arXiv:gr-qc/0107091 v2 14 Feb 2002

Faster-than-c signals,

special relativity,

and causality

Stefano Liberati^∗, Sebastiano Sonego^†, and Matt Visser^‡

∗Gravitation Theory Group – Department of Physics, University of Maryland, College Park, MD 20742-4111, USA.

†Università di Udine, Via delle Scienze 208, 33100 Udine, Italy.

‡Physics Department, Washington University, Saint Louis, Missouri 63130-4899, USA.

15 November 2001; L^ATEX-ed February 14, 2002

Abstract

Motivated by the recent attention on superluminal phenomena, we investigate the compatibility between faster-than-c propagation and the fundamental principles of relativity and causality. We first argue that special relativity can easily accommodate — indeed, does not exclude — faster-than-c signalling at the kinematical level. As far as causality is concerned, it is impossible to make statements of general validity, without specifying at least some features of the tachyonic propagation. We thus focus on the Scharnhorst effect (faster-than-c photon propagation in the Casimir vacuum), which is perhaps the most plausible candidate for a physically sound realization of these phenomena. We demonstrate that in this case the faster-than-c aspects are “benign” and constrained in such a manner as to not automatically lead to causality violations.

PACS: 03.30.+p; 04.20.Gz; 11.30.Cp; 11.55.Fv Keywords: Faster than light; causality; special relativity

∗liberati@physics.umd.edu; http://www2.physics.umd.edu/~liberati †sebastiano.sonego@uniud.it ‡visser@kiwi.wustl.edu; http://www.physics.wustl.edu/~visser 1

1 Introduction

Recently, there has been a renewed interest in issues related to superluminal^1 propagation. This activity is connected with the experimental realization of faster-than-c group velocities [1], and with the theoretical discovery of the Scharnhorst effect — faster-than-c photon propagation in the Casimir vacuum due to higher order QED corrections [2, 3, 4, 5]. Although these two strands of research deal with apparently similar subjects, their implications on fundamental physics are quite different. The resonance-induced superluminal group velocities currently of experimental interest were already known, theoretically, in the sixties [6]. In spite of their large value (about 300 times c) and the many claims made in the non-specialized press, they do not create any problem of principle, because the signal velocity^2 still has c as an upper bound [8, 9, 10, 11, 12].

In contrast, the Scharnhorst effect, which predicts that in a cavity with perfectly reflecting boundaries, photons can travel at a speed slightly larger than c, is an extremely tiny phenomenon, well below our capabilities for experimental verification. It is nevertheless of fundamental theoretical importance, in that here it seems to be the actual signal speed that it is modified. Indeed, though the original derivations of the effect [2] are carried out in the “soft photon” regime (wavelengths much larger than the electron Compton wavelength), there is an argument (based on the Kramers-Kronig dispersion relations) which strongly suggests that the actual signal speed is enhanced with respect to the ordinary speed of light [3]. In the present paper, we adopt the view that these calculations, taken together, actually imply that the Scharnhorst effect is physical, and not an artifact of some approximation: it appears that quantum-polarization can induce true superluminal velocities, albeit well outside the realm of present day experimental techniques.

Regarding the generality of the effect, we stress that similar results have been found for the propagation of photons in a gravitational field [14] (note that also these calculations are based on the “soft-photon” approximation and their extendibility to higher frequencies is still uncertain). A framework which allows to discuss both types of effects in a unified fashion has been recently developed in [15, 16]; see also [17].

The Scharnhorst effect, and its gravitational versions, are at first disturbing because they indicate a violation of Lorentz invariance for the electromagnetic field in vacuum, which is commonly taken as a paradigmatic example of a Lorentz-invariant system. Of course, in the general relativistic framework of [14] it is local Lorentz invariance [18] that is violated. Upon closer inspection, however, Lorentz invariance is not affected at a fundamental level. Between conducting plates, or in a background gravitational field, light does not propagate at the usual speed, simply because the boundaries (or the background) single out a preferred rest frame, which shows up in the property of the quantum vacuum of not being Lorentz-invariant. Thus, light behaves in a non-Lorentz-invariant way only because the ground state of the electromagnetic field is not Lorentz-invariant. The Euler– Heisenberg Lagrangian, from which the existence of the effect can be deduced, as well as

1Hereafter, by “superluminal” we always mean “faster than light in unbounded empty space”, i.e., with speed larger than c = 2.99792458 × 10^8 m s^{−1}. This terminology may produce some weird-sounding sentences, such as “light travels at a superluminal speed in the Casimir vacuum”, but it cannot lead to any misunderstanding if interpreted in the strictly technical sense described above.

2Following common usage, we identify the “signal velocity” with the phase velocity at infinite frequencies, equivalent to the so-called “front velocity” [4]. See [7] for other possible definitions.

all the machinery of QED employed in its derivation, are still fully Lorentz-invariant. For this reason, one often speaks of a “soft breaking” of Lorentz invariance, in order to distinguish from a situation in which also the basic equations, and not just the ground state, are no longer Lorentz-invariant.

Of course, this soft breaking of Lorentz invariance has no fundamental influence on special relativity — no more than being inside a material medium has. For many purposes, the quantum vacuum can indeed be regarded as a medium — an “æther” [19]. The fact that the Scharnhorst effect appears to violate the principle of relativity can then be understood by considering that, between infinite parallel plates, the æther is no longer Lorentz-invariant, so its presence, in contrast to the situation in infinite space with no boundaries, can be detected. Nevertheless one can always imagine experiments based on interactions which are unaffected by the QED vacuum, such as gravity, that would show no violation of Lorentz invariance. Only if the deviations were universal, which is not the case, would special relativity be threatened (and even in that case, one could easily avoid troubles by adopting a metric different from the Minkowski one, i.e., by shifting to a general relativistic context).

There is another unpleasant feature of Scharnhorst’s result, though. As we pointed out, any refractive medium leads to a soft breaking of Lorentz invariance, as shown by the fact that the speed of light differs from the value c. However, in all other known cases, the speed of light is smaller than c, while, according to Scharnhorst, between plates it should be greater. This is a conceptually nontrivial result, because it contradicts the common belief that signal propagation at speeds larger than the speed of light in vacuum is forbidden by special relativity. Furthermore, it shows that faster-than-c effects can occur even within well-established theories such as QED.

The main goal of the present paper is to show that faster-than-c propagation does not violate the basic tenets of special relativity, and is kinematically perfectly compatible with it (section 2). In addition, we shall prove in section 3 that the existence of phenomena such as the Scharnhorst effect does not necessarily lead to closed causal curves, contrary to some claims made in the literature [20]. In particular, for a single pair of Casimir plates photon propagation can be described by an “effective metric” that exhibits the property of “stable causality”, which automatically prevents the formation of closed timelike loops. When one considers multiple pairs of Casimir plates, naive attempts at producing causality violations are vitiated by their need for either grossly unphysical inter-penetrating plates (which undermine the whole basis for the Scharnhorst calculation), or by violent and uncontrolled edge effects. The general situation is best analyzed in terms of Hawking’s chronology protection conjecture.

Section 4 contains a brief summary of the main results of the paper. Although it does not challenge present-day physics, the possibility of faster-than-c signalling nevertheless brings out some interesting open issues about the foundations of special relativity. Since these issues, although related to some points touched in our discussion, are not directly relevant for the main topic of the paper, we present them in the three appendices.

2 Special relativity

There is a logical distinction between the concept of an invariant speed, and that of a maximum speed. Contrary to widespread belief, special relativity only requires, for its

O x y

z

O^′ x^′ y^′

z^′ vt

ξ

Figure 1: Spatial distances as measured in the reference frame K; see equation (2.1).

kinematical consistency, that there be an invariant speed. This is already obvious even from the original derivation by Einstein of the Lorentz transformations [21]. However, Einstein’s derivation relies upon a procedure of clock synchronization in which light signals are used, and one might think that if faster-than-light propagation is possible, it could be used to synchronize clocks in an alternative way, thus undermining relativistic kinematics at its very foundations. In this section we show that this is not the case.

2.1 Lorentz transformations without light

We find it convenient to start from an alternative, less well-known derivation of the Lorentz transformations, first discussed by von Ignatowsky in 1910 [22], and later rediscovered by many people [23, 24, 25, 26, 27, 28, 29, 30, 31, 32]. The starting hypotheses are:

(i) That in an inertial frame space is homogeneous, isotropic, and Euclidean, and time is homogeneous;

(ii) The principle of relativity;

(iii) A condition of “pre-causality” (see below).

These postulates alone imply the existence of the Lorentz group, containing some parameter C > 0 that represents an invariant speed. We now sketch the main lines of the argument. A rigorous and detailed presentation can be found in the papers by Gorini and collaborators [26, 27]; see also the book by Torretti [32] for a good summary, and [28, 29, 30] for pedagogical introductions.

Let us suppose that, in two inertial frames K and K^′, with spatial origins O and O^′, respectively, the same event is labelled by coordinates (t, x, y, z) and (t^′, x^′, y^′, z^′). Because of isotropy of space, we can orient the spatial axes so that the relative velocity between the frames is along x and x^′. Since the relationship between the other coordinates turns out to be trivial, we shall ignore them, assuming that y = y^′ = z = z^′ = 0, and focus only upon (t, x) and (t^′, x^′).

According to the reference frame K, the spatial distance between the event and the origin O is obtained by summing the distance of the event from O^′ measured in K, say ξ, to the distance between O and O^′. The latter is simply vt, where v is the velocity of O^′ with respect to K, so x = ξ + vt (2.1)

(see figure 1). Similarly, if we call ξ^′ the distance between the event and O according to K^′, and v^′ the velocity of O with respect to K^′, we have

x^′ = ξ^′ + v^′t^′ . (2.2)

Now, homogeneity of space requires that the relationship between the distance of the event from O^′, measured in the two frames, be linear. Thus, there exists a constant coefficient γ (possibly dependent on v and v^′) such that ξ = x^′/γ. Similarly, there will be a γ^′ such that ξ^′ = x/γ^′. Of course, γ and γ^′ must be positive, because they relate measurements of distances. Replacing these expressions into equations (2.1) and (2.2), and solving with respect to t^′ and x^′, we get:

t^′ = − γv v^′ ( t − γγ^′ − 1 γγ^′v x ) ; (2.3)

x^′ = γ (x − vt) . (2.4)

Until now, we have only used the hypothesis of homogeneity and isotropy of space. A second ingredient in the derivation is the so-called reciprocity principle, which asserts that v^′ = −v. (This is a non-trivial consequence of the isotropy of space [26, 29, 32].) In addition, the principle of relativity imposes the further constraint that γ^′ = γ, and it requires that the transformations form a group. From the latter condition one can then easily show, by considering three inertial frames, that γ^{−2} = 1 − kv^2, with k a v-independent constant.

The case of a negative k can be excluded by the following argument. If k < 0, on defining τ := t/ √ −k and tan^2 ψ := −kv^2, the resulting transformation is easily recognized to be an ordinary rotation of an angle ψ in the (τ, x) plane. This has a number of unphysical consequences. In particular, let us consider two events with the same x coordinate in K, and different t coordinates; then it is always possible to change reference frame in such a way that the time order of the events is reversed.^3 This result would clearly prevent the application of any meaningful notion of causality. In order to avoid this possibility, we impose the following “pre-causality” requirement, which is a necessary condition for causality to be defined: If two events happen at the same place in one reference frame, their time order must be the same in all reference frames.^4 This implies k ≥ 0, so we can define a (possibly infinite) positive constant C such that k = 1/C^2. The transformation (2.3)–(2.4) thus takes on the familiar Lorentz form, with the speed of light replaced by the

3This is most easily seen by applying two successive transformations with “speeds” v_1 and v_2, say, such that v_1v_2 > −1/k.

4Equivalently, one might ask that the composition of two velocities in the same direction does not produce a velocity pointing in the opposite direction [29, 30].

constant C. It is then obvious, considering the associated composition law for velocities, that if a signal travels at the speed C in one reference frame, it does so in all reference frames. That is, C is an invariant speed.

Note that nowhere in the previous argument have we assumed the existence of a maximum speed. The principle of relativity, together with the requirements of homogeneity and isotropy, is sufficient in order to obtain a Lorentz-like transformation. Nor have we deduced that signals cannot propagate at a speed greater than C. We have only found that one cannot consider reference frames in motion with relative speed v > C (otherwise γ would turn out to be imaginary), but of course this does not mean that there is an upper bound to signal velocity. Even if it were possible to send signals at arbitrarily high speeds, the kinematical group could still have the Lorentz form with a finite value of C. This is a counterintuitive result, because one might think that if arbitrarily fast signalling were possible, then one should be able to synchronize clocks in an absolute way.

2.2 Fluid-dynamical analog

Let us try to clarify this point by using an analogy. Consider a fluid at rest with respect to an inertial frame, within the context of Newtonian mechanics, and two reference frames, one coinciding with the rest frame of the fluid, the other moving with respect to it with a constant velocity v. Furthermore, let us assume that the axes of the two frames are parallel, and that v is directed along one of them, so we don’t need to care about the other two. If the observers in the two frames agree to use ultra-fast signals (certainly allowed by Newtonian physics) in order to synchronize their clocks, the relationship between the coordinates (T, X) of the frame at rest with respect to the fluid, and the coordinates (t_G, x_G) of the other frame is the usual Galilean transformation:

t_G = T ; (2.5) x_G = X − vT . (2.6)

Using these coordinates, the propagation of waves in the fluid will be described by the two frames in a different way. For two events on the wavefront of a sound wave propagating along the X direction, separated by coordinate lapses ΔT and ΔX, we have

− c^2_s ΔT^2 + ΔX^2 = 0 , (2.7)

where c_s is the speed of sound in the frame at rest with respect to the fluid. On the other hand, in (t_G, x_G) coordinates we have

− c^2_sΔt^2_G + (Δx_G + vΔt_G)^2 = 0 , (2.8)

where we have inserted the Galilean transformations (2.5) and (2.6) into equation (2.7). Obviously, equation (2.8) does not have the same form as equation (2.7), even replacing c_s by some new function of c_s and v. Thus, although the Galilean transformation does satisfy the principle of relativity, the description of sound propagation given by two sets of coordinates linked by a Galilean transformation is not symmetric. (Of course, there is no reason why it should be, because the presence of the fluid causes a soft breaking of Galilean invariance, since it defines an “absolute” rest frame.)

However, the moving observer could decide to define his coordinates in such a way that the principle of relativity is still satisfied and that the invariant speed is no longer

C = +∞, as in the Galilean transformation, but C = c_s. To do this, it is sufficient that he use sound signals in order to synchronize his clocks, and to define distances by an acoustic “radar procedure”, as bats would do (this is possible if v < c_s). Calling (t_L, x_L) the coordinates defined in this way, we have

t_L = γ_s ( T − vX/c^2_s ) , (2.9) x_L = γ_s (X − vT ) , (2.10)

where γ_s = (1 − v^2/c^2_s )^{−1/2}. Thus, the coordinates (t_L, x_L) are related to (T, X) by a Lorentz transformation with invariant speed c_s. It is obvious that the relationship between the lapses Δt_L and Δx_L corresponding to two events on a sound wavefront is now

− c^2_sΔt^2_L + Δx^2_L = 0 , (2.11)

i.e., it has exactly the same form as equation (2.7).^5

This example brings out a fundamental issue: Given a propagation phenomenon that is associated with an equation like (2.7) in one reference frame, one can always find time and space coordinates, in any other frame, such that the principle of relativity is satisfied and an analogous equation holds true in the new frame. Thus, the Lorentz transformations corresponding to an arbitrary invariant speed C are, in general, devoid of physical meaning. One can always choose the value of C, because such a choice is essentially equivalent to giving a prescription for synchronization, selecting the class of signals used in order to synchronize clocks.^6 One is then led to ask: Is not the situation just the same with the Lorentz transformations? If so, is the invariance of the speed of light just a convention, with no physical content?

2.3 Physical coordinates

The missing link is given by the interpretation of the time and space coordinates. In general, one establishes a reference frame first by choosing physical units of time and distance, based on some physical phenomenon. Then, a Cartesian lattice is constructed using the standards of length, and clocks are (ideally) placed at all points in space. All these clocks tick at the same rate, but they are not yet synchronized. However, it is already possible to decide empirically whether some signals have an invariant speed. It is sufficient that an observer sitting at a point P , say, send a signal to another observer at a point Q of the same frame, and that this one immediately signal back to P . On measuring the time taken by the round trip on his clock, and knowing his distance from Q, the observer at P can readily establish the average value of the signal speed.^7 If,

5As a side remark about this analog, notice that one could introduce a matrix with coefficients G_{μν} such that G_{μν} Δx^μ Δx^ν = −c^2_sΔT^2 + ΔX^2 = 0 in any system of coordinates x^μ. One then gets, in Galilean coordinates,

[G_{μν} ] = [ − ( c^2_s − v^2 ) v v 1 ] , (2.12)

which is just the so-called acoustic metric, describing the propagation of perturbations in a fluid that moves with velocity −v [33].

6In this respect, note that in equations (2.9) and (2.10) the factor γ_s re-defines units, while the term vX/c^2_s corresponds to a choice of synchronization.

7Note that the one-way speed cannot be measured unless clocks at different places are synchronized [31, 34, 35, 36, 37, 38, 39].

repeating this kind of measurement along different directions, and in different frames equipped with the same type of clocks and rods, one always obtains the same value, these signals travel at the invariant speed. In the Newtonian fluid dynamic example of the previous subsection, this speed is infinite. It is important to emphasize that, since units of time and distance have been chosen in advance, the value of the invariant speed cannot be chosen at one’s will. Hence, the existence of an invariant speed of some specific value, albeit a two-way average speed, is a nontrivial physical law, and not a consequence of an arbitrary convention (see Reichenbach [34], pp. 204–205).

The next step is the prescription for the synchronization of clocks at different places — hence, for the definition of simultaneous events in a given reference frame. This is a conventional element in the theory [31, 34, 35, 36, 38, 39] (however, see [37] for a different opinion). It is clearly embodied in the postulates (i) and (ii), which imply a well-defined relationship between the coordinates in two different inertial frames, and hence a welldefined notion of which events are simultaneous in an arbitrary frame. This, in turn, is equivalent to postulating that the speed C be invariant not only on average during a round trip, but also in the one-way sense.

Of course, one could use the signals travelling at the invariant speed in order to synchronize clocks, but we want to understand what would happen using other signals. It is easy to see, however, that if the coordinates in the two reference frames are related by a Lorentz transformation with invariant speed C, synchronization must be performed using signals that travel at the speed C. In order to prove this, let us consider again the framework described in section 2.1 (see figure 1), and let us suppose that both reference frames agree to use signals that travel at some given speed V in K. Then, if an observer at O^′ sends two such signals along the axis x^′ in opposite directions, they will reach observers in K^′ with x^′ coordinate equal to l and −l, say, at the times

t^′_+ = l 1 − V v/C^2 V − v (2.13) and t^′_− = l

1 + V v/C^2 V + v , (2.14)

respectively. (Here, we have applied the law of composition of velocities that follows by the assumption that the coordinates in K and K^′ are related by a Lorentz transformation with invariant speed C.) If signals travelling at speed V have been used to synchronize clocks, then we must have t^′_+ = t^′_−, which is possible only if V = C.

Now there are two possibilities. If the value of the invariant speed has already been established experimentally, using the method outlined above, this result forces us to use precisely the invariant signals, and not others, in order to synchronize clocks. Alternatively, we might want V to be the invariant speed, as in the example of the fluid, where we defined (t_L, x_L) in such a way that c_s turns out to be invariant. Of course this is possible, but it requires the use of time and space coordinates that behave differently from those associated with the physical clocks and rods.^8 In other words, while those

8This can be codified into a somewhat unusual “take” on special relativity: The Maxwell equations, considered simply as a mathematical system, possess a symmetry, the Lorentz group, under redefinitions of the labels x and t. But this is a purely mathematical statement devoid of interesting physical consequences until one asks how physical clocks and rulers are constructed, and what forces hold them together. Since it is electromagnetic forces balanced against quantum physics which holds the internal structure of these

Lorentz transformations associated with the physical invariant speed measured using independent standards of time and length connect actual measurements performed in two different frames, all other logically possible Lorentz transformations must be regarded as mere changes in the labels for the events, with no physical meaning. For example, in our fluid analog, the physical measurements of time and space intervals are ΔT and ΔX in all reference frames, according to the postulates of Newtonian mechanics. This selects automatically the transformation with C = +∞ as the physically relevant one, among all those allowed by the relativity principle alone.

However, it is interesting to notice that if the observers were restricted to using the fluid in their measurements, and nothing else, the “physical” coordinates would probably turn out to be t_L and x_L. Indeed, hypothetical beings whose internal structure was completely mediated by phonon exchange, and whose rulers and clocks were likewise held together by phonon exchange, and who were completely blind to electromagnetism (so in particular they could not probe the atomic structure of individual atoms) would discover an “acoustic Lorentz invariance” with their “rulers” and “clocks” transforming according to the laws of an approximate “acoustic relativity” (the Lorentz group with C = c_s).^9 In this case one might say that the measuring devices are dynamically affected by the motion with respect to the fluid, in such a way that such motion becomes undetectable. In a sense, the fluid would play the role of an æther whose presence is masked by length contraction and time dilation effects. Thus, we would have a fluid dynamical analog of special relativity à la Lorentz [40].^{10}

2.4 What is C?

Let us summarize. Homogeneity and isotropy of space in an inertial frame, together with the principles of relativity and causality, imply the kinematical Lorentz group, hence the existence of some invariant speed C. Clocks at a distance must be synchronized using signals that propagate at the speed C. The value of C is fixed once a prescription for constructing clocks and rulers is given and adopted uniformly in all reference frames.

Since the argument that establishes the existence of an invariant speed C is entirely of a kinematical character, it does not allow one to know the value of C. In principle, one could even have the degenerate case C = +∞, which corresponds to Galilean relativity.^{11}

objects together, the experimental observation that to very high accuracy physical bodies also exhibit Lorentz symmetry allows one to deduce that quantum physics obeys the same symmetry as the Maxwell equations. Viewed in this way, all experimental tests of special relativity are really precision experimental tests of the symmetry group of quantum physics.

9Of course for normal observers, made of normal condensed matter, physical rods and clocks are seen (to good approximation) to transform according to the C = c Lorentz group; normal observers would not see this “acoustic relativity”.

10Note that such an analogy cannot be strictly true in the case of the fluid. As a matter of fact, measurements performed by our hypothetical “fluid observers” would be insensitive to non-hydrodynamical physics only if they were probing a regime where the symmetry group of quantum physics (presumably the Lorentz group with C = c) did not overwhelm the acoustic effects. Moreover, even remaining in a classical regime, fluids definitely possess a minimum length scale (of the order of the intermolecular distance) under which the hydrodynamical approximation breaks down. This fact would by itself lead to a violation of Lorentz invariance at small scales and modifications of the dispersion relation for phonons at high frequencies. We shall come back to this point in our appendix A.

11It has been argued, within the context of constructive axiomatic theories of spacetime structure, that signals with a maximum speed must exist, if one wishes to introduce coordinates by a radar technique [41].

To determine the actual value of C when a choice for clocks and rulers has been made is an experimental problem. We know that C coincides, to a very good accuracy, with the value c of the speed of light in a vacuum with no boundaries, so we shall set C ≡ c in the rest of this paper. However, one should always keep in mind that tiny deviations from this empirically established equality are logically possible.

Once a finite value for C is found experimentally, the whole formalism of special relativity follows on the basis of postulates (i)–(iii). Since faster-than-C signals do not contradict any of these postulates, their possible existence is (kinematically) perfectly acceptable within ordinary special relativity. In particular, one could not make use of these signals in order to synchronize clocks without violating (i)–(ii) above. In fact, although different frames could use hypothetical ultra-fast signals in order to define the time coordinates t and t^′ in such a way that Δt = 0 whenever Δt^′ = 0, the use of such coordinates would be incompatible with the principle of relativity. Indeed, if Δt = Δt^′ = 0, equation (2.3) implies γγ^′ = 1 and t^′ = (−γv/v^′) t. Assuming isotropy of space gives the reciprocity relation v^′ = −v, so t^′ = γt. If γ ≠ 1 — an experimental issue that can be decided by comparing coordinate clocks in the two frames — this requires γ^′ ≠ γ, in violation of the principle of relativity. The resulting transformation allows, of course, for an absolute notion of simultaneity, essentially due to the introduction of a preferred frame in the formalism [35, 39, 42]. Note that if γ ≠ 1 it is impossible to set clocks so that t = t^′, unless one accepts that reciprocity, hence isotropy of space, is also violated.

Hence, even if there were tachyons (i.e., particles or signals faster than C), one could not use them in order to synchronize clocks in a frame-independent way, without contradicting the relativity principle. Of course, they could be used to define some t and x coordinates — just as any other signal (see [30], p. 30). But for synchronization one must use signals travelling at the invariant speed C, if one wants to satisfy the principle of relativity.

3 Causality

We have seen in the previous section that, once units of length and time are defined, purely kinematical arguments based on postulates (i)–(iii) lead to the existence of an invariant speed. Experimentally, the latter turns out to coincide with the speed of light c when we use “ordinary” clocks and rods. This, however, does not necessarily mean that nothing can propagate faster than c. As we have already discussed, the existence of signals faster than c would not threaten kinematic features of special relativity, because they could not be used to synchronize clocks in a physically acceptable way. Hence, a model of the world based on a four-dimensional spacetime with the Minkowski metric

η = −c^2dt^2 + dx^2 + dy^2 + dz^2 , (3.1)

Of course, this indicates a difficulty of the radar technique in the case C = +∞, rather than the logical impossibility of signals with infinite speed. Newtonian spacetime provides an example of a consistent spacetime model to which the axiomatic framework of reference [41] cannot be applied. Another problem for theories of this type arises precisely in the Casimir vacuum. Since the maximum speed is used in order to define the causal structure of spacetime, the existence of the Scharnhorst effect should lead one to adopt, inside plates, a spacetime metric different from the one outside. Thus, one would have a modification of the spacetime structure in a situation where the gravitational effects are certainly negligible.

in which particles can travel along timelike, null, and spacelike lines, is perfectly consistent from a kinematical point of view [24, 43]. In other words, special relativity can kinematically accommodate faster-than-c propagation.^{12}

3.1 Tachyons and causal paradoxes

On the other hand, tachyons are usually associated with unpleasant causal paradoxes. The basic reason for this belief is that if two events, say E_1 and E_2, are spacelike related, there is no absolute time ordering between them. Thus, if a signal travels from E_1 to E_2 in a reference frame, it is always possible to find another frame where E_1 and E_2 are simultaneous, so the signal would appear to travel at an infinite speed, and others where E_1 happens after E_2, so the signal would “travel to the past”.^{13}

Obviously, this argument could be used to criticize faster-than-c propagation only if, in any given reference frame, the only criterion for saying that an event is the cause of another one were the time ordering in that frame. However, cause and effect are usually not defined in this way.^{14} In fact, there are no precise definitions of these concepts, but only some intuitive ideas that allow us to recognize, in some cases, the existence of a causal relationship between events. Eventually, the criteria used to establish that E_1 is a cause of E_2 are based on considerations of complexity of the type usually involved in discussions about the so-called “arrow of time”. For example, if E_1 represents the emission of a signal from a broadcasting station, and E_2 its reception on a TV set, we consider E_1 a cause of E_2 not just because it happened at an earlier time, but mainly because the opposite choice would require the presence of weird, conspiratorial, correlations. Now, if E_1 and E_2 were connected by faster-than-c photons instead of ordinary ones, the same criterion would apply, so there would be an absolute notion of what is cause and what is effect. In this respect, the exchange in the time ordering of E_1 and E_2 within some reference frames

12It is nevertheless worth noticing that, although faster-than-c signals are not incompatible with special relativity, there is apparently a structural obstruction to forming stable tachyons [9].

13We are of course currently using the term “tachyon” in the sense of some postulated faster-than-c particle or signal. There is a subtly different usage of the word “tachyon” in a field-theoretic sense to refer to a field theory with canonical kinetic energy and negative mass-squared (imaginary proper mass). Despite the fact that the resulting dispersion relation mimics the mass-momentum relation of a faster-than-c particle, field-theoretic tachyons of this particular type cannot be used to send faster-than-c signals. Classically this arises because the characteristics of the field equations (the partial differential equations derived from the field theory) depend only on the kinetic energy term and are completely insensitive to the mass term. As long as the kinetic energy terms are canonical the characteristics are the usual ones, and the signal speed is c, regardless of whether the proper mass is positive, zero, or imaginary. This observation can be rephrased in terms of the evolution of initial data of compact support, for which it is a standard result of the theory of partial differential equations that canonical kinetic energy terms limit the support of the evolved field configuration to lie inside the light-cone of the initial data [9]. This result also holds quantum mechanically where canonical quantization requires equal-time commutators to vanish, which then extends via Lorentz invariance to vanishing of the field commutators everywhere outside the light cone; thus quantum mechanically the signal speed is also limited to c. For field-theoretic “tachyons” with canonical kinetic energies it is not causality that is the problem, rather it is the issue of the instability of the field-theory ground state that leads to difficulties. Note that for the Scharnhorst photons we are chiefly concerned with in this article, one-loop quantum effects modify the kinetic energy terms so that they are not canonical; this shifts the characteristic surfaces, and so shifts the signal speed so that it is no longer equal to c.

14Note that, if a causal link between two events could only be established on the basis of their temporal order, the notions of cause and effect would be problematic in theories (such as, e.g., Newtonian gravity) which admit instantaneous action at a distance.

x t

E_0 x^′ t^′

E_1

E_2

Figure 2: A causal paradox using tachyons. The dotted line represents the set of events which are simultaneous with E_1 according to the reference frame K^′. The tachyonic signal from E_1 to E_2 travels to the future with respect to K^′, and to the past with respect to K.

should not be more disturbing than the jet lag experienced by travellers because of the peculiar way clocks are set on the Earth.^{15} Note, however, that if E_1 causes E_2, there is always at least one frame in which E_2 does not happen earlier than E_1.

The inversion of the time ordering for two events connected by the propagation of a tachyon is therefore not, by itself, a difficulty. However, unless some restriction is imposed on the type of propagation, it is potentially a source of paradoxes, as it can lead to situations where two events are timelike related, and yet the cause follows the effect. A typical argument is the following, sometimes picturesquely referred to as the “tachyonic anti-telephone” [44].

Suppose that, in an inertial frame K, a tachyon is emitted at t_0 = 0, x_0 = 0 (event E_0 in figure 2), and received at an event E_1 with t_1 > 0. It is always possible to find another inertial frame K^′, in the configuration considered in section 2.1, such that t^′_0 = 0, x^′_0 = 0, and t^′_1 < 0. Now, suppose that at the event E_1 a second tachyon, that travels to the future with respect to K^′ and to the past with respect to K, is sent toward the origin. This reaches the spatial origin of K (event E_2) at a time t_2 < 0. We can arrange the experiments in such a way that E_0 causes E_1 which, in turn, causes E_2. Therefore, E_0 causes E_2, which is a paradoxical result because, since these two events are timelike related and t_0 > t_2, E_0 follows E_2 in all reference frames. More elaborate versions of this paradox, based on the particular use of Scharnhorst photons, have been presented in [20].

It is obvious from the description above that paradoxes of this type require not only that tachyons exist, but also that, given an arbitrary reference frame, it is always possible to send a tachyon backward in time in that frame. Obviously, there can be no paradox if, in one particular reference frame, tachyons can only propagate forward in time.^{16} This

15The only case in which an inversion of the time ordering could really be problematic for causality is when the events happen at the same place in one reference frame. This possibility is excluded for transformations that fulfill the pre-causality condition of section 2.1, including of course the Lorentz ones._{16}

Of course such a restriction is anathema in the standard approach to special relativity since it picks

x t

E_0 x^′ t^′

E_1

E_2

Figure 3: Tachyon propagation without causal paradoxes. Both signals travel to the future in at least one reference frame.

situation is exemplified in figure 3, which shows a chain of events similar to the one of figure 2, with the only difference that now the tachyon has a fixed speed with respect to the reference frame K. This time, the event E_2 takes place after the event E_0 in K. Moreover, since the two events are timelike related, E_2 follows E_0 in all frames. Thus, there is no paradox, although tachyons are used to send signals. In the next subsection, we show that the anomalous photons that give rise to the Scharnhorst effect are precisely “benign” tachyons of this type. (See also [45] for arguments along similar lines.) More radical proposals to solve the paradoxes presented by any sort of faster-than-c particles can be found in [11, 43] and references therein. Our goal is much less ambitious, as we restrict our consideration to Scharnhorst photons only.

3.2 Scharnhorst photons preserve causality

In order to show that Scharnhorst photons do not lead to causal paradoxes, we first introduce an effective metric describing photon propagation in the Casimir vacuum. We then show that even though the light-cones are wider than those of the Minkowski metric, the spacetime is nevertheless stably causal, which prevents causal paradoxes from occurring. If there are multiple pairs of plates in relative motion, the situation is trickier, and we analyze it in terms of Hawking’s chronology protection conjecture.

3.2.1 Effective metric

The propagation of light signals between perfectly conducting plates is described by the dispersion relation γ^{μν} k_μk_ν = 0, where k_μ is the wave vector (actually, a one-form), and the coefficients γ^{μν} have the form [5]

γ^{μν} = η^{μν} + ξ n^μ n^ν , (3.2)

out a preferred frame. However if you have good physical reasons for picking out a preferred frame (e.g., the rest frame of the Casimir plates) this sort of restriction can make good physical sense.

where η^{μν} is the inverse of the Minkowski metric, n^μ is the unit spacelike vector orthogonal to the plates, and ξ is a function. We consider the parallel plates to be orthogonal to the x axis, so n^μ = (0, 1, 0, 0).^{17} The size of the corrections to propagation in the absence of boundaries can be obtained computing ξ to order α^2, where α is the fine structure constant. Using the Euler–Heisenberg Lagrangian one gets [5] ξ = 11 π^2 α^2 4050 a^4 m^4_e

≈ 4.36 × 10^{−32} ( 10^{−6} m a )_4

, (3.3)

where a is the distance between the plates in their reference frame and m_e is the electron mass. Of course, so tiny a figure means that detecting the effect is a task totally beyond present-day technology. However, as we shall now show, the fact that ξ is positive leads to a speed of propagation (slightly) larger than c, which constitute a potential threat for causality, no matter how small the deviation is.

The γ^{μν} can be interpreted as coefficients of an effective inverse metric [5, 16]. The metric itself is thus obtained by inverting γ^{μν} :

g_{μν} = η_{μν} − ξ 1 + ξ n_μ n_ν . (3.4)

(Warning: We keep raising and lowering indices using the Minkowski metric η_{μν} and its inverse η^{μν} . In particular, note that g_{μν} ≠ η_{μρ} η_{νσ} γ^{ρσ}.) Since ξ is positive, the light cone associated to the effective metric g_{μν} is slightly wider, in the direction orthogonal to the plates, than the one corresponding with η_{μν} . This implies that light travels at a speed c_{light} slightly larger than c, except in the case of propagation parallel to the plates.

The exact value of this speed in the rest frame of the plates can be obtained by considering the way a light signal is actually sent from a point P in space to another point Q. A pulse at P originates a wavefront that propagates outwards and eventually reaches Q. The speed of light in the direction P Q is then given by the ratio

distance between P and Q time taken by the wavefront to reach Q . (Of course, the speed of light is independent of position, because g_{μν} turns out to have constant coefficients.) Assuming that the pulse starts at t = 0 at the point P with coordinates (0, 0, 0), the wavefront is described by the equation S(t, x) = −ct + ( g_{ij} x^ix^j )_{1/2} = 0 , (3.5)

where Latin indices run from 1 to 3, and the function S — the eikonal — is a solution of

γ^{μν} ∂_μS ∂_ν S = 0 . (3.6)

Thus, the time required for propagation from P to the point Q with coordinates (x, y, z) is ct = ( g_{ij} x^ix^j )_{1/2} = x^2 − ξ 1 + ξ

(n · x)^2 = |x| ( 1 − ξ 1 + ξ cos^2 φ )_{1/2} , (3.7)

17 Note the difference with respect to reference [5], where the plates were taken orthogonal to the z axes.

x y

P

Q k

φ θ

Figure 4: Wavefront (or line of constant phase) for a light signal emitted at the point P . Note that the wave vector k forms a non-vanishing angle θ − φ with the direction of propagation.

where φ is the angle that P Q forms with the normal to the plates, n. The speed of propagation for light in the direction P Q is then

c_{light}(φ) = |x| t = c ( 1 + ξ 1 + ξ sin^2 φ )_{1/2} . (3.8)

Note that c_{light}(φ) is different from the phase velocity [5]

v_{phase}(φ) = c ( 1 + ξ cos^2 φ )_{1/2} (3.9)

corresponding to an angle φ between the wave vector k and n. This discrepancy is due to the fact that the surfaces of constant phase are ellipsoidal rather than spherical, which leads to a tilt between the direction of propagation P Q and the wave vector k = ∇S (see figure 4).

The Scharnhorst photons travel at a definite speed in any given reference frame. This is a trivial consequence of the previous result, that they have a well-defined speed c_{light}(φ) in the reference frame at rest with respect to the plates, and of the relativistic law for the composition of velocities. However, one can check this explicitly using the description of photon propagation given by the effective metric (3.4).

For two events with coordinates {x^μ} and {x^μ + δx^μ}, lying along the worldline of a photon, we have g_{μν} δx^μδx^ν = 0. An observer with four-velocity u^μ will decompose the spacetime displacement δx^μ into a time lapse δτ = − 1 c η_{μν} u^μδx^ν (3.10)

and a space displacement δχ = ( η_{μν} δx^μδx^ν + c^2 δτ^2 )_{1/2} , (3.11) respectively. The photon speed c^{(u)}_{light} with respect to the observer u^μ is given by

c^{(u)}_{light} = lim_{δτ →0} δχ δτ = c lim_{δτ →0} 1 + ξ 1 + ξ ( n_μδx^μ u_ν δx^ν )_2 1/2 , (3.12)

where the relationship η_{μν} δx^μδx^ν = ξ 1 + ξ

(n_μδx^μ)^2 , (3.13)

which follows from (3.4), has been used. The important points about equation (3.12) are that c^{(u)}_{light} ≥ c always, and that c^{(u)}_{light} has only one value for each observer u^μ. The latter feature prevents the possibility of causal paradoxes, which require signals that travel with the same speed greater than c in two different reference frames.

3.2.2 Stable causality

Adopting the formalism of the effective metric (3.4) allows us to borrow many of the notions of general relativity, and to conclude in a more straightforward way that Scharnhorst photons cannot violate causality. In particular, since in general relativity the global causal structure is not specified by the field equations, considerable thought has gone into how to characterize causality [46]. We only need one key definition, and one key textbook result.

Definition: Stable causality. A spacetime is said to be stably causal if and only if it possesses a Lorentzian metric g_{μν} and a globally defined scalar function t such that ∇_μt is everywhere non-zero and timelike with respect to g_{μν} . (See reference [46], p. 198.)

Theorem: A stably causal spacetime possesses no closed timelike curves, and no closed null curves. (See reference [46], p. 199.)

The relevance of this definition and theorem is that spacetime, endowed with the Minkowski metric (3.1) outside the plates, and with the effective metric (3.4) inside the plates, is stably causal. Indeed, using the time coordinate in the rest frame of the plates as the globally defined t, then ∇_μt is everywhere non-zero and timelike. Therefore causality is safe.

This is enough to guarantee that you can never encounter a causality violation if you only have a single pair of Casimir plates to deal with, or even multiple plate pairs that do not intersect and do not move with respect to each other. Multiple pairs of Casimir plates in relative motion will be a little trickier. Far in the past, when the pairs are well separated, there is certainly no causality violation and the question arises as to what happens as the various pairs of plates approach each other.

3.2.3 A paradox with multiple pairs of moving plates?

Suppose we have two pairs of Casimir plates, moving with relative speed v_{relative}: Let the usual speed of light be c and the speed of the Scharnhorst photons be c_{light} > c. Then the usual textbook exercises presented in elementary courses of special relativity would seem to indicate the risk of causality violations whenever^{18}

v_{relative} c_{light} > c^2. (3.14)

But before we deduce the existence of an actual logical paradox we should look more carefully at the spacetime diagram.

Suppose the plates are truly infinite in extent, as they should be for the Casimir vacuum to be exact. Then to generate the causal paradox of figure 2 the entire closed timelike loop E_0 → E_1 → E_2 → E_0 must lie inside both pairs of Casimir plates. That is, the two Scharnhorst vacua must be inter-penetrating, in particular the conducting plates required to set up the Casimir vacuum must be able to pass through each other without affecting each other. But in that case, the symmetries leading to the effective metric in equation (3.4) have been violated, so there is no reason to believe that the effective metric will look anything like (3.4), and there is no reason to believe that any closed timelike loop forms.^{19}

We could try to be a little more realistic by taking two pairs of half-infinite plates. To be specific let one pair of half-infinite plates be confined to the region x > 0, while the second pair is confined to the region x < 0. Then one could try to set up a causal paradox by, for instance, sending messages to the left using the vacuum corresponding to the x > 0 plates, and sending messages to the right using the x < 0 plates. (To completely close the loop we would also need to send two messages along the x axis, to get from the x > 0 vacuum to the x < 0 vacuum and back.)

The problem in this case is edge effects: the effective metric given in (3.4) is only expected to be a good approximation far away from the edge of the plates, while well outside the plates the effective metric should approach that of Minkowski space. Near the edge of the plates the effective metric is impossible to calculate, and the situation only gets worse when two pairs of half-infinite plates pass each other with a grazing not-quite collision. It is certainly clear that the simple naive result of equation (3.14) should not be trusted.

The present arguments do not guarantee the total absence of causality violations, but they do demonstrate that the most naive estimates of the causality violating regime are likely to be grossly misleading.

3.2.4 Chronology protection

To actually demonstrate that causality violation is excluded, at least if we stay within the realm of semiclassical quantum field theory (and this is the underlying approximation made to even set up the entire formalism), we invoke the notion of “chronology protection” in the sense of Hawking [47, 48, 49, 50].

18This condition on the velocities simply comes from the Lorentz transformation of the time coordinate

t → t^′ = γ (t − v_{relative}x/c^2).

Setting x = c_{light} t, and asking for t^′ < 0, implies v_{relative} c_{light} > c^2. One then applies the same logic to the return trip to find a necessary condition for the existence of closed timelike curves.

19In particular the region containing the putative closed timelike loop E_0 → E_1 → E_2 → E_0 is simultaneously subject to two different and incompatible effective metrics, so the logic that at first glance seems to lead to closed timelike loops is actually internally inconsistent.

The point is that when the two pairs of plates are well separated, long before the two pairs approach each other, they are individually stably causal and there is no risk of closed timelike curves — the “initial conditions” are that the universe starts out with sensible causality conditions. So if a region of closed timelike curves forms as the two pairs of plates approach each other, that region must have a boundary, and there must be a “first” closed null curve.

Hawking has argued that the appearance of the first closed null curve will lead to uncontrollable singularities in the renormalized quantum stress-energy as vacuum fluctuations pile up on top of each other [47]. (Roughly speaking, because of the existence of a closed null curve, a single photon [real or virtual] could meet up with itself and coherently reinforce itself an infinite number of times.) Though Hawking’s argument was presented in the context of the causal problems typically expected to arise in Lorentzian wormholes, the argument is in fact generic to any type of “chronology horizon”.

A second, slightly different, version of chronology protection has been formulated by Kay, Radzikowski, and Wald [48]. Technically, they demonstrated that at the chronology horizon the two-point function (Green function) fails to be of Hadamard form. As a consequence they could argue that the renormalized stress tensor does not even make sense at the chronology horizon, and that the entire formalism of quantum field theory on a fixed background spacetime suffers total failure. (Note that in this approach the stressenergy tensor may remain bounded in the vicinity of the chronology horizon, though it is guaranteed to be ill-defined at the chronology horizon itself. See also [49].)

One of the present authors has further argued that in the vicinity of any chronology horizon there is an invariantly defined “reliability horizon” beyond which Planck scale physics comes into play [50] — the region characterized by the existence of closed spacelike geodesics shorter than one Planck length is a region subject to violent Planck-scale fluctuations, even if the expectation value of the stress-energy is small.

All these variants on the idea of chronology protection agree on one thing: If the geometry is to remain well-defined so that semiclassical physics makes sense, which is certainly necessary to even define the basic precursors leading to the notion of causality, then the chronology horizon must fail to form. Indeed, if the chronology horizon somehow does manage to form, then causality paradoxes are the least of your worries since you are automatically driven into a regime where Planck-scale quantum gravity holds sway.

4 Conclusion

In this paper, we have presented a critical assessment regarding the possibility, from the point of view of the basic physical principles of relativity and causality, of faster-than-c signalling. Our analysis is motivated by some recent theoretical predictions of “superluminal” photon propagation [2, 3, 14]. We have shown that such effects are kinematically compatible with special relativity, because the latter requires only the existence of an invariant speed, not necessarily a maximum one. Also, they do not lead to causal paradoxes, which can arise only from tachyons whose speed has no fixed value in a given reference frame. Perhaps surprisingly, it is the soft breaking of Lorentz invariance, which always occurs in these effects, that fixes the value of the speed of the faster-than-c photons in a specific frame and thus saves causality. Such a breaking is, however, due to the choice of a vacuum state and does not extend to the invariance group of the fundamental physical laws, which still remains the usual C = c Lorentz group.

Appendix A: Alternative kinematical groups?

The derivation of Lorentz transformations à la von Ignatowsky, on which our analysis in section 2.1 relies, shows how robust the structure of the Lorentz group is. In order to obtain different transformations, at least one of the hypotheses (i)–(iii) listed at the beginning of section 2.1 must fail to apply. This remark is relevant in the context of the now fashionable attempts at replacing the Lorentz group by a different set of transformations, in order to provide a kinematical basis for a new physics that is not Lorentz-invariant at high energies [51], which might be needed to account for the observed overabundance of cosmic-ray TeV photons and the missing GZK cut-off in a natural way. (See e.g., [52] and relevant references therein.) The hypothesis that is most likely to fail is (ii) — the relativity principle. However, since (ii) enters von Ignatowsky’s argument merely as the requirement that the set of transformations between inertial frames form a group, it is obvious — indeed, tautological — that no group structure can emerge if one rejects it. In fact, it is a result of the analysis performed in references [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] that the Lorentz and Galilei transformations are the only ones that satisfy (i)–(iii).

We must add a caveat, though. In addition to (i)—(iii) there are other, more fundamental, hypotheses underlying any derivation of the Lorentz transformations. These are the (usually implicit) assumptions that measurements of time intervals are expressed by arbitrarily small real numbers, that it is possible to describe space in terms of Cartesian frames, and that frames can move with respect to each other at an arbitrary speed v < C. The first two assumptions require that there is no fundamental scale in Nature. The third one is a consequence of combining scale invariance with the relativity principle. However, if there were a fundamental length scale in the physical universe, say l_0, under which no measurement could be performed, it would be meaningless to consider Lorentz transformations at speeds arbitrarily close to C. Indeed, consider two frames K and K^′ which define a length unit following the same procedure — a hypothesis implicit in special relativistic kinematics, as we discussed in section 2.3. It is always possible to find a relative speed which is so large that the unit of K^′ as measured from K turns out to be smaller than l_0, in which case no comparison between measurements can be performed. Thus, it might be that, although hypotheses (i)–(iii) are still satisfied, von Ignatowsky’s proof of the necessity of the Lorentz group is nevertheless vitiated by rejecting some assumption which is even more basic. This leaves open the possibility that non-Lorentzian kinematical groups could somehow be developed.

Appendix B: Maximum speed and negative energy densities

Although not crucial for the consistency of special relativity, it would nevertheless be important to understand whether there are physical bounds for the speed of signals. The possibility of superluminal effects is usually associated with special conditions on the expectation value of the stress-energy-momentum tensor for the quantum fields in the modified vacuum state. Indeed, in general homogeneous non-trivial vacua, the inverse effective metric for photon propagation takes (at lowest nontrivial order) the form γ^{μν} = η^{μν} − Q⟨T^{μν} ⟩ , where Q is, in general, a function of the variables and parameters of the Lagrangian [16]. In the particular case of the Scharnhorst effect Q turns out to be (to order α^2) a positive constant. It is then clear from the dispersion relation γ^{μν} k_μk_ν = 0, together with the above, that in order for the modified light cones to be wider than those of η_{μν} , one must have ⟨T^{μν} ⟩k_μk_ν < 0. Since k^μ is a null vector with respect to the Minkowski metric, it follows that the Scharnhorst effect implies a violation of the null energy condition.

If this circumstance were generic, i.e., if the increase of the speed of light were always associated with the presence of negative energy densities, due to vacuum polarization [15, 16], a possible maximum velocity should correspond to a maximum negative energy density. The problem becomes then whether there is a lower bound for the energy density. One can envisage several possibilities that would lead to this conclusion: quantum field theory itself could break down when the vacuum energy density is too high (in absolute value), or something like the Ford–Roman quantum inequalities [53] could apply.^{20} It is also conceivable that non standard geometrical terms may appear in higher order corrections to the Casimir effect and lead, at ultra-short separations of the plates, to positive energy densities. Of course, in this latter case the maximum speed would be a geometry- (as well as vacuum-) dependent quantity, rather than a fixed constant of nature. Any of these possibilities, or any other one giving a lower bound on the energy density, would in turn lead to an upper bound for the photon speed.

Appendix C: Reprise — What is C?

Between Casimir plates, the internal constitution of standards of time and distance based on the electromagnetic interaction is certainly influenced by the same processes that lead to the Scharnhorst effect. This might turn into an “invisibility” of the effect itself, similarly to what happens, according to Lorentz, in a reference frame that moves with respect to the æther, when dynamical contraction of rods and slowing of clocks do not allow one to measure the “true” speed of light [40]. In other words, measurements performed using an equipment based on electromagnetism might lead to the empirical result that light travels always at the speed c = 2.99792458 × 10^8 m s^{−1}, even though our theories imply that the speed is c_{light}, not necessarily identical to c. However, one can use units which are unaffected by the presence of plates — for example, based on gravitational physics — which would still measure c as the invariant speed, thus making possible to detect the Scharnhorst effect, at least in principle.

Nevertheless, the possibility that it is c_{light}, rather than c, the velocity that would turn out to be invariant by measurements based on electromagnetic standards, seems to suggest that, as far as such measurements are concerned, one should consider a Lorentz group with C = c_{light}. However, since c_{light} ≠ c_{gravity}, this Lorentz group would not be the one appropriate to define local Lorentz invariance in general relativity. (Of course, the same situation would occur if photons and gravitons were travelling at different speeds.) Furthermore, there would be two possible candidates to the role of invariant speed C in

20 If the amount of energy which can be confined in a given spacetime volume V^{(4)} is limited by the uncertainty principle, one would dimensionally expect a relationship of the type ⟨ρ⟩ > −h̄/V^{(4)}.

Faster-than-c signals, special relativity, and causality 21

special relativity. From the arguments in section 2.3 it follows that one cannot choose a priori whether C = c_{light} or C = c_{gravity}, because the actual value of C is related to the behavior of real clocks and rods. Likely, electromagnetic clocks/rods will correspond to C = c_{light}, while gravitational clocks/rods should lead to C = c_{gravity}. Since it seems hard to live with two relativity theories, the most natural step to take in this case would be perhaps to reconsider the role of Lorentz invariance, regarding it as a symmetry property of specific theories rather than as a fundamental meta-principle of all physics.

Acknowledgements

The research of Matt Visser was supported by the US Department of Energy. Stefano Liberati was supported by the US National Science Foundation. SL wishes particularly to thank M. Testa and T. Jacobson for stimulating discussions.

References

[1] D. Mugnai, A. Ranfagni, and R. Ruggeri, “Observation of superluminal behaviors in wave propagation”, Phys. Rev. Lett. 84, 4830–4833 (2000).

L. J. Wang, A. Kuzmich, and A. Dogarlu, “Gain-assisted superluminal light propagation”, Nature 406, 277–279 (2000).

[2] K. Scharnhorst, “On propagation of light in the vacuum between plates”, Phys. Lett. B 236, 354–359 (1990).

G. Barton, “Faster-than-c light between parallel mirrors. The Scharnhorst effect rederived”, Phys. Lett. B 237, 559–562 (1990).

[3] G. Barton and K. Scharnhorst, “QED between parallel mirrors: light signals faster than c, or amplified by the vacuum”, J. Phys. A 26, 2037–2046 (1993).

[4] K. Scharnhorst, “The velocities of light in modified QED vacua”, Ann. Phys. (Leipzig) 7, 700–709 (1998) [hep-th/9810221].

[5] S. Liberati, S. Sonego, and M. Visser, “Scharnhorst effect at oblique incidence”, Phys. Rev. D 63, 085003 (2001) [quant-ph/0010055].

[6] L. Brillouin, Wave Propagation and Group Velocity (New York, Academic Press, 1960).

[7] J. C. Garrison, M. W. Mitchell, R. Y. Chiao, and E. L. Bolda, “Superluminal signals: causal loop paradoxes revisited”, Phys. Lett. A 245, 19–25 (1998) [quant-ph/9810031]. A. Kuzmich, A. Dogariu, L. J. Wang, P. W. Milonni, and R. Y. Chiao, “Signal velocity, causality, and quantum noise in superluminal light pulse propagation,” Phys. Rev. Lett. 86, 3925–3929 (2001).

[8] R. Fox, C. G. Kuper, and S. G. Lipson, “Do faster-than-light group velocities imply violation of causality?” Nature 223, 597 (1969);

“Faster-than-light group velocities and causality violation”, Proc. Roy. Soc. Lond. A 316, 515–524 (1970).

[9] A. Bers, R. Fox, C. G. Kuper, and S. G. Lipson, “The impossibility of free tachyons”, in C. G. Kuper and A. Peres, eds., Relativity and Gravitation (New York, Gordon and Breach, 1971).

Faster-than-c signals, special relativity, and causality 22

[10] G. Diener, “Superluminal group velocities and information transfer”, Phys. Lett. A 223, 327–331 (1996).

[11] E. Recami, F. Fontana, and R. Garavaglia, “Special relativity and superluminal motions:

a discussion of some recent experiments”, Int. J. Mod. Phys. A 15, 2793–2812 (2000).

[12] A. D. Jackson, A. Lande, and B. Lautrup, “Apparent superluminal behavior”, physics/0009055.

A. M. Steinberg, “No thing goes faster than light”, Phys. World 13 (9), 21 (2000).

[13] G. Nimtz and A. Haibel, “Basics of superluminal signals”, physics/0104063.

[14] I. T. Drummond and S. J. Hathrell, “QED vacuum polarization in a background gravitational field and its effect on the velocity of photons”, Phys. Rev. D 22, 343–355 (1980). A. D. Dolgov and I. B. Khriplovich, “Propagation of electromagnetic waves in a gravitational field”, Sov. Phys. JETP 58, 671–674 (1983).

G. M. Shore, “ ‘Faster than light’ photons in gravitational fields — Causality, anomalies and horizons”, Nucl. Phys. B460, 379–394 (1996) [gr-qc/9504041].

[15] J. I. Latorre, P. Pascual, and R. Tarrach, “Speed of light in non-trivial vacua”, Nucl. Phys. B437, 60–82 (1995) [hep-th/9408016].

[16] W. Dittrich and H. Gies, “Light propagation in nontrivial QED vacua”, Phys. Rev. D 58, 025004 (1998) [hep-ph/9804375].

[17] W. Dittrich and H. Gies, Probing the Quantum Vacuum, Springer Tracts in Modern Physics No. 166 (Berlin, Springer, 2000).

[18] C. M. Will, Theory and Experiment in Gravitational Physics (Cambridge, Cambridge University Press, 1993).

[19] B. S. DeWitt, “Quantum gravity: the new synthesis”, in General Relativity, edited by S. W. Hawking and W. Israel (Cambridge, Cambridge University Press, 1979), pp. 680– 745.

[20] A. D. Dolgov and I. D. Novikov, “Superluminal propagation of light in gravitational field and non-causal signals”, Phys. Lett. B 442, 82–89 (1998) [gr-qc/9807067].

[21] A. Einstein, “Zur Elektrodynamik bewegter Körper”, Ann. Phys. 17, 891–921 (1905); English translation in The Principle of Relativity, edited by A. Sommerfeld, W. Perrett, and G. B. Jeffery (New York, Dover, 1952), pp. 35–65.

[22] W. A. von Ignatowsky, “Einige allgemeine Bemerkungen zum Relativitätsprinzip”, Verh. Deutsch. Phys. Ges. 12, 788–796 (1910);

“Einige allgemeine Bemerkungen zum Relativitätsprinzip”, Phys. Zeitsch. 11, 972–976 (1910);

“Das Relativitätsprinzip”, Arch. Math. Phys. 3 (17), 1–24; (18), 17–41 (1911); “Eine Bemerkung zu meiner Arbeit ‘Einige allgemeine Bemerkungen zum Relativitätsprinzip”’, Phys. Zeitsch. 12, 779 (1911).

[23] P. Frank and H. Rothe, “Ueber die Transformation der Raumzeitkoordinaten von ruhenden auf bewegte Systeme”, Ann. Phys. 34, 825–853 (1911);

“Zur Herleitung der Lorentz Transformation”, Phys. Zeitsch. 13, 750–753 (1912). A. N. Whitehead, An Enquiry Concerning the Principles of Natural Knowledge (Cambridge, Cambridge University Press, 1919), chapter XIII.

Faster-than-c signals, special relativity, and causality 23

L. A. Pars, “The Lorentz transformation”, Phil. Mag. 42, 249–258 (1921). V. Lalan, “Sur les postulats qui sont à la base des cinématiques”, Bull. Soc. Math. France, 65, 83–99 (1937).

F. Severi, “Aspetti matematici dei legami tra relatività e senso comune”, in Cinquant’anni di Relatività, edited by M. Pantaleo (Firenze, Giunti, 1955), pp. 309–333.

[24] Y. P. Terletskii, Paradoxes in the Theory of Relativity (New York, Plenum, 1968).

[25] G. Süssmann, “Begründung der Lorentz-Gruppe allein mit Symmetrie- und Relativitäts- Annahmen”, Zeitsch. Naturf. 24A, 495–498 (1969).

[26] V. Berzi and V. Gorini, “Reciprocity principle and the Lorentz transformations”, J. Math. Phys. 10, 1518–1524 (1969).

[27] V. Gorini and A. Zecca, “Isotropy of space”, J. Math. Phys. 11, 2226–2230 (1970).

V. Gorini, “Linear kinematical groups”, Commun. Math. Phys. 21, 150–163 (1971). L. A. Lugiato and V. Gorini, “On the structure of relativity groups”, J. Math. Phys. 13, 665–671 (1972).

V. Berzi and V. Gorini, “On space-time, reference frames and the structure of relativity groups”, Ann. Inst. H. Poincaré A 16, 1–22 (1972).

[28] A. R. Lee and T. M. Kalotas, “Lorentz transformations from the first postulate”, Am. J. Phys. 43, 434–437 (1975).

[29] J.-M. Lévy-Leblond, “One more derivation of the Lorentz transformation”, Am. J. Phys. 44, 271–277 (1976).

[30] W. Rindler, Essential Relativity, 2nd ed. (New York, Springer, 1977), pp. 51–53.

[31] M. Jammer, “Some foundational problems in the special theory of relativity”, in Problems in the Foundations of Physics, edited by G. Toraldo di Francia (Amsterdam, North-Holland, 1979), pp. 202–236.

[32] R. Torretti, Relativity and Geometry (New York, Dover, 1996), pp. 76–82.

[33] M. Visser, “Acoustic black holes: Horizons, ergospheres, and Hawking radiation”, Class. Quantum Grav. 15, 1767–1791 (1998) [gr-qc/9712010].

[34] H. Reichenbach, The Philosophy of Space and Time (New York, Dover, 1958).

[35] R. Mansouri and R. Sexl, “A test theory of special relativity: I. Simultaneity and clock synchronization”, Gen. Relativ. Grav. 8, 497–513 (1977).

[36] H. Erlichson, “The conventionality of synchronization”, Am. J. Phys. 53, 53–55 (1985).

[37] R. W. Brehme, “Response to “The conventionality of synchronization””, Am. J. Phys. 53, 56–59 (1985);

“On the physical reality of the isotropic speed of light”, Am. J. Phys. 56, 811–813 (1988).

[38] A. Ungar, “Ether and the one-way speed of light”, Am. J. Phys. 56, 814 (1988);

“Formalism to deal with Reichenbach’s special theory of relativity”, Found. Phys. 21, 691– 726 (1991).

[39] R. Anderson, I. Vetharaniam, and G. E. Stedman, “Conventionality of synchronisation, gauge dependence and test theories of relativity”, Phys. Rep. 295, 93–180 (1998).

Faster-than-c signals, special relativity, and causality 24

[40] H. A. Lorentz, “Electromagnetic phenomena in a system moving with any velocity less than that of light”, Kon. Ned. Akad. Wetensch. Proc. 6, 809–831 (1904); reprinted in The Principle of Relativity, edited by A. Sommerfeld, W. Perrett, and G. B. Jeffery (New York, Dover, 1952), pp. 9–34;

The Theory of Electrons and its Applications to the Phenomena of Light and Radiant Heat (New York, Dover, 1952).

H. Erlichson, “The rod contraction–clock retardation ether theory and the special theory of relativity”, Am. J. Phys. 41, 1068–1077 (1973).

D. Bohm, The Special Theory of Relativity (London, Routledge, 1996). J. S. Bell, “How to teach special relativity”, in Speakable and Unspeakable in Quantum Mechanics (Cambridge, Cambridge University Press, 1987), pp. 67–80.

[41] U. Schelb, “On the role of a limiting velocity in constructive spacetime axiomatics”, Ann. Phys. (Leipzig) 7, 748–755 (1998).

[42] F. R. Tangherlini, “An introduction to the general theory of relativity”, Suppl. Nuovo Cimento 20, 1–86 (1961).

A. Valentini, On the Pilot-Wave Theory of Classical, Quantum and Subquantum Physics Ph. D. Thesis (Trieste, SISSA–ISAS, Academic Year 1991/1992). F. Selleri, “Noninvariant one-way velocity of light”, Found. Phys. 26, 641–664 (1996); “Noninvariant one-way velocity of light and particle collisions”, Found. Phys. Lett. 9, 43–60 (1996);

“The relativity principle and the nature of time”, Found. Phys. 27, 1527–1548 (1997).

[43] M. Camenzind, “Relativity and free tachyons”, Gen. Relativ. Grav. 1, 41–62 (1970).

E. Recami, ed., Tachyons, Monopoles, and Related Topics (Amsterdam, North-Holland, 1978).

[44] R. C. Tolman, The Theory of the Relativity of Motion (Berkeley, University of California Press, 1917).

[45] M. Yu. Konstantinov, “Superluminal propagation of light in gravitational field and noncausal signals: some comments,” gr-qc/9810019.

[46] S. W. Hawking and G. F. R. Ellis, The Large Scale Structure of Space-Time (Cambridge, Cambridge University Press, 1973).

[47] S. W. Hawking, “Chronology protection conjecture”, Phys. Rev. D 46, 603–611 (1992);

M. J. Cassidy and S. W. Hawking, “Models for chronology selection”, Phys. Rev. D 57, 2372–2380 (1998) [hep-th/9709066].

[48] B. S. Kay, M. J. Radzikowski, and R. M. Wald, “Quantum field theory on spacetimes with a compactly generated Cauchy horizon”, Commun. Math. Phys. 183 533–556 (1997) [grqc/9603012].

B. S. Kay, “Application of linear hyperbolic PDE to linear quantum fields in curved spacetimes: Especially black holes, time machines and a new semi-local vacuum concept”, grqc/0103056.

[49] S. V. Sushkov, “Completeness principle and quantum field theory on nonglobally hyperbolic spacetimes”, gr-qc/9903046.

S. Krasnikov, “Quantum locality and time machines”, Phys. Rev. D 59, 024010 (1999) [gr-qc/9802008].

Faster-than-c signals, special relativity, and causality 25

[50] M. Visser, “The reliability horizon for semi-classical quantum gravity: Metric fluctuations are often more important than back-reaction”, Phys. Lett. B 415, 8–14 (1997) [grqc/9702041];

“The reliability horizon”, gr-qc/9710020.

[51] G. Amelino-Camelia, “Relativity in space-times with short-distance structure governed by an observer-independent (Planckian) length scale”, [gr-qc/0012051]; “Testable scenario for relativity with minimum-length”, Phys. Lett. B 510, 255–263 (2001) [hep-th/0012238];

“Status of relativity with observer-independent length and velocity scales”, gr-qc/0106004. N. R. Bruno, G. Amelino-Camelia and J. Kowalski-Glikman, “Deformed boost transformations that saturate at the Planck scale”, hep-th/0107039.

[52] G. Sigl, “Particle and astrophysics aspects of ultrahigh energy cosmic rays”, Lect. Notes Phys. 556, 259–300 (2000) [astro-ph/0008364];

“Ultrahigh-energy cosmic rays: A probe of physics and astrophysics at extreme energies”, Science 291, 73–79 (2001) [astro-ph/0104291].

[53] L. H. Ford and T. A. Roman, “Averaged energy conditions and quantum inequalities”, Phys. Rev. D 51, 4277–4286 (1995) [gr-qc/9410043].

L. H. Ford, M. J. Pfenning, and T. A. Roman, “Quantum inequalities and singular negative energy densities”, Phys. Rev. D 57, 4839–4846 (1998) [gr-qc/9711030].