M. Scalisi, Fractional and noncommutative spacetimes, Phys. Rev. D 84 (2011) 125002 [arXiv:1107.5308].

– 23 –

[39] G. Calcagni and G. Nardelli, Spectral dimension and diffusion in multi-scale spacetimes,

arXiv:1304.2709.

[40] S.I. Muslih, M. Saddallah, D. Baleanu and E. Rabei, Lagrangian formulation of Maxwells field in fractional D dimensional space-time, Rom. J. Phys. 55 (2010) 659.

[41] F.H. Stillinger, Axiomatic basis for spaces with noninteger dimension,

J. Math. Phys. 18 (1977) 1224.

[42] C. Palmer and P.N. Stavrinou, Equations of motion in a non-integer-dimensional space, J. Phys. A 37 (2004) 6987.

[43] M. Zubair, M.J. Mughal and Q.A. Naqvi, The wave equation and general plane wave solutions in fractional space, Prog. Electromagn. Res. Lett. 19 (2010) 137.

[44] M. Zubair, M.J. Mughal, Q.A. Naqvi and A.A. Rizvi, Differential electromagnetic equations in fractional space, Prog. Electromagn. Res. 114 (2011) 255.

[45] M. Zubair, M.J. Mughal and Q.A. Naqvi, An exact solution of the cylindrical wave equation for electromagnetic field in fractional dimensional space, Prog. Electromagn. Res. 114 (2011) 443.

[46] M. Zubair, M.J. Mughal and Q.A. Naqvi, On electromagnetic wave propagation in fractional space, Nonlin. Anal.: Real World App. 12 (2011) 2844.

[47] M. Zubair, M.J. Mughal and Q.A. Naqvi, An exact solution of the spherical wave equation in d-dimensional fractional space, J. Electromagn. Waves App. 25 (2011) 1481.

[48] L. Nottale, Fractal Space-Time and Micro-Physics: Towards a Theory of Scale Relativity, World Scientific, Singapore, (1993).

[49] L. Nottale, Scale relativity and fractal space-time: applications to quantum physics, cosmology and chaotic systems, Chaos Solitons Fractals 7 (1996) 877.

[50] L. Nottale, Scale relativity and fractal space-time: theory and applications, Found. Sci. 15 (2010) 101 [arXiv:0812.3857].

[51] L. Nottale, Scale relativity: first steps toward a field theory, in Relativity in General, J. Diaz Alonso and M. Lorente Paramo (Eds.), Editions Frontières, Paris (1994).

[52] L. Nottale, Theory of electron in scale relativity, Electromagn. Phen. 3 (2003) 92. [53] L. Nottale, M.-N. Célérier and T. Lehner, Non-Abelian gauge field theory in scale relativity, J. Math. Phys. 47 (2006) 032303 [hep-th/0605280].

[54] G. Calcagni, Multi-fractional spacetimes, asymptotic safety and Hořava–Lifshitz gravity,

arXiv:1209.4376.

[55] V.E. Tarasov, Electromagnetic field of fractal distribution of charged particles, Phys. Plasmas 12 (2005) 082106 [physics/0610010].

[56] V.E. Tarasov, Multipole moments of fractal distribution of charges,

Mod. Phys. Lett. B 19 (2005) 1107 [physics/0606251].

[57] V.E. Tarasov, Electromagnetic fields on fractals, Mod. Phys. Lett. A 21 (2006) 1587. [58] V.E. Tarasov, Magnetohydrodynamics of fractal media, Phys. Plasmas 13 (2006) 052107 [arXiv:0711.0305].

[59] N. Engheta, A note on fractional calculus and the image method for dielectric spheres, J. Electromagn. Waves App. 9 (1995) 1179.

– 24 –

[60] N. Engheta, Electrostatic “fractional” image methods for perfectly conducting wedges and cones, IEEE Trans. Antennas Prop. 44 (1996) 1565.

[61] N. Engheta, On the role of fractional calculus in electromagnetic theory,

IEEE Antennas Prop. Mag. 39 (1997) 35.

[62] N. Engheta, Fractional curl operator in electromagnetics,

Microwave Opt. Technol. Lett. 17 (1998) 86.

[63] N. Engheta, Phase and amplitude of fractional-order intermediate wave,

Microwave Opt. Technol. Lett. 21 (1999) 338.

[64] A. Lakhtakia, A representation theorem involving fractional derivatives for linear homogeneous chiral media, Microwave Opt. Technol. Lett. 28 (2001) 385.

[65] E.I. Veliev and N. Engheta, Fractional curl operator in reflection problems, in 10th International Conference on Mathematical Methods in Electromagnetic Theory, 2004, IEEE (2004) 228.

[66] M.V. Ivakhnychenko and E.I. Veliev, Fractional curl operator in radiation problems, in 10th International Conference on Mathematical Methods in Electromagnetic Theory, 2004, IEEE (2004) 231.

[67] Q.A. Naqvi and M. Abbas, Complex and higher order fractional curl operator in electromagnetics, Opt. Commun. 241 (2004) 349.

[68] S.A. Naqvi, Q.A. Naqvi and A. Hussain, Modelling of transmission through a chiral slab using fractional curl operator, Opt. Commun. 266 (2006) 404.

[69] A. Hussain and Q.A. Naqvi, Fractional curl operator in chiral medium and fractional non-symmetric transmission line, Prog. Electromagn. Res. 59 (2006) 199.

[70] A. Hussain, S. Ishfaq and Q.A. Naqvi, Fractional curl operator and fractional waveguides, Prog. Electromagn. Res. 63 (2006) 319.

[71] S.I. Muslih and D. Baleanu, Fractional multipoles in fractional space,

Nonlin. Anal.: Real World App. 8 (2007) 198.

[72] V.E. Tarasov, Fractional integro-differential equations for electromagnetic waves in dielectric media, Theor. Math. Phys. 158 (2009) 355.

[73] V.E. Tarasov, Fractional vector calculus and fractional Maxwell’s equations, Annals Phys. 323 (2008) 2756 [arXiv:0907.2363].

[74] D. Baleanu, A.K. Golmankhaneh and A.K. Golmankhaneh, On electromagnetic field in fractional space, Nonlin. Anal.: Real World App. 11 (2010) 288.

[75] A. Hussain, S.A. Naqvi, A. Illahi and Q.A. Naqvi, Fractional parallel plate DB waveguides using fractional curl operator, arXiv:1109.1917.

[76] L.D. Landau and E.M. Lifshitz, The Classical Theory of Fields, Butterworth–Heinemann, London, U.K. (1980).

[77] B. Zwiebach, A First Course in String Theory, Cambridge University Press, Cambridge, U.K. (2009).

[78] H.B. Sandvik, J.D. Barrow and J. Magueijo, Simple cosmology with a varying fine structure constant, Phys. Rev. Lett. 88 (2002) 031302 [astro-ph/0107512].

[79] J. Collins, Renormalization, Cambridge University Press, Cambridge, U.K. (1984).

– 25 –

[80] J.D. Bekenstein, Fine structure constant: Is it really a constant?,

Phys. Rev. D 25 (1982) 1527.

[81] J.D. Barrow and C. O’Toole, Spatial variations of fundamental constants, Mon. Not. Roy. Astron. Soc. 322 (2001) 585 [astro-ph/9904116].

[82] J. Magueijo, H.B. Sandvik and T.W.B. Kibble, Nielsen–Olesen vortex in varying alpha theories, Phys. Rev. D 64 (2001) 023521 [hep-ph/0101155].

[83] J.D. Bekenstein, Fine structure constant variability, equivalence principle and cosmology, Phys. Rev. D 66 (2002) 123514 [gr-qc/0208081].

[84] J.D. Barrow, H.B. Sandvik and J. Magueijo, The behavior of varying alpha cosmologies, Phys. Rev. D 65 (2002) 063504 [astro-ph/0109414].

[85] K.A. Olive and M. Pospelov, Evolution of the fine structure constant driven by dark matter and the cosmological constant, Phys. Rev. D 65 (2002) 085044 [hep-ph/0110377].

[86] J.D. Barrow, J. Magueijo and H.B. Sandvik, Variations of alpha in space and time, Phys. Rev. D 66 (2002) 043515 [astro-ph/0202129].

[87] D.F. Mota and J.D. Barrow, Varying alpha in a more realistic Universe,

Phys. Lett. B 581 (2004) 141 [astro-ph/0306047].

[88] D. Kimberly and J. Magueijo, Varying alpha and the electroweak model,

Phys. Lett. B 584 (2004) 8 [hep-ph/0310030].

[89] D.J. Shaw and J.D. Barrow, Varying couplings in electroweak theory,

Phys. Rev. D 71 (2005) 063525 [gr-qc/0412135].

[90] N. Chamoun, S.J. Landau and H. Vucetich, Bekenstein model and the time variation of the strong coupling constant, Phys. Lett. B 504 (2001) 1 [astro-ph/0008436].

[91] X. Calmet and H. Fritzsch, The Cosmological evolution of the nucleon mass and the electroweak coupling constants, Eur. Phys. J. C 24 (2002) 639 [hep-ph/0112110].

[92] P. Langacker, G. Segrè and M.J. Strassler, Implications of gauge unification for time variation of the fine structure constant, Phys. Lett. B 528 (2002) 121 [hep-ph/0112233].

[93] M. Dine, Y. Nir, G. Raz and T. Volansky, Time variations in the scale of grand unification, Phys. Rev. D 67 (2003) 015009 [hep-ph/0209134].

[94] T. Banks, M. Dine and M.R. Douglas, Time varying alpha and particle physics, Phys. Rev. Lett. 88 (2002) 131301 [hep-ph/0112059].

[95] J. Magueijo, New varying speed of light theories, Rep. Prog. Phys. 66 (2003) 2025 [astro-ph/0305457].

[96] J.W. Moffat, Superluminary universe: a possible solution to the initial value problem in cosmology, Int. J. Mod. Phys. D 2 (1993) 351 [gr-qc/9211020].

[97] A. Albrecht and J. Magueijo, A time varying speed of light as a solution to cosmological puzzles, Phys. Rev. D 59 (1999) 043516 [astro-ph/9811018].

[98] J.D. Barrow and J. Magueijo, Varying alpha theories and solutions to the cosmological problems, Phys. Lett. B 443 (1998) 104 [astro-ph/9811072].

[99] J.D. Barrow and J. Magueijo, Solutions to the quasi-flatness and quasilambda problems, Phys. Lett. B 447 (1999) 246 [astro-ph/9811073].

– 26 –

[100] J.D. Barrow and J. Magueijo, Solving the flatness and quasiflatness problems in Brans–Dicke cosmologies with a varying light speed, Class. Quantum Grav. 16 (1999) 1435 [astro-ph/9901049].

[101] J.D. Barrow, Cosmologies with varying light speed, Phys. Rev. D 59 (1999) 043515.

[102] S. Landau, P.D. Sisterna and H. Vucetich, Charge conservation and time varying speed of light,, Phys. Rev. D 63 (2001) 081303(R) [astro-ph/0007108].

[103] G.F.R. Ellis and J.-P. Uzan, ‘c’ is the speed of light, isn’t it?, Am. J. Phys. 73 (2005) 240 [gr-qc/0305099].

[104] J. Magueijo, Covariant and locally Lorentz invariant varying speed of light theories, Phys. Rev. D 62 (2000) 103521 [gr-qc/0007036].

[105] J. Magueijo, J.D. Barrow and H.B. Sandvik, Is it e or is it c? Experimental tests of varying alpha, Phys. Lett. B 549 (2002) 284 [astro-ph/0202374].

[106] J. Magueijo, Speedy sound and cosmic structure, Phys. Rev. Lett. 100 (2008) 231302 [arXiv:0803.0859].

[107] J. Magueijo, Bimetric varying speed of light theories and primordial fluctuations, Phys. Rev. D 79 (2008) 043525 [arXiv:0807.1689].

[108] J. Magueijo, J. Noller and F. Piazza, Bimetric structure formation: non-Gaussian predictions, Phys. Rev. D 82 (2010) 0435251 [arXiv:1006.3216].

[109] J. Magueijo, DSR as an explanation of cosmological structure,

Class. Quantum Grav. 25 (2008) 202002 [arXiv:0807.1854].

[110] K. Sigurdson, A. Kurylov and M. Kamionkowski, Spatial variation of the fine-structure parameter and the cosmic microwave background, Phys. Rev. D 68 (2003) 103509 [astro-ph/0306372].

[111] P. Hořava, Quantum gravity at a Lifshitz point, Phys. Rev. D 79 (2009) 084008 [arXiv:0901.3775].

[112] P. Hořava, Spectral dimension of the universe in quantum gravity at a Lifshitz point, Phys. Rev. Lett. 102 (2009) 161301 [arXiv:0902.3657].

[113] T. Damour and A.M. Polyakov, The string dilaton and a least coupling principle, Nucl. Phys. B 423 (1994) 532 [hep-th/9401069].

[114] G.R. Dvali and M. Zaldarriaga, Changing alpha with time: implications for fifth force type experiments and quintessence, Phys. Rev. Lett. 88 (2002) 091303 [hep-ph/0108217].

[115] K.A. Olive and M. Pospelov, Environmental dependence of masses and coupling constants, Phys. Rev. D 77 (2008) 043524 [arXiv:0709.3825].

[116] G. Calcagni, Quantum field theory, gravity and cosmology in a fractal universe, J. High Energy Phys. 1003 (2010) 120 [arXiv:1001.0571].

[117] G. Calcagni, Multi-fractional gravity and cosmology, in preparation.

[118] P.P. Avelino et al., Early universe constraints on a time varying fine structure constant, Phys. Rev. D 64 (2001) 103505 [astro-ph/0102144].

– 27 –