arXiv:gr-qc/0501053 v1 17 Jan 2005

The Search for Quantum Gravity Signals

G. Amelino–Camelia^1, C. Lämmerzahl^2, A. Macias^3 and H. Müller^4 1 Dipt Fisica, Univ La Sapienza and Sez Roma1 INFN, Ple Moro 2, Rome, Italy 2 ZARM, University of Bremen, Am Fallturm, 28359 Bremen, Germany 3 Departamento de Física, Universidad Autónoma Metropolitana-Iztapalapa, Apartado Postal 55-534, C.P. 09340 México, D.F., Mexico 4 Physics Department, Stanford University, Stanford, CA 94305-4060, USA

January 17, 2005

Abstract

We give an overview of ongoing searches for effects motivated by the study of the quantumgravity problem. We describe in greater detail approaches which have not been covered in recent “Quantum Gravity Phenomenology” reviews. In particular, we outline a new framework for describing Lorentz invariance violation in the Maxwell sector. We also discuss the general strategy on the experimental side as well as on the theoretical side for a search for quantum gravity effects. The role of test theories, kinematical and dymamical, in this general context is emphasized. The present status of controlled laboratory experiments is described, and we also summarize some key results obtained on the basis of astrophysical observations.

1 Introduction and preliminary remarks

1.1 The search for quantum gravity

Our present description of the laws of physics may be characterized as obtained from two types of constituents. The first type of constituent are theoretical frameworks which apply to all physical phenomena at any instant. These “universal” or “frame” theories are Quantum Theory (all matter is of microscopic origin), Special and General Relativity; SR and GR, (all kinds of matter locally have to obey the principles of Lorentz symmetry and behave in the same way in gravitational fields), and statistical mechanics which is a method to deal with all kinds of systems for a large number of degrees of freedom. The second type of constituent is nonuniversal and pertains to the description of the four presently-known interactions: the electromagnetic, the weak, the strong and the gravitational. The first three interactions are all described within a single formalism, in terms of a gauge theory. So far only gravity has not been successfully included into that scheme. One reason for that might be that gravity appears on both sides: it is an interaction but it is at the same time also a universal theory. Universal theories like relativity and gravity are geometric in origin and do not rely on the particular physical system under consideration, whereas a description in terms of a particular interaction heavily makes use of the particular particle content. Therefore, gravity plays a distinguished role which may be the reason for the difficulty encountered in attempting to unify the other interactions with gravity and attempting to quantize gravity.

Frame theories Interactions Quantum theory Electrodynamics Special Relativity Gravity General Relativity Weak interaction Statistical mechanics Strong interaction Problem Wish Incompatibility of quantum theory and General Relativity

Unification of all interactions

The most pressing problem for present-day theoretical physics is the unification of quantum theory with gravity, the so-called “quantum-gravity problem”. The standard scheme of quantization has been proven to lead to inconsistencies when applied to gravity. In particular, the emerging theory would not be perturbatively renormalizable. Various ideas have been explored in alternative to the standard quantization procedure, and some of the most popular approaches are based on string theory, canonical/loop quantum gravity, or non–commutative geometry. It is hoped that these quantum-gravity approaches may also provide a scheme for the unification of the four interactions, something that string theory already comes very close to doing.

A general feature of all these quantum-gravity scenarios is the appearance of new effects, often mediated by new fields, and in particular some of these effects appear to require a modification of some of the fundamental principles which SR and GR are based on.

1.2 Implications of a new quantum gravity theory

The possibility of solving the quantum-gravity problem is often described as intellectually exciting but of mere academic interest. However, the fact that a significant sample of quantum-gravity approaches appears to lead to modifications of some aspects of SR and GR suggests that the implications may go well beyond the academic interest. This point applies in particular to the area of modern metrology, the definition, preparation and transport of physical units. Since various atomic clocks on Earth are located at different height and geographical positions, it is clear that the uniqueness of the definition of time in terms of the TAI, the international atomic time, relies on the validity of SR and GR, see Fig.1.

Another key objective of modern metrology is to base all units on distinguished quantum effects. The reason for that is the precision achieved and the universal reproducibility which is based on the uniqueness of quantum mechanics. Beside the second and the meter, where this already has been done, one can base the unit of the electrical resistance, the Ohm, on the quantum Hall effect using R_H = K/n where n ∈ N and K = h/e^2 is the von–Klitzing constant, and the unit of the electrical voltage on the Josephson effect via U_J = nν/K_J where K_J = 2e/h is the Josephson constant and ν a given frequency, see Fig.2. These quantum definitions of units heavily rely on the validity of basic dynamical equations like the Maxwell, the Schrödinger, and the Dirac equation. If one of these equations was to be modified then some definitions of units would also be affected. Therefore, any high precision test of Lorentz invariance is also a test of the modern metrological scheme.

Moreover, if it turns out that the Maxwell and Dirac equations have to be modified then this may complicate future high precision navigation.

1.3 The magnitude of quantum gravity effects

Since the typical laboratory energies are of the order of 1 eV and the characteristic quantumgravity energy scale is expected to be of the order of the Planck energy which is about 10^{28} eV, the s m A

mol

cd

K kg

GR ensures uniqueness of timekeeping in gravitational fields

SR ensures uniqueness of timekeeping in moving frames

GR ensures uniqueness of definition of mass

SR: Constancy of speed of light

3 · 10^{−15}

10^{−12}

4 · 10^{−8}

8 · 10^{−8}

10^{−4}

3 · 10^{−7}

unknown ageing of prototype

Figure 1: The SI–units (s = second, m = meter, A = Ampere, mol = mole, cd = candela, K = Kelvin, kg = kilogram) and their interdependences [1]. The numbers indicate the stability of the corresponding unit. The uniqueness of the transport of the definition of the second and of the meter depends on the validity of SR and GR. A replacement of the mechanical definition of the Ampere or other quantities also requires conventional quantum theory and Maxwell theory and thus the validity of the SR and GR. All units, but the Kelvin, are thus influenced by relativity.

quantum-gravity effects in laboratory experiments are likely to come in at the order of 10^{−28} (or lower) which appears to be well beyond the reach of laboratory experiments, in spite of the many high-precision devices which are becoming available for searching for new effects. As stressed in several recent “quantum gravity phenomenology” reviews [2, 3, 4, 5] this suggests that the relevant phenomenology should rely on contexts of interest in astrophysics, rather than use controlled laboratory experiments. However, there may nevertheless be an important role for laboratory experiments in this phenomenology, especially considering the following observations:

• The arguments that suggest that the characteristic quantum-gravity energy scale should be of order 10^{28} eV must at present be viewed as inconclusive. One really needs the correct theory, which is still not established, in order to reliably estimate this scale. It may well be that the characteristic quantum-gravity energy scale is actually much lower than 10^{28} eV. For example, in scenarios with “large extra dimensions” the quantum-gravity effects, including deviations from Newton’s law, would be accessible at much lower energies (see e.g. [6]). Similarly, in some string-theory-motivated “dilaton scenarios” [7, 8] the Universality of Free Fall (UFF) would be violated already at the 10^{−13} level, and the PPN parameter γ, which in ordinary Einsteinian gravity is exactly 1, might be different from unity by up to 10^{−5}.

• Even within the assumption that the quantum-gravity effects actually do originate at the Planck scale, one can find some (however rare) cases in which the small 10^{−28} effect is effectively “amplified” [2] by some large ordinary-physics number that characterizes the laboratory setup. For example, there has been considerable work on the possibility that quantum-gravity effects might significantly affect some properties of the neutral-kaon system [9, 10] and in those analyses the effects are amplified by the fact that the neutral-kaon system hosts the peculiarly small mass difference between long-lived and the short-lived kaons M_{L,S} /|M_L − M_S | ∼ 10^{14}.

V

Ω A ℏ/e

ℏ/e^2 e

Validity of Maxwell and Schrödinger equations

Figure 2: Electrical units of the voltage V (Volt), electrical resistance Ω (Ohm), and electrical current A (Ampere) based on distinguished quantum effects. The experimental effects are interpreted in terms of the ordinary Maxwell and Schrödinger equation.

Similarly, in studies of quantum-gravity-induced interferometric noise [11] one can exploit the fact that some scenarios predict noise that increases as the frequency of analysis decreases, and therefore, searching for fundamental noises in high precision long–term stable devices (like optical resonators) may give new access to this domain of quantum gravity effects [12]. In an analogous way, the sensitivity of some clock–comparison experiments is amplified by a factor of hν/m_pc^2 ∼ 10^{18} where ν is the clock frequency used and m_p the proton mass, see Sec.4.3.6.

• In some rare cases the laboratory experiment actually does have the required 10^{−28} sensitivity, as illustrated by the analysis reported in Ref. [13], which studies the implications of quantum-gravity-induced wave dispersion for the most advanced modern interferometers (the interferometers whose primary intended use is the search of classical gravity waves).

• The fact that low-energy data suggest that the electroweak and strong interactions unify at the GUT energy scale of ∼ 10^{16} GeV may encourage us to conjecture that also the gravitational interaction would be of the same strength as the other interactions at that scale. This would mean that the characteristic energy scale of quantum gravity should be some three orders of magnitude smaller than the Planck energy (see e.g. [14]).

It appears therefore that we should complement the astrophysics searches with a wide program of laboratory/controlled experiments searching for the effects predicted by some quantum-gravity approaches. Although in most cases the potential sensitivity of astrophysics searches will be higher, the laboratory experiments have the advantage of providing access to a much larger variety of potential phenomena, and for the development of the relevant phenomenology it would be an extraordinary achievement to be able to analyze a new effect within a controlled/repeatable laboratory experiment with the possibility of a systematic modification of boundary and initial conditions, rather than relying on the “one chance” observations available in astrophysics.

1.4 Main quantum gravity schemes

As mentioned, the most popular approaches to the quantum-gravity problem are based on string theory, canonical/loop quantum gravity, or non–commutative geometry, see, e.g., [15]. For different reasons the development of phenomenology for each of these three ideas is still at a rather early stage of development. But several hints for experimentalists have already emerged.

• In canonical/loop quantum gravity the key difficulty is the fact that the techniques for obtaining the classical limit of the theory have not yet been developed. Since our phenomenology will usually be structured as a search of corrections to the classical effects, this is a very serious issue. However, several authors [16, 17, 18, 19], guided by the intuition from working with some candidate quasiclassical states, made analyses that led to the expectation that Lorentz symmetry should be broken in Loop Quantum Gravity, and as a result the Maxwell and Dirac equations should include extra terms of higher derivatives. But clearly these violations from Lorentz symmetry still cannot be viewed as a “prediction” of Loop Quantum Gravity because of the heuristic nature of the underlying arguments, and indeed there are some authors (see, e.g. Ref. [20]) who have presented arguments in favour of exact Lorentz symmetry for Loop Quantum Gravity.

• String theory schemes in any dimensions always predict new fields which couple in different ways to the various matter sectors. As a result a large variety of effects are allowed by string theory, including effects leading to violation of Lorentz invariance, violation of the UFF and violation of the Universality of the Gravitational Redshift (UGR) is encountered. From the viewpoint of the phenomenologist a disappointing aspect of string theory is that it appears that it cannot be falsified on the basis of these effects. String theory may predict many new low-energy effects, but it can also be easily tuned to avoid all of them. But of course it is still interesting to look for these new effects, and indeed a rich phenomenology is being developed. In particular, there is considerable work on a string-theory-motivated dilaton scenario [7] with deviations from the UFF at the order 10^{−13} and deviations of the PPN parameters γ and β at the order 10^{−5} and 10^{−9}, respectively. Another large phenomenological effort is being devoted to a string-theory-motivated general framework, the Standard Model Extension (SME) [21], for the description of violations of Lorentz invariance that are codified in power-counting-renormalizable terms.

• Much of the quantum-gravity work based on noncommutative geometry has focused on the hypothesis that the correct quantum gravity should have as flat-spacetime limit a noncommutative version of Minkowski spacetime, with spacetime coordinate noncommutativity of the type [x_μ, x_ν ] = iθ_{μν} + iζ^σ_{μ,ν} x_σ for some appropriate choice of the coordinate-independent θ_{μν} and ζ^σ_{μν} . In a noncommutative spacetime there is an absolute limitation on the localization of a spacetime point (event), and as a result the relevant theories are inevitably nonlocal. In some frameworks it is possible to give an effective commutative-spacetime description of this nonlocality, in which in particular – in terms of partial differential equations – higher order derivatives may occur. Another rather generic feature of these noncommutative versions of Minkowski spacetime is the emergence of anomalous dispersion relations. The simplest and most studied example of such an anomalous dispersion relation is

m^2 ≃ E^2 − ⃗p^2 + η⃗p^2 E E_P + O ( E^4 E^2_P ) , (1)

where E_P is the Planck scale and η is a numerical factor (expected to be of order 1) describing the strength of the quantum gravity modification (E_{QG} ≡ E_P/η is the characteristric scale of the modification of the dispersion relation).

string theory canonical/loop quantum gravity non–commutative

geometry

geometrical characteristics starts from fixed (flat or deSitter) background dynamical starts from fixed background particle characteristics depends on particle model model independent model independent

violations of Lorentz invariance Lorentz invariance? (may depend on boundary conditions)

Lorentz invariance

Universality of Free Fall Universality of Free Fall? (not yet calculated)

Universality of Free Fall? (not yet calculated)

1.5 Methods of phenomenological generalizations of dynamical equations

Since it was not covered extensively in recent quantum-gravity-phenomenology reviews [2, 3, 4, 5] we will here devote particular attention to the study of phenomenological generalizations of dynamical equations like the Dirac or the Maxwell equations. As always in quantum gravity phenomenology, these studies must be structured in terms of some test theories, bridging the gap between the rich (but often untreatable) formalisms used in the study of the full quantum gravity problem and the language which is appropriate to describe experiments. The structure of these test theories should be obtained by calculating some low energy approximation of the full quantum gravity scenario. This has been attempted for the “Liouville String” scenario [22, 23] as well as for the loop quantum gravity approach [16, 17, 18, 19]. But since various technical issues remain to be understood about the relevant approximation schemes, the phenomenology is being developed on the basis of rather general test theories describing modifications of the Dirac and the Maxwell equations.

One approach, which is being pursued mostly as starting point of the SME [24, 21, 25], adopts some general Lagrangian which is still quadratic in the field strengths or in the fermionic fields and requires further building principles like conservation of energy-momentum, Lorentz-covariance, conventional quantization, Hermiticity, microcausality, positivity of energy, gauge invariance, and power-counting renormalizability. The parameters of the SME are just additional interactions with constant fields^1. The main advantages of this approach are the mathematical consistency and physical interpretability of the new theory in conventional terms and the fact that it provides the most conservative modification of established theories. But of course this may also turn into a disadvantage, if it eventually turns out that the correct quantum gravity requires more novel features, such as effects that are not described by power-counting-renormalizable terms. And indeed some authors have chosen to look beyond the SME setup, considering Planck-scale-suppressed effects which are in fact not described by power-counting-renormalizable terms (see, e.g., Refs. [28, 16, 29]).

Of course, it is also possible to renounce to the assumption of a Lagrangian generating the dynamical equations, and in fact there is a rich phenomenology being developed introducing the generalizations directly at the level of the dynamical equations. This is of course more general than the Lagrangian approach (see [30, 31] for examples dealing with generalized Dirac and Maxwell equation). In the case of the Dirac equation [30] one is led to effects like the violation of the UFF, of the UGR and of Local Lorentz Invariance (the effects violating Local Lorentz Invariance have been

1This kind of generalizations in the photonic sector have been introduced and discussed earlier by Ni [26] and Haugan and Kauffmann [27].

also obtained later on in [25]). More effects than in the SME are encountered for the generalized Maxwell equation discussed in [31]. Charge conservation, which automatically comes out from the Lagragian approach, can be violated in models generalizing the field equations [31]. In addition, in [31] also more Lorentz Invariance violating parameters than in the SME have been found. However, particular care must be taken for the mathematical consistency of the formalism if one ”by hand” generalizes the dynamical equations. This will be automatically secured if one employs a constructive axiomatic scheme in order to derive equations, as shown for example in Refs. [32, 33, 34] within a derivation of the generalized Dirac equation in terms of fundamental properties of the dynamics of fields.

1.6 Kinematical test theories for Lorentz invariance

Instead of modifying the dynamical equations, some authors have preferred to introduce new-physics effects at the level of kinematics. In particular, there is significant work on kinematical test theories for Lorentz invariance. Later on in these notes we will comment on some recent proposals of this type which have been motivated rather directly by some approaches to the quantum-gravity problem. We here want to comment on a predecessor, the Robertson–Mansouri–Sexl (RMS) theory, which was introduced by Robertson [35] and Mansouri and Sexl [36], where a modification of Lorentz–transformations are the basis for, e.g., anomalous effects of light propagation what can be tested. Compared with the dynamical approach the kinematical approach is more powerful since it is independent of the specific particle model under consideration: it discusses the transformation properties of observed quantities under transformations between inertial systems. One may however be uncomfortable with the fact that this RMS model assumes that in one frame light propagates isotropic. This requires to single out a preferred frame, which is usually taken to be the frame given by the cosmological radiation background. But this preferred role for the cosmological radiation background, which is after all a classical-physics feature, is not necessarily compelling. And one might ask how this programme should proceed if it turns out that, for example, there is also a stochastic gravitational wave background, which selects a different frame with respect to the one natural for the radiation background. Should one then make a choice? This choice would influence significantly the interpretation of the experiments. Some authors are also uncomfortable with the RMS scheme because of its lack of generality with respect to certain issues. In particular, it is not obvious that one should assume that in the preferred frame light propagates isotropically, something that might be violated in a Finslerian space–time, and the RMS scheme also does not allow a description of possible violations of Lorentz invariance leading to birefringence effects.

1.7 The scheme of exploring new physics with generalized Maxwell and Dirac equations

As mentioned in this notes we will devote particular attention to the possibility of exploring new physics with generalized Maxwell and Dirac equations. There is a long history in the discussion of violations of Lorentz invariance and of the UFF (also called Weak Equivalence Principle) due to some modifications of the Maxwell and Dirac equations.

Very early considerations are based on Mach’s principle and led to considerations of a hypothetical anomalous inertial mass term in the Schrödinger equation [37] which subsequently has been tested with very high precision by Hughes [38] and Drever [39], see also Sec.4.3.6. Later discussions have been performed by Liebscher and Bleyer [40, 41]. The most general Dirac equation based on basic properties like unique evolution, superposition principle, finite propagation speed and probability conservation has been discussed in [33]. Based on this, a generalized Pauli equation has been derived [30] which is most appropriate to confront this generalized theory with experiments. Since the spin–^1_2 –sector of the SME is contained in this general scheme, also there a generalized Pauli equation can be derived [42].

Modifications of the Maxwell equations in view of a discussion of violations of Lorentz invariance and of the UFF has been first introduced by Ni [43, 26] and Haugan and Kauffmann [27]. The same sort of modifications can be found in the SME [25, 44]. More general modifications which also include charge non–conservation have been introduced in [31].

For exploring new physics in these frameworks, at first one discusses and explores isolated effects for the Dirac and the Maxwell equation. These are propagation phenomena of electromagnetic and matter waves and, in the case of electrodynamics, the static solutions for a point–like charge and magnetic moment. In a next step, combined effects which appear in electromagnetically bound systems have to be calculated, see, e.g., Sec.4.3.3. These combined effects govern the physics of atoms, molecules, and solids which serve as realizations of clocks, and of rulers.

1.8 What is a violation of Lorentz invariance?

A key focus for these notes are studies of possible departures from Lorentz symmetry. For this phenomenology a key question is how we may interpret or how we may proceed if we are detecting a signal which appears to violate Lorentz invariance. After all the attempts at a conventional-physics explanation have failed, and it is therefore certain that one is dealing with new physics, it would be nice to have some criteria for establishing what constitutes a robust basis for accepting or recognizing a violation of Lorentz invariance.

Of course in science one never establishes how things “are”, but one rather finds models that reproduce all observations. Therefore any interpretation will always be subject to further scrutiny. Still it is useful to keep in mind that some checks of consistency with the hypothesis of violation of Lorentz symmetry can be made. In particular, it is (at least in principle) relatively easy to distinguish between the hypothesis of a violation of Lorentz symmetry and the hypothesis of the discovery of a new interaction. If the effect signals a new interaction it should be possible to shield it (like the electromagnetic interaction), transform it away (like metrical gravity) and/or identify a cause of the effect. A violation of Lorentz invariance should instead be universal and it should not be possible to transform it away.

1.9 Main directions in searches for new physics

At present there are at least six main directions in the search for possible quantum gravity effects:

Search for orientation dependent effects. The effects one is looking for depend on the orientation of the laboratory. Early experiments of this kind are Michelson–Morley (see Sec.4.3.4) and Hughes–Drever experiments (see Sec.4.3.6). For power-counting-renormalizable effects the results of all experiments of this kind can be related to the SME, which gives the most general parametrization of power-counting-renormalizable anisotropy effects in various basic equations. Presently, for photons the anisotropy is limited by 10^{−15} and for nuclear matter by 10^{−30}.

Search for a violation of the Universality of Free Fall. Within the string-theory-inspired dilaton scenarios there is a distinguished prediction of a violation of the UFF at the 10^{−13} level [7]. Presently, the UFF is confirmed at the level 5 · 10^{−13}.

Also anomalous spin couplings are considered (see, e.g., [45] for a short review), which are beyond the standard coupling to the gravitational field. Other works considering possible modifications of the UFF for various particles are [46, 47].

for quantum fields

• deterministic evolution • superposition principle • finite propagation speed • probability conservation

• H–atom • solid • interferometry • neutrino propagation

• birefringence • dispersion • damping for electromagnetic fields

• uniqueness of quantum mechanics • deterministic evolution • superposition principle • finite propagation speed

generalized Dirac equation i~γ^μ∂μψ − Mψ = 0 • birefringence • 2 mass shells • spin–momentum–coupling • neutrin propagation • g − 2–experiments • H–Atom

• birefringence • dispersion • damping

generalized Pauli–equation i∂tψ = 1 2m ( δ^{ij} + δm^{ij}I m ) ∂i∂j ψ + . . .

generalized Maxwell–equations ∂_{[μ}F_{νρ]} = 0 ∂μ(λ^{μνρσ} Fρσ) + λ^{νρσ} Fρσ = 0

bound systems

patomsp solids

c-o-m motion.:

atomic interferom.y relative motion:

spectroscopy, clocks yrulersy

Tests of Special and General Relativity = Tests of the EEP UFF redshift, Doppler–effect

Michelson–Morley, Kennedy–Thorndike

� �

�

� � � � � � � � � � � � � �

� � � � � � � � � �

� � � � � �

� � �

�

�

�

�

(1)

Figure 3: Schematics of the implications of modified Dirac and Maxwell equations.

Search for quantum gravity effects

Search for anisotropies

Search for violations of UFF

g g

Search for violations of UGR

Search for anomalous dispersion ω

k

Search for space–time fluctuations

Einstein Equivalence Principle

Figure 4: The main directions and characteristics of searches for quantum gravity induced effects: anisotropy effects, violation of UFF and UGR, modified dispersion and space–time fluctuations. A search for violations of isotropy, UFF and UGR amounts to a search of a violation of Einstein’s Equivalence Principle.

Search for a violation of the Universality of the Gravitational Redshift. String theory may also host deviations from the UGR [48]. In fact, it has been shown that violations and UFF and of UGR are strongly related [49, 50].

Presently, the UGR is confirmed by clock–clock comparison (atomic fountain clock vs. H– maser) at the 1.5 · 10^{−5}–level [51].

Search for a modified dispersion relation. Searches of modifications of the dispersion relation of the form (1), and its generalizations, constitute another direction of experimental quantum gravity efforts. This type of effect is beyond the SME, since it could not be described by powercounting-renormalizable terms. A possible manifestation of the modified dispersion relations is an energy dependent propagation velocity which should lead to different time–of–arrivals of the same event on a distant star when looked at it in different frequency channels, see e.g. [52]. Another effect is a frequency dependent position of interference fringes [13].

Search for space–time fluctuations. Search for fundamental space–time fluctuations [11] and associated fundamental decoherence effects in quantum systems [53, 54] have been also considered extensively in association with various classes of experiments [55, 12]. There has also been work on the implications of space–time fluctuations for the spreading of signals, which causes a sharp signal to turn into a fuzzy signal upon relatively long propagation times [2, 56].

Search for departures from CP T symmetry Since the CP T theorem is based on locality and Lorentz covariance, it is not surprising that the quantum-gravity approaches that involve some nonlocality and/or departures from Lorentz symmetry provide motivation for searches of departures from CP T symmetry. Noteworthy limits have been obtained using some analyses of the neutral-kaon system (see Ref. [57] and references therein) and other limits are now being pursued in the context of neutrino physics [10]. Indeed, it has been shown that CP T violation implies a violation of Lorentz invariance [58].

string theory

Canonical/Loop quantum gravity

Non–commutative geometry modified Maxwell equations

modified Dirac equation

anomalous dispersion

Space–time fluctuations

Isotropy tests

UGR tests

UFF tests

dispersion tests

decoherence

Michelson–Morley, Hughes–Drever, clock tests

clock comparison

free fall tests, interferometry

high energy tests, interfermetry

interferometry

Figure 5: Quantum gravity, effective intermediate (test) theories and the experimental search.

2 Quantum gravity predictions

2.1 String theory

The low-energy physics of String theory, as presently understood, could be very rich, with the presence of new fields and the possibility of a variety of new effects. This may provide the basis for a large phenomenological effort, even though one should keep in mind that the new effects are not genuine “predictions” of String theory: String theory could make room for these effects but it could equally well suppress them all. It appears at present not possible to falsify String theory on the basis of low-energy phenomenology, but it would nonetheless be very exciting if any of the new effects that String theory may host was actually found.

Lorentz invariance A possible violation of Lorentz invariance, due to spontaneous symmetry breaking, has been considered [59]. Though requirements like renormalizability and gauge invariance rule out spontaneous symmetry breaking of the Lorentz group in ordinary field theories it might happen for string theories. Lorentz symmetry breaking may arise from tensor–tensor–scalar couplings that are allowed because strings are extended objects which contain an infinite number of particle modes.

Universality of Free Fall The UFF is the most basic principle underlying GR. It is responsible for the possibility to geometrize the gravitational interaction and, thus, for the present understanding of space and time. However, in some string-inspired dilaton scenarios [60, 61, 7, 8] is has been claimed that the UFF might be violated, in terms of the Eötvös parameter, at the 10^{−13} level. Similar predictions are made by Wetterich [62] from a quintessence model where the dynamics of a cosmological field introduced to explain the dark energy, yields a violation of the UFF at the 10^{−14} level. Also in the “Liouville noncritical string” scenario [63] there are predictions for a violation of UFF due to the interaction of particles with the space–time foam which, however, are too small to be of today’s experimental interest.

Universality of Gravitational Redshift The same string-theory scalar field, which may couple to different matter fields in a different way thus leading to a violation of UFF, also leads to the effect that clocks based on different physical principles behave differently in the gravitational field and, thus, violate the UGR. This has been shown in [64, 48]. The relation between violations of UFF and UGR has been discussed in [49, 50]. Also quintessence models predict a violation of UGR [65].

Anomalous dispersion Since, in principle, the effective equations for the electromagnetic field and also for the Dirac field contain higher order derivatives, anomalous dispersion relations of the structure given in Eq.(1) could also come out from string theory [25]. However, in most cases they are neglected in the string-theory context since it is believed that they are less significant than the modifications, e.g., of the Dirac matrices in the case of the Dirac equation or of the constitutive relation in electrodynamics.

Space–time fluctuations and decoherence In the most popular “critical superstring” formulation of String Theory there has been so far no direct argument in favour of spacetime fluctuations and decoherence. However, in the “Liouville noncritical String” approach [66] space–time fluctuations and decoherence have been considered. For decoherence, possible implications for the neutral-kaon system have been investigated (see, e.g., Ref. [67] and references therein), while a direct investigation of spacetime fluctuations has been attempted by Percival and coworkers [53, 54].

2.2 Loop quantum gravity

As mentioned, in canonical/loop quantum gravity the key difficulty is the fact that the techniques for obtaining the classical limit of the theory have not yet been developed. In a certain sense one has an otherwise attractive candidate for quantum gravity, which however has not been shown to actually contain classical gravity as a limit. As a way to get some intuition for the type of effects that the theory might predict, when fully understood, several authors [16, 17, 18, 19] have proposed to start with the exploration of the properties of some candidate quasiclassical states.

Lorentz invariance By introducing the so–called weave states, which are candidate quasiclassical states of the space–time geometry, in the range between pure quantum geometry and classical geometry, one can motivate effective equations for the propagation of spinors and of electromagnetic fields [17, 18, 19, 68]. The resulting effective equations possess terms which violate Lorentz invariance, and also terms of higher order derivative. As mentioned there are some critiques on this approach, notably by Kozameh [20] who claimed that the breaking of LI came in by a particular choice of boundary conditions. Recently, it was also observed [69] that a plausible path toward the Loop-Quantum-Gravity classical limit should lead to a situation in which Lorentz symmetry is neither preserved nor broken, it would be deformed, in the sense we discuss more carefully later in our remarks on noncommutative spacetimes.

Universality of Free Fall and Unversality of Gravitational Redshift To our knowledge there has been no analysis so far suggesting violations of the UFF and UGR in Loop Quantum Gravity. This is not surprising in light of the mentioned “classical limit” problem: one should first verify UFF and UGR in the classical limit and then look for possible quantum corrections.

Anomalous dispersion A modification of the energy-momentum dispersion relation is rather typical (though not inevitable) when Lorentz symmetry is broken. The arguments [17, 18, 19, 68] that suggest breaking of Lorentz symmetry in Loop Quantum Gravity do indeed provide motivation for modifications of the dispersion relation, since they lead to modified Maxwell and Dirac equations with higher order derivatives, suggesting a modified dispersion relation of the structure (1).

Space–time fluctuations and decoherence There has not been much discussion of Space– time fluctuations and decoherence in Loop Quantum Gravity. However, a recent proposal [70] for a reformulation of Loop Quantum Gravity does lead to decoherence and the need to set up the analysis within a density-matrix framework.

2.3 Non–commutative geometry

The formalism of noncommutative geometry appears to have rather wide (though not completely general) applicability in the study of the quantum-gravity problem. In particular, a large number of studies has been devoted to the hypothesis that the correct quantum gravity might admit a regime which could be based on a non-commutative version of Minkowski spacetime. In some cases non-commutative spacetimes prove useful at an effective-theory level (for example, in certain string theory pictures [71] spacetime noncommutativity provides an effective theory description of the physics of strings in presence of a corresponding external background), while other quantum-gravity approaches (see, e.g., Ref. [72]) explore the possibility that a noncommutativity might be needed for the correct fundamental description of spacetime.

The most studied noncommutative versions of Minkowski spacetime all fall within the parametrization (μ = 0, 1, 2, 3) [x_μ, x_ν ] = iθ_{μν} + iζ^σ_{μν} x_σ , (2)

with coordinate-independent θ_{μν} and ζ^σ_{μν} . The choice of θ_{μν} and ζ^σ_{μν} is the key theoretical input and the aspect to be determined experimentally.

Lorentz invariance An intense research effort has been devoted to the implications of noncommutativity for the classical Poincaré symmetries of Minkowski spacetime. This is in fact one of the few aspects of the relevant theories which can be analyzed rather exhaustively, and it leads to some ideas for experimental testing. For the simplest noncommutative versions of Minkowski spacetime, the canonical noncommutative spacetimes characterized by coordinate noncommutativity of type

[x_μ, x_ν ] = iθ_{μν} (3)

with coordinate-independent θ_{μν} , a full understanding has been matured, and in particular it has been established that the Lorentz-sector symmetries are broken [71, 73, 74] (in a sense analogous to the popular mechanism of spontaneous symmetry breaking) by this type of noncommutativity.

At the next level of complexity [75], the one of Lie-algebra noncommutative spacetimes

[x_μ, x_ν ] = iζ^σ_{μν} x_σ , (4)

the description of symmetries is in some cases more demanding at the technical level. The most studied of these Lie-algebra versions of Minkowski spacetime is “κ-Minkowski [76, 77] (l, m = 1, 2, 3)

[x_m, t] = i κ x_m , [x_m, x_l] = 0 . (5)

κ-Minkowski is a Lie-algebra spacetime that clearly enjoys classical space-rotation symmetry; moreover, at least in a Hopf-algebra sense (see, e.g., Ref. [78, 79]), κ-Minkowski is invariant under “noncommutative translations”. It is particularly noteworthy that in κ-Minkowski boost transformations are necessarily modified [78, 79, 80]. A first hint of this comes from the necessity of a deformed law of composition of momenta, encoded in the so-called coproduct (a standard structure for a Hopf algebra). As a result in this spacetime one expects departures from classical Lorentz symmetry but of a type that does not lead to the emergence of a preferred class of inertial observers

(the “Relativity Principle” is still upheld). One usually refers to these cases as “deformations of Lorentz symmetry” (in alternative to the more familiar mechanisms that may lead to broken Lorentz symmetry).

Unversality of Free Fall and Universality of Gravitational Redshift Concerning the UFF and the UGR these approaches based on noncommutative versions of Minkowski spacetime are insufficient for the derivation of rigorous predictions, since indeed they focus on the Minkowski limit. They are motivated by the idea of some form of “quantization” of gravity, but at present they only incorporate this quantization in the noncommutativity of spacetime and gravitational effects are not yet described (although some attempts of generalization are under way).

Anomalous dispersion The fact that noncommutative versions of Minkowski spacetime typically lead to departures from classical Lorentz symmetry (broken Lorentz symmetry in most cases, and, as mentioned, “deformed” Lorentz symmetry in some special cases like κ-Minkowski) in turn leads to the emergence of departures from the special-relativistic energy-momentum (“dispersion”) relation.

For the cases affected by IR/UV (infrared/ultraviolet) mixing the phenomenology based on modified dispersion relations must be conducted cautiously, since the IR/UV mixing may lead to infrared singularities, which are still not fully understood (or at least there is still a lively debate on how to handle them in phenomenology). We do not to comment on this possible phenomenology in these notes, but refer to Refs. [81, 74, 82].

When there is no singularity in the infrared, and assuming that the onset of the new effects is characterized by the Planck length, one will typically find (and indeed one finds in the examples which have been analyzed) dispersion relations that fall within the class

m^2 ≃ E^2 − ⃗p^2 + ηp^2 ( E^n E^n_P ) + O ( E^{n+3} E^{n+1}_P ) , (6)

where η and n are model-dependent parameters which should be determined experimentally. Not only are η and n model dependent, but within a given model they may also take different values for different particles. In particular, in the analysis [73] of some noncommutative spacetimes one finds birefringence (different polarizations of light propagate at different speeds). The fact that some noncommutative spacetimes host this particle dependence suggests that they might also give rise to departures from the UFF and the UGR, but, as mentioned, the relevant formalisms are still at too early a stage of development for producing detailed predictions concerning the UFF and the UGR.

Space–time fluctuations One of the original motivations for introducing the formalism of noncommutative geometry was the one of formalizing the limitations on the localization of spacetime points (events) at the quantum-gravity (Planck-scale) level, which are suggested by a variety of arguments combining general relativity and quantum mechanics (see, e.g., Refs. [83, 72, 84, 85, 86, 87, 88]). Unfortunately the analysis of the relevant formalisms has not yet been developed to the point of a phenomenologically useful description of this localization limits. The noncommutativity of the coordinates of course implies some associated limits on the combined measurement of pairs of coordinates, but phenomenology would need a more advanced level of description, one in which one could for example derive the implications of noncommutative geometry for the activities of an interferometer. Clearly if our interferometers are operating in a fuzzy (noncommutative) spacetime, rather than a sharp classical spacetime, one should expect that at some point the accuracy of the interferometer would be affected. This is indeed the expectation of those working on noncommutative spacetimes, but it has proven so far too hard to attempt to derive from the noncommutative geometry the relevant physical effects.

3 The test theories

The study of the quantum-gravity problem has provided motivation for the study of a rather large number of new effects. In light of the nature of the indications that are coming from the theory side it appears necessary to structure the phenomenological efforts according to a few alternative strategies.

In some cases a given quantum picture of spacetime or a given quantum-gravity scenario definitely predicts a specific effect, i.e. we can identify in the formalism an effect which, if not found, could falsify the theoretical picture. Then there is scope for a sharply aimed phenomenological effort, characterized only by the few parameters that the specific theoretical picture involves. A situation of this type is maturing in the study of certain noncommutative spacetimes, perhaps most notably the κ-Minkowski spacetime, whose single length parameter (here denoted by λ) could soon be constrained at a beyond-Planckian level.

In other cases, especially in ambitious attempts at a complete solution of the quantum-gravity problem, such as string theory and loop quantum gravity, one is dealing with an extremely complex and rich formalism which appears to have the potentiality of giving rise to a plethora of new effects, even though one is not able (at least at present) to establish that a certain new effect is definitely present in the relevant theoretical framework. This type of frameworks provide motivation for a general approach for the description of deviations from standard theories. Since even the most basic principles of present-day physics are not necessary “safe” in these new theories, one should be prepared for modifications of the fundamental equations describing physics. The most fundamental equations are the equations governing the standard model, that is, the gauge theory of the electroweak and strong interaction and the Einstein field equation, and the phenomenology should explore all candidate modifications of these equations.

Concerning the target sensitivity that this phenomenology should set for itself, obviously the Planck energy scale can provide some tentative guidance, but it appears that the phenomenology should be prepared for the possibility that another, possibly lower, scale might characterize at least some quantum-gravity effects. For those new effects, as in the example of some modified dispersion relations mentioned earlier, whose description automatically brings about a to-be-determined energy scale, it is of course of primary importance from a quantum-gravity perspective to find ways to test the hypothesis that the relevant energy scale is indeed the Planck scale. But even a lower sensitivity may turn out to be sufficient to uncover a quantum-gravity effect.

This large phenomenological effort, which as a whole should consider a large number of possible effects (and parametrizations of the effects) and a large range of possible magnitudes for these effects, must of course be structured in terms of some reference test theories. Reference to some widely-adopted test theories of course facilitates the comparison of sensitivities achieved by different experiments, and the test theories can also provide a language that bridges the gap between experiments and (usually rather formal) theory work on quantum gravity. But even in setting up such test theories a few alternative strategies should be explored simultaneously. A key issue is whether the new effects end up taking the form of new terms in the old type of formalisms or require even a new formalism. Usually, even when a new formalism is required for the full new theory, one can approximately incorporate the new effects in the old formalism. And on the basis of this experience it is natural to set up some test theories that indeed describe the new effects via some new terms in the old type of equations. But the phenomenology should also keep in mind that there have been cases in the history of physics where the description of the new physics really demanded a new formalism. For example, in order to introduce the new effects of special relativity in quantum mechanics one was tempted to formulate a “relativistic quantum mechanics” (introducing new structures in the old formalism) but it turned out to be necessary to invent relativistic quantum field theory. We now understand that there is a limit of relativistic quantum field theory that can be described approximately in terms of a “relativistic quantum mechanics”, but the nature of the limiting procedure by which the old formalism emerges can only be established a posteriori, when the full theory has been developed and understood. The study of the quantum-gravity problem has confronted us with new features like the mentioned IR/UV mixing, which for example should act as a warning against assuming a priori that a naive low-energy limit of quantum gravity should give us back our present theories. Another example is the deformed law of composition of momenta in κ-Minkowski spacetime, which is incompatible with the standard field-theoretic setup and can only be switched off when all other κ-Minkowski modifications of Lorentz symmetry are switched off. Even at very low energies, if one keeps the κ-Minkowski dispersion relation (which could find room in the standard field-theory setup), but neglects the modification of the law of composition of momenta (which is not compatible with the standard field-theory setup), inconsistent results are obtained, including some significant violations of Lorentz symmetry (whereas κ-Minkowski should only involve a deformation of Lorentz symmetry).

So alongside the test theories that describe the new effects still in the old language, we should also develop some test theories that are prepared for the need of a new formalism. In practice the second type of test theories will need to simply avoid using too much of our present formalism. For example, as stressed here later in this Section, some phenomenology of Planck-scale departures from Lorentz symmetry focuses on pure kinematics only, in order to avoid the assumption that dynamics should be described within our present formalisms. An example of the opposite type is the SME framework, where one considers a plethora of new effects, but all still codified according our present rules, including power-counting-renormalizability.

In this Section we give a partial overview of test theories that can be used in quantum-gravity phenomenology. We describe in some detail, since it was not covered in detail in other recent quantum-gravity-phenomenology reviews [2, 3, 4, 5], a phenomenological scheme for the modification of the Maxwell and the Dirac equation. And we describe more briefly, since pedagogical descriptions are already available in Refs. [2, 3, 4, 5], some other test theories that are relevant for the search of anomalous dispersion and of quantum-spacetime fluctuations. In any case, since the present theories are well proven by all current experiments, it is reasonable to introduce tests theories through small modifications of the present theories.

A further important aspect of test theories is that, from an experimenter’s point of view, detailed test theories also allow ’bookkeeping’ of the possible effects that can be bounded by different experiments: All, even very different, effects are related to the same set of parameters. Only by the use of test theories one is able to ’compare’ different experiments.

3.1 The generalized Maxwell equation

3.1.1 The model

A very general model for generalized Maxwell equations is based on the assumption that the homogeneous Maxwell equations dF = 0 are still true. This can be based on a definition of the electromagnetic field strength and the charge based on the Aharonov–Bohm effect [31]. In our approach the principles to formulate generalized inhomogenous Maxwell equations are:

• linear in the field strength, • first order in the differentiation, and • small deviation from the standard Maxwell equations.

Therefore, the generalized Maxwell equation which we are going to discuss and to confront with experiments is λ^{μνρσ} ∂_ν F_{ρσ} + χ^{μρσ} F_{ρσ} = 4πj^μ . (7) The requirement of this equations to describe a small deviation from the standard theory leads to λ^{μνρσ} = η^{μ[ρ}η^{σ]ν} + χ^{μνρσ} where η^{μν} is the Minkowski metric diag(+ – – –) and, in that frame, all components of χ^{μνρσ} and χ^{μρσ} are small compared to unity. Therefore, all effects are calculated to first order in these quantities only.

In our approach, the constitutive tensor λ^{μνρσ} and, thus, the tensor χ^{μνρσ} are assumed to possess the symmetry λ^{μνρσ} = λ^{μν[ρσ]} only (in the SME the constitutive tensor possesses the symmetry of the Riemann tensor [44]). The decomposition of this constitutive tensor and of χ^{μρσ} reads (see Ref. [31] for the definition of the various irreducible parts)

χ^{αβμν} =^{(1)}W^{αβμν} + 1 2 ϵ^{μν}_{ρσ} η^{ρ[α}Ψ^{β]σ} + 1 12 Xϵ^{αβμν} − η^{μ[α}Φ^{β]ν} + η^{ν[α}Φ^{β]μ} +η^{μ[α}W^{β]ν}_a − η^{ν[α}W^{β]μ}_a − 1 6 W η^{α[μ}η^{|β|ν]} +^{(1)}Z^{αβμν} + 1 2 ϵ^{μν}_{ρσ}η^{ρ(α}Υ^{β)σ} + 1 3 ( 2η^{μ(α}Δ^{β)ν} − 2η^{ν(α}Δ^{β)μ} − η^{αβ}Δ^{μν} )

+ 1 4 η^{αβ}Z^{μν} + 1 2 ( η^{μ(α}Ξ^{β)ν} − η^{ν(α}Ξ^{β)μ} ) (8) χ^{μρσ} =^{(1)}χ^{μρσ} + ϵ^{μνρσ} a_ν + t^{[ρ}η^{σ]μ} . (9)

A 3+1 decomposition of the generalized Maxwell equations gives (i, j = 1, 2, 3)

4πρ = ∇ · E + χ^{000i}Ė_i + χ^{00ij}Ḃ_{ij} + χ^{0iρσ} ∂_iF_{ρσ} + χ^{0ρσ}F_{ρσ} (10) 4πj^i = Ė_i − (∇ × B)^i + χ^{i00j}Ė_j + χ^{i0jk}Ḃ_{jk} + χ^{ijρσ} ∂_j F_{ρσ} + χ^{iρσ} F_{ρσ} , (11)

where E_i = F_{0i} and B_i =^1_2 ϵ_{ijk} F_{jk} . Using the homogeneous Maxwell equations, the time derivative of B can be replaced by a spatial derivative of the electric field. The appearance of the term χ^{000i} makes both equations to dynamical equations for the electric field rendering them to be an overdetermined system. Therefore we have to require the vanishing of the coefficient χ^{000i}. Since this should be true for any chosen frame of reference, we have to require χ^{(μνρ)σ} = 0, what is identical to^{(1)}Z_{(αβμ)ν} = 0, Ξ_{μν} = 0, and Δ_{μν} = −^3_4 Z_{μν} .

Due to the vanishing of these irreducible parts we get ∂_μ(λ^{μνρσ} ∂_ν F_{ρσ} ) = 0 so that only χ^{μρσ} may lead to charge non–conservation:

4π∂_αj^α = χ^{αμν} ∂_αF_{μν} =^{(1)}χ^{αμν} ∂_αF_{μν} + η^{αμ}t^ν ∂_αF_{μν} . (12)

The validity of the homogenous Maxwell equations allows to require the vanishing of λ^{μ[νρσ]} without any physical consequences. This leads to X = 0, Z^{μν} = W^{μν}_a , and Υ^{μν} =^1_2 Ψ^{μν} .

3.1.2 Radiation effects

In order to discuss the effects due to the anomalous terms in radiation phenomena, we derive the wave equation

0 = Ë_i − ΔE_i + (∇(∇ · E))^i + χ^{iμνj} ∂_μ∂_ν E_j + 2χ^{i0j}Ė_i + χ^{ikj} ∂_k E_j (13) and make a plane wave ansatz E = E^0e^{−i(k·x−ωt)} which results in equations for the amplidude and its derivative: 0 = ( (ω^2 − k^2)δ_{ij} + k_ik_j + 2χ^{iμjν} k_μk_ν ) E^0_j . (14) 0 = −2ωĖ^0_i − 2k · ∇E^0_i + k_j ∂_iE^0_j + k_i∂_j E^0_j +2χ^{iμνj} ( k_μ∂_ν E^0_j + k_ν ∂_μE^0_j ) + 2ωχ^{i0j} E^0_j − k_kχ^{ikj} E^0_j (15) 0 = Ë^0_i − ΔE^0_i + ∂_i∂_j E^0_j + 2χ^{iμνj} ∂_μ∂_ν E^0_j . (16)

The first equation gives the dispersion relation ω = ( 1 + ρ(n) ± √ σ^2(n) − ρ^2(n) ) |k| (17) with ρ(n) = −^1_2 Φ^{μν} n_μn_ν and σ^2(n) =^1_2 η_{αγ} η_{βδ}χ^{αμνβ} χ^{δρσγ} n_μn_ν n_ρn_σ , where n_μ = k_μ/ω = (1, k/|k|). This generalizes results in Ref. [89, 44].

The ± sign in front of the square root indicates a hypothetical birefringence. If no birefringence is observed, then^{(1)}W^{μνρσ} = 0 and Ψ^{μν} = 0. For the interpretation of this result, see [90]. It has been shown [44] that from astrophysical observations birefringence can be excluded at the level of 10^{−32}. The remaining ρ(n) leads to an anisotropic speed of light which has been excluded in laboratory experiments [91] at the 10^{−15} level. Vanishing anisotropy implies Φ^{μν} = 0. Furthermore, from (15) a propagation equation for the amplitude can be derived

v^μ∂_μE^0_i = − ( 2ωχ^{i0j} − k_kχ^{ikj} ) E^0_j , (18)

where v^μ is the group velocity of the light ray. This is directly related to the charge non–conservation parameter χ^{μρσ} . Since no precession of the polarization has been inferred from astrophysical observation [92] the tensor χ^{μρσ} vanishes at the order 10^{−42} GeV.

From all these requirements, the remaining generalized Maxwell equations are (we let aside the factor W since this can be absorbed into a redefinition of the electric charge and current)

4πj^α = ∂_ν F^{μν} − 1 2 η^{αμ}Z^{νβ} ∂_β F_{μν} + 3 2 η^{βμ}Z^{να}∂_βF_{μν} + 1 2 η^{αβ}Z^{μν} ∂_β F_{μν} . (19) In the SME approach the Z^{μν} are absent. Therefore, in our approach it is not possible to establish Lorentz invariance by radiation experiments only. Further experiments are needed.

3.1.3 Electromagnetostatics

The 3+1 decomposition of the above equations gives ρ ϵ_0 = −∇ · E − ζ̂ · (∇ × E) − cζ · (∇ × B) (20) μ_0j = 1 c^2 Ė − 1 c^2 ζ̂ × Ė − (ζ̂ · ∇)B + ∇ × B − 1 c ∇(ζ · E) + 1 c ζ(∇ · E) , (21) where we used SI units and defined ζ^i :=^3_2 Z^{0i} and ζ̂_i :=^3_4 ϵ_{ijk} Z^{jk} .

The generalized Maxwell equations for a point charge at the origin are given by (20,21) with ρ = qδ(r) and j = 0. With E = ∇ϕ and B = ∇ × A and the gauge ∇ · A = 0 we get to first order in the perturbations ϕ = 1 4πϵ_0 q r , A = qζ 4πϵ_0cr . (22)

This gives a magnetic field B = q 4πϵ_0c ζ × r r^3

. (23)

Therefore, our model includes the feature that a point charge also creates a magnetic field.

If the source of the Maxwell equations is a magnetic moment m localized at the origin, then the Maxwell equations are (20,21) with ρ = 0 and j = m × ∇δ(r). We assume again a static situation and get to first order A = μ_0 4π m × r r^3 , ϕ = μ_0c 4π (ζ × m) · r r^3

. (24)

A magnetic moment also creates an electric field of an electrical dipole with dipole moment d = μ_0cϵ_0ζ × m. This feature is ”dual” to the previous case.

For the new Lorentz invariance violating parameters ζ and ζ̂ there seem to exist no experimental results. However, we expect strong bounds on the ζ^i components from measurements with SQUIDs and from atomic spectroscopy. With SQUIDs weak magnetic fields of down to 10^{−14} T can be measured. If we assume that a measurement with SQUIDs of a magnetic field from a point charge does not lead to any magnetic field larger than the SQUID sensitivity, then, from |λζ/(2πϵ_0cρ)| ≤ 10^{−14} T for a line charge density λ = 0.01 C/m at a distance of 1 cm, we get the estimate |ζ| ≤ 2.7 · 10^{−17}. We strongly encourage experimentalists to carry out such an experiment.

The ζ^i will also lead to a hyperfine splitting, additional to the usual one. We get for the interaction Hamiltonian of an electron in the magnetic field (23) of the nucleus

H_ζ = μ_{el} · qζ × r 4πϵ_0cr^3

. (25)

If we choose the z–axis in direction of ζ, then the corresponding energy shift ΔE_{nlm} = ⟨ψ_{nlm} | H_ζ | ψ_{nlm}⟩ leads, e.g., to

ΔE_{210} = − qζ_z μ_x 48πϵ_0ca^2

. (26)

With μ_z = eℏ/m_e this yields ΔE_{210} = ζ_z1.8 · 10^{−2} eV. The state of the art of high precision measurements of energy levels is of the order ΔE/E ≈ 10^{−15}. Since the measured energy levels are still well described within the standard theory one gets for energies of about 10 eV at best an estimate |ζ_z| ≤ 10^{−14} which, however, is not as good as a direct measurement discussed above might yield.

The parameter ζ̂ gives rise to small deviations from the unperturbed quantities only and, thus, cannot be measured such precisely.

3.2 The generalized Dirac equation

3.2.1 The model

The Dirac equation can be derived from the principles of (i) unique evolution, (ii) superposition principle, (iii) locality, (iv) conservation of probablility, and (iv) Lorentz invariance. The requirements (i) – (iii) leads to a linear system of partial differential equations of first order, requirement (iv) ensures the hyperbolicity of these equation. Using (i) to (iv) one gets

0 = iγ^μ∂_μψ − Mψ (27)

where the matrices γ^μ in general do not fulfill a Clifford algebra, that is, there is no underlying Riemannian metric. As a consequence, the characteristic surface of this equation is given, as in the case of the Maxwell equation, by a forth order equation 0 = det(γ^μk_μ) and shows birefringence and anisotropy. The same phenomenon we encounter with the mass shell equation 0 = det(γ^ap_a + M).

Also models with higher order derivatives as they appear in, e.g., in the effective equations for spin–^1_2 particles within loop quantum gravity, have been considered [93].

3.2.2 Propagation of Dirac particles

There are two quasi–classical phenomena which one can derive from this generalized Dirac equation [30]: the equation of motion for the position in a nonrelativistic WKB aproximation

ȧ^i = − ( δ^{ij} + α^{ij} + ᾱ^{ij}_k S^k ) ∂_j U + β_{kl}δ^{ij} ∂_j U^{kl} (28)

where U is the Newtonian potential, U^{ij} the Newtonian gravitational potential tensor [94], S^i the spin and α^{ij} , ᾱ^{ij}_k , and β_{ij} are anomalous terms connected with the X^{μν} and an anomalous coupling to U^{ij} , see [30]. The corresponding equation for the precession of the spin is

Ṡ^i = ϵ^{ijk} Ω_j S_k with Ω_i = τ^{kl}_i p_kp_l + τ^j_i p_j + τ_i , (29)

where again the anomalous parameters τ^{ij}_k , τ^i_j , and τ_i are connected with the X^{μν} and the anomalous coupling to U^{ij} . In both cases the dynamics is influenced by anomalous parameters. The acceleration can be probed, e.g., by atom interferometry, the spin precession by the corresponding spin precession experiments performed, e.g., in high energy experiments.

3.2.3 Spectroscopy

For quantum particles also spectroscopy can give valuable information about the underlying dynamics of the fields. The anomalous parameters give rise to additional energy shifts and splitting of spectral lines. As an example, we mention the energy shifts occuring the Hughes–Drever like experiments (see Sec.4.3.6) where a valence particle (a valence electron or a valence proton in the atomic’s nucleus) leads to a splitting of the Zeeman lines [30] which, among others, yields the best estimates on an hypothetical anomalous inertial mass of the proton and on a hypothetical space-time torsion [95].

Further effects like a modification of the spreading of a wave packet have been discussed in [96].

3.3 Generalized gravitational field

In physics, geometry cannot be separated from the motion of physical objects. That something can be ”geometrized” means that the dynamics of a certain object is independent from properties characterizing the object. In GR, the geometrization comes from the independence of the path of structureless particles from the mass and decomposition, the only characteristics of a structureless particle. The path is determined by its initial position and velocity only and, thus, given by an equation of the form ẍ^μ + H^μ(x, ẋ) = αẋ^μ. Then the motion is not related to the particular particles and, thus, can be assigned to an underlying geometry. The geometry underlying this geometrization of the path dynamics is called ”path structure”. This very general structure becomes more familiar when we assume that at each space-time point there is a frame so that the equation of motion for all particles reduces to ẍ^μ = 0 (Einstein’s elevator). Then the equation of motion reads ẍ^μ +H^μ_{ρσ} (x)ẋ^ρẋ^σ = αẋ^μ. The compatibility of this structure with the light cone structure then leads to a Weylian space–time which can be reduced to the ordinary Riemannian space-time by imposing the additional requiremet of the non–occurence of the second clock effect [97, 98].

The next step in establishing a theory for gravity then is to determine the equations which give the metric in terms of the matter content in the universe. In a particular case we get Einstein’s field equations. A general parametrizations for a wide range of possible field equations for the metric is given by the PPN formalism, see e.g. [94]. With the most important PPN parameters β and γ, the metric is given by

g_{00} = 1 − 2U + 2βU^2 (30) g_{0i} = V_i (31) g_{ij} = − (1 + 2γU) δ_{ij} (32)

where U is thr Newtonian potential and V_i is a gravitational field connected with a matter current. In this representation the metric is very well adapted for a confrontion with experimental data, e.g., from light deflection, redshift, gravitational time delay, perihelion shift, and data from binary systems. Einstein’s field equations are characterized by β = γ = 1. Recently, it has been proposed in a string theory inspired dilaton model that β and γ may differ from unity by 10^{−9} and 10^{−5}, respectively. The latter one is very close to the recent measurement by the Cassini mission [99] which gave |γ − 1| ≤ 2 · 10^{−5}.

3.4 Anomalous dispersion

As mentioned various quantum–gravity scenarios lead us to considering Planck-scale modified dispersion relations of the general type (6). The derivation of the modified dispersion relation can take a rather different path in different approaches. For example in κ-Minkowski spacetime, where one has the support of the deformed (Hopf) algebra, the dispersion relation is obtained rather simply, through a Casimir of the spacetime-symmetry algebra, just like the classical dispersion relation is obtained through the mass Casimir of the Poincaré (Lie) algebra. But in some scenarios the argument may be rather involved, as shown by the case of Loop Quantum Gravity, in which we are still unable to perform a full rigorous derivation of the dispersion relation. This would require a sort of “Minkowski vacuum” for Loop Quantum Gravity, which is still unknown. One therefore relies on some states which are not the vacuum, but may reproduce some of the characteristics of the vacuum. For example, some authors [16, 17] have performed the analysis using the so-called Loop-Quantum-Gravity “weave states”.

A key point for the development of test theories based on this modified dispersion relations concerns the possibility of assuming that a field-theoretic formulation be admissible. Some authors [29, 100] have relied on the field-theoretic setup, in spite of the fact that it is inevitably nonrenormalizable (within the field-theoretic setup Eq. (6) corresponds to nonrenormalizable dimension- 5 operators). Other authors, perhaps the majority, have been concerned not only with the nonrenormalizability of the corresponding field theory, but also with the possibility that the relevant quantum-gravity scenarios might have to be based rather significantly on decoherence, something that field theory by construction cannot accommodate. These other authors have preferred avoiding to commit to a formulation of dynamics and are basing their phenomenology exclusively on kinematics.

The pure-kinematics test theories only rely on the form of the dispersion relation and the form of the law of energy-momentum conservation, which is usually assumed to be unmodified.

A formal description of a field-theory-based test theory hosting the modified dispersion relations (6) is discussed in Refs. [29, 101]. For example, for a pure abelian gauge theory one introduces the extra term 1 E_P n^aF_{ad}n · ∇(n_bF̃^{bd}) , (33) where n_a is a background four-vector that codified the breakup of Lorentz symmetry.

3.5 Space–time fuzziness and decoherence

The quantum-gravity literature on spacetime fuzziness (or “spacetime foam”) originates from a rich collection of arguments [83, 72, 84, 85, 86, 87, 88], combining general relativity and quantum mechanics, which suggest that in the Planck-scale regime there should be some absolute limitations on the measurability of distances. It turns out to be most convenient [5] to characterize operatively this spacetime fuzziness as an irreducible (fundamental) Planck-scale contribution to the noise levels in the readout of interferometers. Interferometer noise can in principle be reduced to zero in classical physics. Ordinary quantum properties of matter already introduce an irreducible noise contribution. Spacetime fuzziness would introduce another irreducible source of noise, reflecting the fact that the distances involved in the experiment would be inherently unsharp in a foamy spacetime picture.

While, as mentioned in the preceding sections, nearly all approaches to the quantum-gravity problem predict some limitations on the accuracy of localization, and therefore predict some spacetime fuzziness, one is usually unable to rigorously derive from first principles a detailed description of the physical consequences of this fuzziness, such as the mentioned interferometric noise. A phenomenology is being developed nonetheless, exploiting [5, 102, 103, 104] the fact that the role of the Planck scale in the needed formulas has only a limited number of options, as a result of the constraints introduced by dimensional analysis.

The key input needed for this phenomenology turns out to be the power spectrum ρ(f) of the Planck-scale-induced strain noise [102]. Combining some intuition about the stochastic-like features of spacetime fuzziness and the dependence on the Planck length one can rather easily reach a model of ρ(f). For example if the effects depend linearly on the Planck length L_p (≡ 1/E_p) and the underlying phenomena are of random-walk type one is inevitably led to

ρ_h ∼ L_pf^{−2}Λ^{−2} ≡ ζL_pf^{−2}L^{−2} , (34)

The proportionality to the square of the inverse of the frequency is a direct result of the assumption of random-walk-type processes. The length scale Λ is needed on the basis of the dimensional analysis of the equation, and is to be treated as a free parameter to be constrained experimentally. One may choose to make reference to a dimensionless parameter, ζ, which may be used to express the ratio of Λ with the length L of the arms of an interferometer or of an optical resonator.

Other hypothesis [5, 102, 103, 104] about the stochastic-like features of the underlying Planckscale processes lead to other forms of f dependence (and L_p dependence) of the strain noise power spectrum. In general one should find (α > −1) ρ_h ∼ ζ_{αβ}L^{1+α}_p f^{−2−β} L^{−2−α−β} . (35) There is therefore some interest in attempting [5, 102, 103, 104, 12] to improve limits on the parameters ζ_{αβ}.

The idea of spacetime fuzziness also motivates some research work on Planck-scale-induced decoherence. It is in fact rather plausible that spacetime fuzziness might affect the time evolution of quantum-mechanical states in such a way that, for example, a pure state might evolve into a mixed state. A Planck-scale decoherence scenario which has been extensively studied, for what concerns the phenomenological aspects, is the one of Ref. [57] (and references therein) which is motivated by the “Liouville Strings” approach [66, 67] and describes the decoherence effects within a density-matrix formalism.

4 Controlled laboratory experiments

The realization that, as a result of the large astrophysical propagation distances and (in some cases) the large energies of the particles involved, in a few astrophysics contexts the analysis of quantumgravity effects can achieve Planck-scale sensitivity has generated a large interest over the last few years, as documented in Refs. [2, 3, 4, 5] and references therein. However, the realm of astrophysics is also affected by some key limitations, which encourage us to complement this phenomenology with controlled/laboratory experiments. In astrophysics we are just limited to the role of “observers” rather than having the opportunity to devise, set up and control a measurement procedure. In interpreting astrophysical observations one is faced with the problem that the source as well as the space in between (that might contain gasses, other electromagnetic fields etc.) are not under control of the experimenter, and this will, in the majority of cases, lead only to model-dependent results. Moreover, as mentioned above, the study of the quantum-gravity problem can motivate the search of a variety of new effects, which we would like to study one by one, whereas in astrophysics we must take what Nature offers, and this is not going to cover all aspects of the phenomenology of interest.

In this Section we discuss a few significant plans for a quantum-gravity-phenomenology with controlled/laboratory experiments. The description of examples of astrophysics studies is postponed to the next section, and will be structured more succinctly, since several recent reviews (e.g., Refs. [2, 3, 4, 5]) have already covered in detail the approach based on astrophysics.

4.1 Universality of Free Fall

One of the first physical laws stated and subject to tests is the UFF. It began with the free fall tests of Galileo and its tests using a tilted plane. The best tests today use torsion balances and confirm the UFF at the level of 5 · 10^{−13} [105]. The best free fall tests reach the level of 10^{−10} [106, 107, 108]. Future tests to be performed in space on dedicated satellite missions, namely MICROSCOPE and STEP, should be able to tests the UFF to a level of 10^{−15} and 10^{−18} respectively [109, 110]. Therefore, MICROSCOPE as well as STEP are able to cover predictions from some quantum gravity motivated predictions.

4.2 Universality of the Gravitational Redshift

In these tests the ticking rates of two clocks is compared while the clocks change their position in a gravitational field. As in tests of the UFF, all pairs of clocks have to be considered. Presently, the best tests has been reported in [51] where two atomic clocks, an atomic fountain clock and a hydrogen maser, are subject to the changing gravitational field of the Sun. The two clocks show the same redshift to an accuracy of 1.5 · 10^{−5}. Other tests compared atomic clocks and clocks based on microwave and optical resonators and gave in both cases the same redshift within 2 · 10^{−2} [111, 112].

4.3 Lorentz invariance

4.3.1 Accurate, clean, and comprehensive tests

Test of the principle of (local) Lorentz invariance (LI) are an extremely rich field for the search of fundamental physics. One reason is the universal validity of LI as a framework for all theories of nature. A violation of LI would thus manifest itself in virtually all branches of physics, and this allows to exploit the highest precision measurements as tests of LI. In test theories, the possible violations of LI are encoded into a set of parameters. The effects of these parameters in various experiments can be calculated (at least in principle), so that results on the parameters can thus be obtained from experiments. These theories have been advanced to a level where the outcome of all these experiments can be compared. This also answers the question whether two experiments test different aspects of relativity or whether they are different methods for observing the same effect.

Ideally, the experimental verification of LI should be accurate, clean, and comprehensive. Accurate refers to the ability to detect very small violations and clean refers to how well the hypothetical effect sought in experiments is understood and referred to a set of parameters in the test theory. This is a requirement to both the experiment and the underlying theory. It ensures that a violation of relativity does not accidentally cancel. Comprehensiveness denotes the degree of completeness to which the theoretically conceivable violations of LI are excluded.

This summary wants to present the most important experimental techniques that have been used for bounding violations of LI. The variety of methods makes this an interesting and challenging subject for experimental physicists. As a general observation, tight limits on spin-dependent parameters can be obtained by comparing similar particles having different polarizations. The spinindependent effects have to be measured by comparing to independent standards, e.g., a macroscopic body as a length standard. Another common feature of most experiments is that they seek for a Lorentz-violating dependence of an effect as a function of the orientation of the apparatus or the velocity of the laboratory frame in space. For a laboratory located on Earth, the relevant rotations and velocities can be given by Earth’s orbit as well as rotation.

4.3.2 Applications and every day tests

LI has found many applications in fundamental and applied research, in technology and, thus, even in every day life. One striking example on how every day these may be are the accelerated electrons in cathode ray tubes used in color television sets: Their mass is increased by about 5% relative to their rest mass. For a less mundane example, the accurate quantum field theoretical prediction of the electron’s anomalous magnetic moment g = 2.002 . . . to twelve significant digits [113] (maybe the most accurate prediction of a ’complicated’ number in any science) also is a confirmation of LI.

In the global positioning system, a receiver determines its position by comparing timing signals received from accurate reference clocks located in satellites. The positions of the satellites are known, and the difference in the timing signals gives the relative distances that allows the receiver to determine its spatial coordinates and the local time. However, since the reference clocks are moving with respect to the receiver, their rates are subject to time dilation (and also to the redshift due to Earth’s gravity). Not taking into account these effects would lead to a position error of many kilometers [114].

There are also technologies whose very operating principle is a relativistic effect. Certain microwave oscillators (’gyrotrons’) [115] and the free electron laser [116] use the relativistic Doppler effect to generate short-wavelength radiation. In a free electron laser, a beam of electrons is directed along an arrangement of periodically poled magnets, where the period p is of the order of a centimeter. The moving electrons have a kinetic energy E ≫ m_ec^2, and thus see a Lorentz-contracted period pm_ec^2/E. The corresponding oscillating magnetic field in the electron’s rest frame thus has a frequency ν_e = cE/(pm_ec^2) and forces the electrons to an oscillatory motion that leads to the emission of electromagnetic waves with a frequency ν_e. The Lorentz transformations back to the laboratory frame concentrate these waves into a tight cone in the forward direction of the electron beam, with a blue-shifted frequency ν_{lab} = ν_eE/(m_ec^2) = cE^2/(pm^2_ec^4). Thus, highly concentrated radiation and a small wavelength λ = p(m_ec^2/E)^2 are achieved. The two Lorentz transformations give the quadratic dependence on 1/E.

Particle accelerators are maybe the most prominent example of a technology where relativistic effects are built in. The velocity-dependence of the relativistic mass, for example, is taken into account in the construction of the machines, and, most importantly, the understanding of the highenergy particle reactions provides maybe the richest field for the application of relativistic (quantum field) theories. These have not only given rise to an enormous output of fundamental physics discoveries, but the apparent correctness of relativistic quantum field theory is also a confirmation of relativity itself.

While the success of relativistic physics in fundamental and applied research gives us confidence into the theory, the ’every-day tests’ provide no high-precision confirmation: On the one hand, machines like particle accelerators, microwave oscillators etc. are constructed in such a way that small tolerances do not lead to malfunction, and this also means that small errors in the underlying theory may not affect functionality. Also, the ’every day tests’ are usually not clean: In accelerator experiments, for example, an incomplete understanding of the hadronic processes might cover a tiny violation of relativity. For these reasons (and for achieving comprehensiveness), LI has been tested in dedicated experiments since its inception.

4.3.3 Macroscopic matter effects

Lorentz violation affects the properties of macroscopic bodies through a modification of its microscopic constituents. These modifications, in particular the change of the geometry, have been studied for the interpretation of experiments. As an important result, within the SME matter effects do not cancel the sensitivity in interferometer or cavity tests of Lorentz invariance. For a model which may lead to a cancellation see [117]. Instead, they enhance the sensitivity for Lorentz violation in electrodynamics, but only slightly for cavity materials presently in use. Moreover, the theory concerning the Dirac sector [118] allowed to derive the first experimental limits on some of the electron coefficients c_{μν} , at a level of 10^{−14}. The theories summarized here constitute a complete description of all SME effects that influence experiment using vacuum-filled cavities. These experiments are thus particularly clean tests of Lorentz invariance.

Photon sector Within the electrodynamic sector of the SME, Lorentz violation leads to a modified velocity of light c = c_0 + δc and also to a modified Coulomb potential of a point charge e, Φ(⃗x) = e^2/(4π|⃗x|) + V , where [44] V = e^2 8π x · κ_{DE} · x |x|^3 . (36)

The influence of this on solids can be treated for ionic crystals [119], which in the simplest case (e.g., NaCl) consists of a lattice of ions with opposite charges. The lattice is formed by the balance between attractive Coulomb forces and a quantum mechanical repulsion due to the overlap of the ionic orbitals. Perturbative calculations show that the change in the repulsive potential due to Lorentz violation is negligible. For estimating the influence of the modification of the Coulomb potential V , the force generated by the modified Coulomb potential is summed over all ions and equated to the elastic force associated with a distortion of the lattice. This leads to the relative change of the length δL_z L = A [ (2σ − 3τ_‖)(κ_{DE})_‖ − 3τ_⊥(κ_{DE} )_⊥ ] (37)

with σ and τ being constants obtained from summing the Coulomb potential in analogy to the Madelung constants. (κ_{DE})_‖ = (κ_{DE} )_{zz} , (κ_{DE} )_⊥ = (κ_{DE} )_{xx} + (κ_{DE} )_{yy} and A = − 1 2 e^2v_1v_2 8πE_Y N_mN_Aρ Ma . (38)

Table 1: Length change coefficients. Material a_‖ a_⊥ Material a_‖ a_⊥ NaCl -0.28 0.10 LiF -1.06 0.37 sapphire -0.03 0.01 quartz -0.11 0.04

v_1 and v_2 are the number of valence charges for the atoms, and E_Y is the elastic modulus. The contributions of the length change and the change in the speed of light give the total frequency change of a cavity filled with vacuum due to Lorentz violation in electrodynamics

δν_{cav} ν_{cav} = −a_‖N̂κ_{DE}N̂ − ( 1 2 + a_⊥ ) [ Ê^∗κ_{DE}Ê + (N̂ × Ê^∗)κ_{DE}(N̂ × Ê) ] . (39)

Here, a_‖ = A(2σ−3τ_‖) and a_⊥ = −3Aτ_⊥. This has been simplified by noting that astrophysical tests lead to (κ_{HB}) = −(κ_{DE} ). For practical materials sapphire and quartz the length change effect is negligible (see Table 1). For future experiments using resonators made of other materials, however, the influence might be stronger and enhances the sensitivity.

The model can be extended to include the additional non-Lagrangian coefficients of the most general Maxwell equations that are linear and first order in the derivatives [31, 120]. It is found that the non-SME terms do not additionally modify the geometry of crystals.

Fermionic sector Here, the starting point is the nonrelativistic hamiltonian h = h_0 + δh of a free electron in the SME, as described in [42]. Most of the terms contained therein (Tab. 5) have zero expectation value within the rest frame of a solid. The only term that doesn’t drop out for non-spin-polarized materials (spin-polarized materials can also be treated[118]) is the modification of the kinetic energy of the electron, δh = E^′_{jk} p_j p_k. Since the electrons inside crystals have a nonzero expectation value ⟨p_ip_j ⟩, which is a function of the geometry of the lattice, Lorentz violation will cause a geometry change (’strain’) of the crystal.

Strain is conventionally expressed by the strain tensor e_{ij} . For i = j, it represents the relative change of length in x_i-direction, and for i ≠ j, it represents the change of the right angle between lines originally pointing in x_i and x_j direction. A general linear relationship between the Lorentz violating quantity E^′_{jk} and strain is given by e_{dc} = B_{dcpj} E^′_{pj}. (40) with a ’sensitivity tensor’ B_{dcpj} that has to be determined from a model of the crystal. B_{dcpj} can be taken as symmetric in the first and last index pair; symmetry under exchange of these pairs will hold only for some simple crystal geometries, like cubic. Thus, the tensor has at most 36 independent elements. To calculate the sensitivity tensor, the electronic states are described by Bloch wave functions to determine ⟨p_ip_j ⟩; the corresponding strain is calculated using elasticity theory. As a result, the sensitivity tensor B_{dcjp} = μ_{dcmp}κ_{mj} + μ_{dcmj} κ_{mp}, where κ_{mj} = N_{e,u}ℏ^2 m|det(l_{ij})| k_{ml}k_{jk} ξ_{lk} , (41) can be calculated. N_{e,u} is the number of valence electrons per unit cell, |det(l_{ij} )| is the volume of the unit cell expressed by the determinant of the matrix of the primitive direct lattice vectors, k_{ml} is the matrix containing the primitive reciprocal lattice vectors, and μ_{dcmp} the elastic compliance constants. The symmetric 3 × 3 matrix ξ_{lk} is given by the Fourier coefficients of the Bloch wave

Table 2: Sensitivity coefficients.

Mat. B_{11} B_{12} B_{13} B_{14} B_{31} B_{33} B_{41} B_{44} Au 24.13 -11.06 12.34 Al_2O_3 3.58 -1.05 -0.53 0.014 -0.57 3.14 0.004 5.08 Nb 6.80 -2.40 17.9 fused quartz 2.64 -0.32 3.95

functions. Its six parameters are unknown at this stage and can, e.g., be determined from a simple model that leads to ξ_{lk} ∼ δ_{lk}. To eliminate these unknowns, an alternative method is used to calculate the strain for the simple case of isotropic Lorentz violation E^′_{jk} ∼ δ_{jk} , and the result is compared to Eq. (40) [118]. This yields six equations from which κ_{ab} (that depends solely on material properties) can be determined and re-inserted into Eq. (40): B_{dcjp} = μ_{dcmp}λ_{aamj} + μ_{dcmj} λ_{aamp} . (42) Note that the theory now needs no assumptions that go beyond the use of Bloch states. Thus, it is very generally applicable and accurate.

For convenience, we arrange the independent elements of e_{ab} into a six-vectors e = (e_{xx}, e_{yy} , e_{zz} , e_{yz} , e_{zx}, e_{xy}) and express Eq. (40) as e = B · E^′, where B is a 6 × 6 ’sensitivity matrix’. Tab. 2 gives values for the materials presently used for cavities. Gold is included as an example for a material with exceptional sensitivity.

The influence of the electron terms c_{μν} on hydrogen molecules have also been calculated [121]. Here, an explicit wave-function can be obtained from first principles, and Lorentz-violating changes in the frequencies of electronic and (ro-) vibrational transitions, as well as the bond length, have been obtained. This allows new tests of Lorentz symmetry that use molecules. A change in the index of refracion of dielectric media is also connected to violation of LI [122]. It has to be taken into account for certain cavity experiments.

4.3.4 Cavity experiments

Polarization experiments, see Sec.5, comparing light with light, cannot measure all 19 coefficients of the ordinary constitutive tensor (k_F )_{κλμν} , whereas cavity and interferometer experiments, comparing light with matter, can. Moreover, cavity experiments can measure coefficients for Lorentz violation in the electron’s equation of motion that have not been measured by other methods. Cavity experiments have been developed out of the well known interferometer experiments originally performed by Michelson, Morley [123, 124] as well as Kennedy, Thorndike [125, 126], and others.

The basic principle is to measure the time of flight of light rays that transverse a path, which is usually defined by a pair of mirrors and a spacer. A change connected to the orientation or the velocity of the apparatus in space would indicate Lorentz violation. Interferometers indicate such a change by a shift in fringes formed by the interference of two beams. In cavities, however, interferometry between multiple beams is used. Each transverses the cavity a large number of times that is limited by losses such as imperfect mirrors. Today, about 10^5 reflections are used, and ∼ 10^6 seem technically possible. Thus, a large effective distance of propagation is reached in a compact apparatus, that can be much better shielded from temperature fluctuations and (seismic) vibrations, and is less sensitive to gravitational bending^2.

2In the large interferometers dedicated to the search for gravitational waves, shielding against seismic vibrations with frequencies above a couple of Hz is effectuated by pendulum-like mounting of the interferometer end mirrors. Thus, however, the dc position of the mirrors is much less stable than in the rigid cavities described here.

Table 3: Overview of recent cavity experiments (WGR = whispering-gallery resonator). The notation 1 − 2(4) in the column for κ_{e−} indicates that the experiment provides 4 independent limits on parameters of κ̃_{e−}, the lowest individual being about 1, the highest about 2 parts in 10^{15} (absolute mean plus standard error). If no number in brackets is given, all matrix elements have been limited. The notation ∼ 5 indicates that, although a detailed analysis within the SME was not performed, the experiment should limit at least one of the parameters at the indicated level.

Ref. type κ̃_{e−} κ̃_{o+} c_{AB} ×10^{15} ×10^{11} ×10^{15} [127] (1979) rotat. quartz cavity/CH_4 ∼ 6 ∼ 10 [128] (1980) quartz cavity/CH_4 [112] (2000) sapphire cavity/iodine [129] (2003) Nb microwave cavities 140-430 (4) 200 (1) [91] (2003) sapphire cavities 4-18 (4) 3-28 [118] (2003) reanalysis of [127, 91] 4-18 (4) 3-28 2-100 (3) [130] (2004) sapphire WGR/Cs clock 2-8 (4) 3-5

In cavity experiments, one measures the resonance frequencies ω = 2π mc 2nL (43)

(m is a constant mode number, c is velocity of light parallel to the cavity axis, n the index of refraction of the medium, and L the cavity length) of a cavity, defined by the boundary conditions for standing waves. A Lorentz-violating shift in c and/or L and n connected to a rotation or boost of the apparatus would lead to a measurable shift in ω. The shift in c is, of course, due to Lorentz violation in the photonic sector. The shift in L has been determined above.

The first experiment to make full use of the potential that reference cavities offer for precision experiments was performed by Brillet and Hall [127] (see Tab. 3). A laser was stabilized to a resonance of a fused quartz cavity (actually, ultra-low expansion (ULE) glass ceramics). Both the cavity as well as the laser were rotating on a platform. Their frequency was compared to a stationary methane (CH_4) frequency standard. The data showed frequency variations of a few parts in 10^{13} that where ascribed to a slight tilt of the rotation axis with respect to Earth’s gravity. After a transformation of the signal into the sidereal frame, however, this effects becomes oscillatory and can thus be separated from any signals of cosmic origin. The experiment was performed before the developement of an elaborate theoretical framework. A detailed re-analysis of the published result within the SME is, unfortunately, not possible, since only a single signal component is given. For deriving detailed SME results, it would be desirable to have at least 10 independent components.

In a smilar setup, a non-rotating quartz cavity (ULE) was compared against a CH_4 standard by Hils and Hall [128]. The signal period was given by Earth’s rotation. On that time-scale, however, the ULE cavity showed a significant drift that limited the accuracy of that experiment. The experiment was interpreted in the RMS test theory (Sec.1.6) and provided the best limits of 6.6 × 10^{−5} on the velocity-dependence parameter at the time. As above, a detailed analysis within the experiment from the published data is not feasible. This experiment was improved by a factor of about three by Braxmaier et al. [112], who used a cavity made from crystalline sapphire, operated at the temperature of liquid helium (4 K). The crystalline material showed a remarkable absence of

Table 4: Limits from recent cavity experiments.

Parameter [91, 118] [91, 130, 122] (κ̃_{e−})^{XY} /10^{−15} 1.7 ± 2.6 −1.7 ± 1.6 (κ̃_{e−})^{XZ} /10^{−15} −6.3 ± 12.4 −4.0 ± 3.3 (κ̃_{e−})^{Y Z} /10^{−15} 3.6 ± 9.0 0.5 ± 2.52 ((κ̃_{e−})^{XX} − (κ̃_{e−})^{Y Y} )/10^{−15} 8.9 ± 4.9 2.8 ± 3.3 (κ̃_{o+})^{XY} /10^{−11} 14 ± 14 −1.8 ± 1.5 (κ̃_{o+})^{XZ} /10^{−11} −1.2 ± 2.6 −1.4 ± 2.3 (κ̃_{o+})^{Y Z} /10^{−11} 0.1 ± 2.7 2.7 ± 2.2 c^e_{(Y Z)}/10^{−15} 0.21 ± 0.46 c^e_{(XZ)}/10^{−15} −0.16 ± 0.63 c^e_{(XY )}/10^{−15} ≲ 1 0.76 ± 0.35 (c^e_{XX} − c^e_{Y Y} )/10^{−15} ≲ 8 1.2 ± 0.64 |c^e_{XX} + c^e_{Y Y} − 2c^e_{ZZ} − 0.25(κ̃_{e−})^{ZZ} |/10^{−12} ≲ 1 ≲ 1

creep, i.e., no systematic long term drifts of the cavity length. Thus, it was possible to search for a signal with 1 year period, given by Earth’s orbit.

The first experiment to determine simultaneous limits on the photonic SME coefficients was published in 2003 [129]. Two superconducting microwave cavities made of Niobium (Nb) were used to give separate limits on four components of κ̃_{e−} and one limit on κ̃_{o+} (Tab. 3). Although the accuracy of this experiment was lower than that of older experiments, it determined simultaneous limits on several parameters, thus representing progress towards a comprehensive verification of LI.

The experiment of Müller et al. [91, 131], improved both the accuracy as well as the coverage of parameter space. It determined four elements of κ_{e−} to a level of about 10^{−15}. The three elements of κ̃_{o+} enter the signal suppressed by the velocity of Earth’s orbit, β ∼ 10^{−4}, and where thus limited to about 10^{−11} (Tab. 4). That one of these seven parameters was different from zero at 1.8σ does not mean that Lorentz violation was detected. Rather, the probability of a mean value to be larger than the standard error is 23% even if the true value is zero, so one or two such instances are to be expected if the error bars are realistic. The experiment compared two cryogenic sapphire resonators pointing in orthogonal directions over a period of 399 days. This made it possible to independently measure Fourier signal components separated by as little as 1/1 year in frequency space, and thus allowed the experiment to give separate limits on the elements of κ̃_{o+}.

The experiment of Wolf et al. used a slightly different setup, in which resonances of a cryogenically cooled microwave whispering gallery resonator (WGR) are used. The WGR is a cylinder made from crystalline saphirre, in which the microwave mode travels along the perimeter, guided by total internal reflection. Also this experiment was operated for a sufficiently long time to state separate limits on the elements of κ̃_{o+}. In this experiment, the results for the three parameters are significant at about 2σ. As explained above, however, this is to be expected from standard statistics even if all parameters are zero, and thus not an indication of Lorentz violation.

The theory of the influence of fermionic LI violation in the cavity geometry [118] made it possible to state the first limits on three electron parameters contained in c_{μν} . Since this influence is material dependent, it can be separately measured by perfoming experiments with different cavity materials, here the experiments of Brillet and Hall [127] and Müller et al. (Tab. 4). Theoretically, all components of c_{μν} can be limited by this method, if sufficiently detailed experimental results are available. As explained above, this is unfortunately not the case for the older experiments.

For a complete determination of the photon and electron coefficients, the experiment of Müller et al. has to be compared to an experiment that gives as many signal components, but uses dissimilar cavities. The experiment by Wolf et al. [130] could be used for this purpose. However, in the whispering-gallery type cavity, 98% of the electromagnetic field energy are confined within a refractive material. Thus, a shift in the index of refraction also connected to Lorentz violation alters the Lorentz-violation signal. This has been taken into account in [121], leading to more comprehensive and more accurate limits (Tab. 4). The additional hypothetical shift in the index of refraction of sapphire contributes to the higher accuracy.

4.3.5 Doppler shift experiments

To measure the relativistic Doppler shift, the frequency of a moving oscillator is measured as a function of the velocity with respect to the detector. Such measurements can be easily described within the RMS framework, where a parameter α describes the strength of the second order Doppler shift. α = −1/2 is predicted by SR. In the SME and other dynamical test theories, the analysis is more complicated, since it must contain the nature of the moving clock. The most precise test yet gives |α_{M S} + 1/2| ≲ 1.8 × 10^{−7} [132] by spectroscopy on lithium ions moving within a storage ring. The accuracy of this result is limited by the knowledge of the rest-frame transition frequency of lithium.

Other methods to measure the Doppler shift include γ-ray spectroscopy using a rotating Mössbauer absorber [133]. While the resolution of the frequency measurement is much higher, the velocity is limited to maybe 100 m/s due to centrifugal forces in the rotor, making these experiment less accurate.

In the SME and other dynamical test theories, the interpretation of such experiments is different: Here, the physics of the clock and the detector is described by dynamical equations, from which the received frequency can be calculated. A departure from the relativistic Doppler shift would arise from the extra terms in the dynamical equations. Thus, the analyis must contain the nature of the moving clock. Although this was already discussed [134], at the time of this writing no such analysis has been performed yet.

4.3.6 Clock-comparison experiments

The basic idea is to compare the oscillation frequencies of two physical systems (“clocks”) and look for any change with the orientation or velocity of the clocks in space. The highest precision limits are achieved by comparing the frequencies of dissimilar clocks as they rotate with the Earth.

If the influence of the Lorentz-violating parameters on the frequencies of the clock can be calculated (by use of perturbation theory), definite bounds can be obtained by a comparison to the outcome of the experiment. However, the parameters of the SME are so manifold that a calculation of the individual influences is generally difficult, especially if nuclear energy levels are involved. In these cases, the problem has been simplified by use of simplified models for nuclear matter and assuming that all but a few parameters for Lorentz violation are zero [42]. This gives insight into how many of the parameters can be bounded at which level of accuracy. Further assuming no cancellations between the parameters, limits on many parameters for Lorentz violation that lead to spin-dependent effects for the electron, the proton, and the neutron could be obtained (Tab. 5).

In the tests originally performed by Hughes [38] and Drever [39] at the beginning of the sixties, the clocks are based on transitions in atoms or ions between states characterized by the orientation of a electronic or nuclear spin (hyperfine or Zeeman transitions). If the rotation–invariance of the energy E = mc^2 of the nucleus was violated, the energy levels of the states involved would depend on the orientation of the clock in space. This would cause a modulation of the clock frequency ν_1 with

Table 5: Combinations of Lagrangian parameters and the current order-of magnitude bounds (expressed as the decimal logarithm), obtained by using assumptions described in the text (from [42]). c_{(XY )} =^1_2 (c_{XY} + c_{Y X} ).

parameter proton neutron electron GeV GeV GeV b̃_J = b_J − md_{J0} +^1_2 ϵ_{JKL}(g_{KL0} − H_{KL}) -27 -30 -27 c̃_Q = m(c_{XX} + c_{Y Y} − 2c_{ZZ} ) c̃_{Q,J} = 2mc_{(JZ)} (J = X, Y ) -25 c̃_− = m(c_{XX} − c_{Y Y} ) -27 c̃_{XY} = 2mc_{(XY )} -27 d̃_J = 2md_{(J0)} −^1_2 (md_{J0} +^1_2 ϵ_{JKL}H_{KL}) -25 -28 -22 g̃_{D,J} = mϵ_{JKL}(g_{K0L} +^1_2 g_{KL0}) − b_J -25 -28 -22 g̃_Q = m(g_{X0X} + g_{Y 0Y} − 2g_{Z0Z} ) g̃_{Q,J} = m(g_{J0Z} + g_{Z0J} ) g̃_− = m(g_{X0X} − g_{Y 0Y} ) g̃_{XY} = m(g_{X0Y} + g_{Y 0X} )

its orientation, that can be detected by comparing it to the frequency ν_2 of a dissimilar second clock (practically, a clock based on another atomic species). A particular feature of these experiments is that the magnitude of the frequency change sought has to be compared to the rest frame energy m of the investigated fermion (i.e., m ∼ 1 GeV for protons), but not to the absolute frequency ν of the clocks. It is therefore advantageous to use a very low frequency. If that is in the kHz range, where the photon energy is about hν = 10^{−12} eV, the relative change δν/ν in the frequency is 10^{18} times larger than δm/m. Hence the enormous resolution that is possible in clock-comparsion experiments.

The leading systematic effect in these experiments are magnetic fields, which directly couple to the spin. While excellent magnetic shielding is thus a prerequisite for performing tests of spindependent effects, the most recent experiment [135] uses an additional trick to reduce their influence. A vapour cell is filled with two species of noble gas (^{129}Xe and^3He). Population inversion for both is achieved by coupling to optically pumped Rb vapour. Thus, maser oscillations of both species of noble gas at frequencies in the kHz range (see Tab. 6) are achieved. The point is that both masers depend on the same magnetic field, since they are spatially perfectly overlapped. Thus, the frequency of either can be used as a sensitive probe for stabilizing the magnetic field, while the other serves as a probe for Lorentz violation. Additionally, due to the simple structure of^3He nuclei, the experiment obtains limits that do not rely on the above assumptions that have been made in order to simplify the theory. The frequency change of the He maser δν_J = −3.5b̃^n_J + 0.012d̃^n_J − 0.012g̃^n_{D,J} due to Lorentz violation could be calculated. Because of the relatively small numerical factors, the influence of the parameters b̃^n_J , g̃^n_{D,J} can be neglected, and the experiment results in a limit b̃n_J = (6.4 ± 5.4) × 10−32 GeV [135, 136]. Space–based experiments of this type are also planned for the near future [137, 138].

A similar trick is used in ’co-magnetometer’ experiments [143]. Since the spin-dependent Lorentz violation fields couple to matter in a similar way as magnetic fields, magnetometers (based on the precession frequency of a spin) are sensitive to these terms. The relative sensitivity to Lorentz violation and magnetic background fields may be different for different types of atoms, so simultaneous operation of two spatially overlapped magnetometers can be used to eliminate the sensitivity to the magnetic feld.

Table 6: Overview of clock–comparison experiments with sensitivity to neutron and proton mass anisotropy δm. The quoted accuracy applies for the measurement of ν_1.

Reference clock 1 ν_1 clock 2 ν_2 δm/m_{n,p} [139]^9Be 303 MHz^1H 23.91401GHz 10^{−26} [140]^{201}Hg 5.5 Hz^{199}Hg 15 Hz 10^{−28} [141]^{21}Ne 1.000 kHz^3He 9.650 kHz 10^{−28} [142]^{199}Hg 4.0321 Hz^{133}Cs 1.858 kHz 10^{−29} [135]^{a 3}He 1.7 kHz^{129}Xe 4.9 kHz 5 × 10^{−31}

a see also [136]

4.3.7 Other tests

Limits on spin dependent electron coefficients have been obtained by torsion balances with spin polarized solids (i.e., permanent magnets). One experiment yielded b̃^e_Z ≃ (2.7 ± 1.6) × 10^{−25}m_e [144, 145]; in a similar experiment [146], ((b̃^e_X)^2 +(b̃^e_Y )^2)^{1/2} ≤ 6.0×10^{−26}m_e and |b̃^e_Z | ≤ 1.4×10^{−25}m_e have been found.

Hydrogen spectroscopy can prospectively limit linear combinations of b̃^e_J , b̃^p_J , to about 10^{−27} GeV [147]. Due to the simplicity of Hydrogen, the sensitivity of these tests is accurately calculable, making this a clean test. Comparing the frequencies of hydrogen masers, [148] find |b̃^p_J +b̃^e_J | ≲ 2×10^{−28} GeV.

4.4 Anomalous dispersion in interferometry

The study of anomalous dispersion relations, although usually motivated on the basis of a break up of Lorentz symmetry, deserves to be discussed separately, if nothing else because of the huge interest that has been attracted by this phenomenology in the recent literature (see, e.g., Refs. [2, 3, 4, 5]). Anomalous dispersion is of course a prototypical propagation effect, and its study would immediately suggest resorting to astrophysics contexts, where the propagation distances can be gigantic. We here want to stress that however there is at least one class of controlled/laboratory experiments where extremely high sensitivity to anomalous dispersion can be achieved. This has been stressed in Ref. [13] on the basis of the observation that conceivably, if we manage to operate them at high sensitivity using two different-wavelength beams, modern intereferometers (of the type used for gravity-wave searches) might achieve [13] sensitivity to η ∼ 1, for the n = 1 case in Eq. (6).

4.5 Space–time fluctuations and decoherence

Concerning the models of Planck-scale-induced strain noise in interferometry described in Section 3.5 the quality of experimental limits is improving quickly. For example, already available data constrain ζ to be much smaller than 1 in the random-walk scenario of Eq. 34. This is achieved both using large “free-mirror” laser-light interferometers [102, 103, 104, 12], such as TAMA (soon improving with LIGO and VIRGO), and using small-size laser-light interferometers whose mirrors are rigidly connected [12].

The fact that we are still unable to derive a quantitative description of spacetime fuzziness from the various quantum-gravity proposals does not allow us to have a good intuition for the significance of these limits. And, while theory work attempts to clarify the situation, it appears necessary to attempt to push the limits as far as possible.

For what concerns the density-matrix Planck-scale decoherence formalism mentioned in Section 3.5 the best limits were obtained using data from the CPLEAR neutral-kaon experiment. The neutral-kaon system is very sensitive to new physics because of the delicate balance of conventionalphysics scales that governs its peculiar features. The density matrix formalism of Ref. [57] involves several dimensionless parameters which one may guess to be all obtained as roughly the ratio between the kaon mass and the Planck scale. For some of the parameters, CPLEAR data already exclude this possibility experimentally.

5 Observations in astrophysics

As mentioned, the realization that tests of some quantum-gravity effects with extremely high sensitivity could be based on observations in astrophysics has generated over these past few years a rather large interest. In turn this has resulted in the production of quite a few general reviews of the subject, of which Refs. [2, 3, 4, 5] are just a representative small sample. We refer the reader to these reviews (and references therein) for a detailed discussion of the relevant phenomenological proposal. Still, in order to render our own review somewhat self-contained, in this Section we comment briefly on some of the most studied methods.

5.1 SME astrophysics

There has been a sizeable effort of constraining SME parameters using astrophysical observations of radiation. Of course the interpretation of the data on radiation emitted by distant sources as tests of LI is faced with the problem that the source as well as the space in between (that might contain gasses, other electromagnetic fields etc.) are not under control of the experimenter, and the analysis inevitably acquires a certain level of model dependence.

The distance of the source can only be inferred from studying other radiation, and therefore the analysis must always compare radiation with radiation, which in some cases renders the analysis insensitive to spin-independent effects. But of course the extremely long propagation distance is very valuable for constraints on other types of effects.

The SME 4-vector (k_{AF} )^κ from the photon sector (Tab. 7) (that is also expected to vanish for theoretical reasons [149]) has been ruled out by birefringence measurements on radiation emitted by distant radio galaxies [92]. The idea is that k_{AF} ≠ 0 leads to a splitting of photons in two circularly polarized modes with different phase velocities, according to a dispersion relation |k| = ω ∓ 1 2 ((k_{AF} )_0 − |k_{AF} | cos θ) . (44)

Here, k = (ω, k) denotes the wave vector and k_{AF} the spatial components of k_{AF} . The angle θ is between the direction of k_{AF} and k. The + and − signs correspond to right- and left-handed circularly polarized waves, respectively. As in the Faraday effect, this causes a rotation of the polarization of a linearly polarized plane wave by an angle δϕ = ((k_{AF} )_0 − |k_{AF} | cos θ)L/2, where L denotes the distance travelled and θ is the angle between the diection of propagation and k. The radio galaxies are expected to emit radiation that is polarized either parallel or perpendicular to their observed elongation. A rotation of the polarization would cause a difference between the observed polarization and elongation; if no difference is observed, an upper limit on k_{AF} can be derived. Studying 160 sources, [92] one obtains |k_{AF} | = √ (k_{AF} )^α(k_{AF} )_α ≲ 10^{−42} GeV.

The SME matrices (κ̃_{e+})^{jk} and (κ̃_{o−})^{jk} from the photon sector (Tab. 7) have also been restricted by polarization measurements. A difference of the phase velocity Δv_p of the two polarization modes travelling over a distance L would lead to a change in the relative phase Δϕ ≈ 2πΔv_p L λ , (45)

Table 7: Effects of the SME parameters of the photonic sector on the phase velocity of light. # denotes the number of degrees of freedom contained in each symbol. β = v/c is the velocity of the experiment relative to the frame of reference in which the parameters are defined.

Parameters # makes c dependent on limit Ref. ⃗k_{AF} circular polarization 10−42 GeV (κ̃_{e+})^{jk} = (κ̃_{e+})^{kj} 6 linear polarization 10^{−32} [150, 44] (κ̃_{o−})^{jk} = −(κ̃_{o−})^{kj} 3 linear polarization 10^{−32} [150, 44] (κ̃_{e+})^{jk} = (κ̃_{e+})^{kj} 6 direction of propagation 10^{−15} [91, 130] (κ̃_{o+})^{jk} = −(κ̃_{o+})^{kj} 3 direction of propagation, O(β) 10^{−11} [91, 130] κ̃_{tr} 1 motion of experiment O(β^2)

where λ is the wavelength. This modifies the polarization, e.g., light that is initially linearly polarized would in general become elliptically polarized. The large factor L/λ makes the experiment very sensitive. A change of the polarization state at the receiver occurs as a consequence of either a change in L or λ. For a astrophysical source, L is fixed, but one can measure the dependence on λ (making the assumption that the emitted polarization is relatively constant over a range of wavelengths). From data on 16 sources at 0.04 Gpc≤ L ≤3.53 Gpc, a limit of 2 × 10^{−32} (90% confidence level) on all elements of (κ̃_{e+})^{jk} and (κ̃_{o−})^{jk} is obtained [150, 44].

Similar analyses of synchrotron radiation from the Crab nebula and other sources are reported by [151]. As stressed in the next subsection, they interpret the result in terms of a modified dispersion relation of the form (6). Since their analysis uses birefringence methods, it should be possible to interpret the same result in terms of the SME: The wavelength of the ∼ 0.3 MeV radiation is ∼ 4 × 10^{−12} m, and the distance is assumed to be L = 0.5 GPc=1.5 × 10^{25} m or about 10^{37}λ. Since the upper limit on polarization changes with λ is of the order of one radian, an analysis of these results in terms of the SME will likely lead to a limit of the order of 10^{−37} on at least one component of either (κ̃_{e+})^{jk} or (κ̃_{o−})^{jk}.

Another kind of astrophysical limit is derived from the following idea: If Lorentz symmetry is not exact, the limiting velocity for different particles does not need to be equal. A ’fast’ particle with a higher limiting velocity may then emit Cherenkov radiation that consists of particles with lower limiting velocities. Thus, its velocity would eventually be reduced to below the threshold for Cherenkov radiation in a time that is short compared to astrophysical timescales, so particles above a certain energy would not exist in cosmic radiation. From observations of cosmic radiation with energies of up to 3 × 10^{11} GeV, the maximum velocity of several particles can be constrained to deviate no more than a few parts in 10^{−20} . . . 10^{−24} from c [152].

5.2 Anomalous dispersion

A special role within the phenomenology inspired by the possibility of Lorentz-symmetry violations is played by effects of anomalous dispersion. The fact that (as also stressed earlier in these notes) several approaches to the quantum-gravity problem motivate the study of Planck-scale-modified dispersion relations, has led, over the last few years, to a very large effort on the phenomenology side.

The first popular idea for searches of Planck-scale anomalous dispersion was based [28] on properties of gamma-ray bursts. These bursts travel cosmological distances and contain a rich time structure, and as a result they can be used to set rather significant limits on the wavelength dependence of the speed of photons which would follow from a dispersion relation of the type (6).

The present best limits obtained using this strategy constrain (see, e.g., Refs. [52, 153, 154]) the parameter η < 300 for the case n = 1 in (6). And planned telescopes should provide an improvement of a few orders of magnitude within a few years [155, 156].

For the case in which the modified dispersion relation is assumed to hold within a field-theoretic setup very stringent (beyond-Plankian) limits can be obtained from an analysis of synchrotron radiation from the Crab nebula [100]. However, the field-theoretic setup in the photon sector imposes birefringence and invites one to consider a particle/helicity dependence of η, leading to many parameters. Only one of these parameters can be constrained using the Crab-nebula synchrotronradiation analysis [157, 100].

The case of the Crab-nebula synchrotron radiation is interesting because, as stressed already in the previous subsection, this same set of data can be valuable both for the SME and for the phenomenology based on (6). Clearly the physics described by the SME matrices is different from the energy-dependent effects [28] associated with (6). In principle, simultaneous limits on both effects could be obtained by studying the energy-dependence of the phase-shift. This illustrates that some observation is sometimes interpreted in two theoretical frameworks to produce results that appear to be unrelated, while the actual observation is the same.

Still concerning the hypothesis of a description of birefringence based on (6) a limit of order |η| < 2 · 10^{−4}, for n = 1, can be inferred [158] using observations of polarized light from distant galaxies.

Perhaps the most exciting opportunity for this phenomenology based on (6) is provided by the study of ultrahigh-energy cosmic rays. Before reaching our observatories ultrahigh-energy cosmic rays travel gigantic (cosmological) distances and our expectations concerning the structure of the cosmic-ray spectrum depend strongly on the interactions of cosmic rays with photons in the cosmic microwave background, which in particular should produce a cut off in the spectrum around 5 · 10^{19} eV. A modification of the dispersion relation could lead [159, 160, 161] to a modification of this cut off prediction. The Auger cosmic-ray observatory, now starting to take data, has the sensitivity needed to probe very small values of η for n = 1, and even in the case n = 2 Auger could still be sensitive to η of order 1.

5.3 Spacetime fuzziness and decoherence

Some proposals concerning the use of observations in astrophysics to explore the quantum-gravity ideas of spacetime fuzziness and decoherence have also been made. In Ref. [162] it is argued that evidence of a good phase coherence of light from extragalactic sources could be used to constrain spacetime-fuzziness scenarios. This proposal opens a valuable phenomenological window, but it might be necessary to seek improved analyses, taking into account the comments made in Ref. [163] concerning the quantum-gravity aspects, and in Ref. [164] concerning the astrophysics aspects.

Concerning decoherence certain aspects of neutrino astrophysics may play a role [10] somewhat similar to the one played by laboratory studies of the neutral-kaon system.

6 Summary and outlook

We have given a rather general overview of the phenomenology work which finds motivation in the study of the quantum-gravity problem. The field has grown so wide that we shall not here argue that we gave a complete overview, but we did set as one of our primary goals the one of illustrating some alternative strategies which are being pursued for this phenomenology. Within this spectrum of research programmes one finds on one side a phenomenology of the type illustrated by studies of the modified dispersion relation (6), with only a minimal parametrization, a nearly exclusive focus on the hypothesis that the onset of the new effects should be characterized by a scale which is rather close to the Planck scale, and the expectation that the new effects should not be describable in terms of renormalizable field-theory operators. And on the opposite side the strategy involves very general parametrizations, a phenomenology which looks for the new effects even at scales much different from the Planck scale, but assuming throughout that the present formalisms can accommodate the new effects, so that one is led for example to the SME field theory and/or to the type of modified Maxwell and Dirac equations which we discussed. To our knowledge there are no other reviews covering this wide spectrum of approaches, and we thought it might be beneficial to provide one. In spite of the differences in strategy there are a number of common challenges for all these approaches, besides the obvious common goal of contributing to the search of a solution for the quantum-gravity problem.

Another key goal for our work was to stress that this candidate effects that have been discussed in the quantum-gravity literature are not merely of academic interest, as it is sometimes assumed. We believe that the example of metrology, which we discussed in Subsection 1.2, should act as a clear warning of the potential (even technological!) implications of these studies.

We expect that this field will prove to be among the most exciting of the next 10 or 20 years, since over this period we can clearly see several opportunities for sharp improvement of the present sensitivities toward the relevant effects. A good example is provided by the Auger cosmic-ray data which will surely amuse us for the next couple of years, and are going to provide a much clearer picture of the high-energy cosmic-ray spectrum. Similarly, the next generation of gammaray telescopes, such as GLAST, will provide a huge improvement for the relevant gamma-ray studies.

While many Lorentz-violating effects have been bounded, some to impressive levels of precision, improvements in terms of accuracy, cleanliness and comprehensiveness are expected from improved versions of the old experiments and from experiments of new kinds. New turntable versions of the cavity tests are performed at several locations. The shorter timescale of the rotation (minutes compared to 24 h for Earth’s rotation) allows to collect much more data in a given time and to exploit the time scale of the optimum sensitivity of the experiment. This should allow two to three orders of magnitude improvements, if the systematic effects associated with active rotation (like the bending of the resonators caused by a slight tilt of the rotation axis relative to Earth’s gravity) can be controlled. As an alternative idea, cavity experiments could also search for birefringence in isotropic materials induced by Lorentz violation. Such experiments could perform the same tests as conventional Michelson-Morley type experiments, but would be immune against a broad range of systematic effects, including length changes of the cavity [122].

A very interesting challenge is to put some of these experiments into space. This would have several advantages. The absence of seismic vibrations is important for experiments involving macroscopic matter. Experiments in space also offer the possibility to choose the time scale of rotation and orbit of the satellite which provide the necessary modulation of the Lorentz violation in the frame of the experiment. On Earth, both time scales (24 h and 365 d) are relatively long. In space, these would be reduced to minutes and hours without introducing the systematic effects of turntable experiments on Earth. Several proposals [138, 165, 166] have been made for experiments on the International Space Station ISS and dedicated satellites.

New types of terrestrial experiments are suggested by new theoretical work. For example, the relatively low accuracy of the bounds on the photon parameters κ̃_{0+} can be improved by exploring the static limit of Lorentz-violating Maxwell equations [31, 167]. Such experiments can also bound the Lorentz-violating non-SME terms of the most general Maxwell equations [31].

Concerning the UFF, we expect improvements by one order of magnitude within the next few years for laboratory experiments and up to five orders with dedicated satellite missions. These experiments, when carried through successfully, will definitely for the first time decide on the viability of certain quantum gravity predictions.

Acknowledgments

We like to thank H. Dittus, F.W. Hehl, A. Kostelecký, A. Peters, and S. Schiller for fruitful discussions and ongoing cooperation. Financial support from the German Space Agency DLR, the German Academic Exchange Service DAAD, the Alexander von Humboldt-Stiftung, and CONACYT Grant 42191-F is acknowledged.

A Standard Model Extension definitions and conventions

Rich and extensive literature exists on the SME, so a full description is neither necessary nor possible here. However, we introduce briefly the definition and standard notation for Lorentz violating quantities in the SME.

Lagrangian The SME starts from a Lagrangian formulation of the Standard Model, adding all possible observer Lorentz scalars that can be formed from the known particles and Lorentz tensors. Taken from the full SME that includes all known particles, the Lagrangian involving the Dirac field ψ of one fermion and the electromagnetic field F^{μν} can be written as L = i 2 ψ̄Γ_ν D^ν ψ − 1 2 ψ̄Mψ + h.c − 1 4 F^{μν} F_{μν} − 1 4 (k_F )_{κλμν} F^{κλ}F^{μν} + 1 2 (k_{AF} )^κϵ_{κλμν} A^λF^{μν} , (46)

where h.c. denotes the Hermitian conjugate of the previous terms, and A^λ is the vector potential. The symbols Γ_ν and M are given by

Γ_ν = γ_ν + c_{μν} γ^μ + d_{μν} γ_5γ^μ + e_ν + if_ν γ_5 + 1 2 g_{λμν} σ^{λμ} , M = m + a_μγ^μ + b_μγ_5γ^μ + 1 2 H_{μν} σ^{μν} . (47)

The SME introduces such parameters into the Lagrangian of each type of fermion, as denoted by superscripts added to the field ψ as well as to the symbols a_μ, b_μ, c_{μν} , d_{μν} , e_μ, f_μ, g_{λμν} , and H_{μν} . The γ_ν , γ_5 and σ^{μν} are the conventional Dirac matrices, and D^ν is the usual covariant derivative. The tensors entering M have the dimension mass, the others are dimensionless. H_{μν} is antisymmetric; g_{λμν} is antisymmetric in its first two indices. c_{μν} and d_{μν} are traceless. Gauge invariance and renormalizability excludes e_ν , f_ν , and g_{λμν} , so these may be assumed to be either zero or suppressed relative to the other terms. Analogous terms are obtained in the framework of the generalized Dirac equation described in Sec.3.2.

Lorentz violation for the photons is encoded in the tensors (k_{AF} )^κ and (k_F )_{κλμν} . They correspond to the terms χ^{κλμν} and χ^{κλμ} of the non-Lagrangian framework described in Sec.3.1.

Coordinate and field definitions Some of the Lorentz violating parameters contained in one sector of the SME can be absorbed into the other sectors by coordinate and field redefinitions. For example, in a hypothetical world containing only photons and electrons, nine components of (k_F )_{κλμν} could be moved into the nine symmetric components of c_{μν} . By definition, either the photon or the electron sector could be taken as conventional with respect to these parameters, with the Lorentz violation in the other sector. The presence of other particles, of course, changes this picture. We can still assume that one of the sectors is conventional, but then in general the other sectors are Lorentz-violating. Loosely speaking, in experiments where one compares the sectors against each other, only differential effects are meaningful.

References

[1] T. Quinn. Base units of the Systéme International d’unités, their accuracy, dissemination and international traceability. Metrologia, 31:515, 1995.

[2] G. Amelino-Camelia. Are we at the dawn of quantum-gravity phenomenology? In J. Kowalski- Glikman, editor, Towards Quantum Gravity, Lecture Notes in Physics 541, page 1. Springer– Verlag, Berlin, 2000.

[3] S. Sarkar. Possible astrophysical probes of quantum gravity. gr-qc/0204092.

[4] T. Jacobson, S. Liberati, and D. Mattingly. Astrophysical bounds on Planck suppressed Lorentz violation. hep-ph/0407370.

[5] G. Amelino-Camelia. Planck-scale Lorentz-symmetry test theories. astro-ph/0410076.

[6] I. Antoniadis. Physics with large extra dimensions and non–Newtonian gravity at sub–mm distances. In D. Giulini, C. Kiefer, and D. Lämmerzahl, editors, Quantum Gravity – From Theory to Experimental Search, page 337. Springer–Verlag, Berlin, 2003.

[7] T. Damour, F. Piazza, and G. Veneziano. Runaway dilaton and equivalence principle violations. Phys. Rev. Lett., 89:081601, 2002.

[8] T. Damour, F. Piazza, and G. Veneziano. Violations of the equivalence principle in a dilaton– runaway scenario. Phys. Rev., D 66:046007, 2002.

[9] V.A. Kostelecký. Signals for CP T and Lorentz violation in neutral–meson oscillations. Phys.

Rev., D 61:016002, 1999.

[10] N.E. Mavromatos. Neutrinos and the phenomenology of CP T violation. hep-ph/0402005.

[11] G. Amelino-Camelia. Gravity-wave interferometers as probes of a low-energy effective quantum gravity. Phys. Rev., D 62:0240151, 2000.

[12] S. Schiller, C. Lämmerzahl, H. Müller, C. Braxmaier, S. Herrmann, and A. Peters. Experimental limits for low-frequency space-time fluctuations from ultrastable optical resonators. Phys. Rev., D 69:027504, 2004.

[13] G. Amelino-Camelia and C. Lämmerzahl. Quantum-gravity-motivated Lorentz-symmetry tests with laser interferometers. Class. Quantum Grav., 21:899, 2004.

[14] M.J. Duff. A layman’s guide to M-theory. hep-th/9805177.

[15] C. Kiefer. Quantum Gravity. Oxford University Press, Oxford, 2004.

[16] R. Gambini and J. Pullin. Nonstandard optics from quantum space–time. Phys. Rev., D 59:124021, 1999.

[17] J. Alfaro, H.A. Morales-Tecotl, and L.F. Urrutia. Quantum gravity corrections to neutrino propagation. Phys. Rev. Lett., 84:2318, 2000.

[18] J. Alfaro, H.A. Morales-Tecotl, and L.F. Urrutia. Loop quantum gravity and light propagation.

Phys. Rev., D 65:103509, 2002.

[19] J. Alfaro, H.A. Morales-Tecotl, and L.F. Urrutia. Quantum gravity and spin-1/2 particle effective dynamics. Phys. Rev., D 66:124006, 2002.

[20] C.N. Kozameh and M.F. Parisi. Lorentz invariance and the semiclassical approximation of loop quantum gravity. Class. Quantum Grav., 21:4063, 2004.

[21] D. Colladay and V.A. Kostelecky. CP T violation and the standard model. Phys. Rev., D 55:6760, 1997.

[22] J. Ellis, N.E. Mavromatos, and D.V. Nanopoulos. Quantum–gravitational diffusion and stochastic fluctuations in the velocity of light. Gen. Rel. Grav., 32:127, 2000.

[23] J. Ellis, N.E. Mavromatos, D.V. Nanopoulos, and G. Volkov. Gravitational–recoil effects on fermion propagation in space-time foam. Gen. Rel. Grav., 32:1777, 2000.

[24] S. Coleman and S.L. Glashow. Cosmic ray and neutrino test of special relativity. Phys. Lett., B 405:249, 1997.

[25] D. Colladay and V.A. Kostelecky. Lorentz–violating extension of the standard model. Phys.

Rev., D 58:116002, 1998.

[26] W.-T. Ni. Equivalence principles and electromagnetism. Phys. Rev. Lett., 38:301, 1977.

[27] M.P. Haugan and T.F. Kauffmann. A new test of the Einstein equivalence principle and the isotropy of space. Phys. Rev., D 52:3168, 1995.

[28] G. Amelino-Camelia, J. Ellis, N.E. Mavromatos, D.V. Nanopoulos, and S. Sarkar. Tests of quantum gravity from observations of gamma–ray bursts. Nature, 393:763, 1998.

[29] R.C. Myers and M. Pospelov. Ultraviolet modifications of dispersion relations in effective field theory. Phys. Rev. Lett., 90:211601, 2003.

[30] C. Lämmerzahl. Quantum tests of foundations of general relativity. Class. Quantum Grav., 14:13, 1998.

[31] C. Lämmerzahl, A. Macias, and H. Müller. Lorentz invariance violation and charge (non– )conservation: A general theoretical frame for extensions of the Maxwell equations. Phys. Rev., D:to appear, 2005.

[32] C. Lämmerzahl. The geometry of matter fields. In deSabbata V. and Audretsch J., editors, Quantum Mechanics in Curved Space–Time, NATO ASI series, series B: Physics, volume 230, page 23. Plenum Press, New York, 1990.

[33] J. Audretsch and C. Lämmerzahl. A new constructive axiomatic scheme for the geometry of space-time. In Majer U. and Schmidt H.-J., editors, Semantical Aspects of Space-Time Geometry, page 21. BI Verlag, Mannheim, 1993.

[34] J. Audretsch, F.W. Hehl, and C. Lämmerzahl. Matter wave interferometry and why quantum objects are fundamental for establishing a gravitational theory. In J. Ehlers and G. Schäfer, editors, Relativistic Gravity Research. With Emphasis on Experiments and Observations, volume Lecture Notes in Physics 410, page 368. Springer–Verlag, Berlin, 1992.

[35] H.P. Robertson. Postulate versus observation in the Special Theory of Relativity. Rev. Mod.

Phys., 21:378, 1949.

[36] R. Mansouri and R.U. Sexl. A test theory of special relativity: I. Simultaneity and clock synchronisation. Gen. Rel. Grav., 8:497, 1977.

[37] G. Cocconi and E.E. Salpeter. A search for anisotropy of inertia. Nuovo Cim., X:646, 1958.

[38] V.W. Hughes, H.G. Robinson, and V. Beltran-Lopez. Upper limit for the anisotropy of inertial mass from nuclear resonance experiments. Phys. Rev. Lett., 4:342, 1960.

[39] R.W.P. Drever. A search for the anisotropy of inertial mass using a free precession technique.

Phil. Mag., 6:683, 1961.

[40] D.-E. Liebscher. The geometry of the Dirac equation. Ann. Physik (Leipzig), 42:35, 1985.

[41] U. Bleyer and D.-E. Liebscher. Mach’s principle and causal structure. In Barbour J. and Pfister H., editors, Mach’s Principle, From Newton’s Bucket to Quantum Gravity, page 293. Birkhäuser, Boston, 1995.

[42] V.A. Kostelecky and C.D. Lane. Constraints on Lorentz violation from clock–comparison experiments. Phys. Rev., D 60:116010, 1999.

[43] W.-T. Ni. A nonmetric theory of gravity. preprint, http://gravity5.phys.nthu.edu.tw:Montana State University, Bozeman, Montana, USA, 1973.

[44] A. Kostelecky and M. Mewes. Signals for Lorentz violation in electrodynamics. Phys. Rev., D 66:056005, 2002.

[45] C. Lämmerzahl. Quantum tests of space–time structures. In P. Bergmann, V. deSabbata, G. Gillies, and P. Pronin, editors, Proceedings of the International School of Cosmology and Gravitation, Course XV, page 221. World Scientific, Singapore, 1998.

[46] M. Gasperini. Testing the principle of equivalence with neutrino oscillations. Phys. Rev., D 38:2635, 1988.

[47] G.Z. Adunas, E. Rodriguez-Milla, and D.V. Ahluwalia. Probing quiantum violations of the equivalence principle. Gen. Rel. Grav., 33:183, 2001.

[48] T. Damour. Equivalence principle and clocks. In J. Trân Tanh Vân, J. Dumarchez, J. Reynaud, C. Salomon, S. Thorsett, and J.Y. Vinet, editors, Gravitational Waves and Experimental Gravity, page 357. World Publishers, Hanoi, 2000.

[49] G. Dvali and M. Zaldarragia. Changing α with time: Implications for fifth–force–type experiments and quintessence. Phys. Rev. Lett., 88:091303, 2002.

[50] K. Nordtvedt. Space–time variation of physical constants and the equivalence principle. grqc/0212044.

[51] A. Bauch and S. Weyers. New experimental limit on the validity of local position invariance.

Phys. Rev., D 65:081101(R), 2002.

[52] B.E. Schaefer. Severe limits on variations of the speed of light with frequency. Phys. Rev.

Lett., 82:4964, 1999.

[53] C. Percival. Quantum space-time fluctuations and primary state diffusion. preprint, quantph/9508021, 1995.

[54] I.P. Percival and W.T. Strunz. Detection of space-time fluctuations by a model matter interferometer. Proc. Roy. Soc. London, A 453:431, 1996.

[55] J. Ellis, S. Hagelin, D.V. Nanopoulos, and M. Srednicki. Search for violations of quantum mechanics. Nucl. Phys., B 241:381, 1984.

[56] H. Yu and L.H. Ford. Light-cone fluctuations in flat spacetimes with nontrivial topology. Phys.

Rev., D 60:084023, 1999.

[57] J. Ellis, J.L. Lopes, N.E. Mavromatos, and D.V. Nanopoulos. Precision test of CP T –symmetry and quantum mechanics in the neutral kaon system. Phys. Rev., D 53:3846, 1996.

[58] O.W. Greenberg. CP T violation implies violation of Lorentz invariance. Phys. Rev. Lett., 89:231602, 2002.

[59] V.A. Kostelecky and S. Samuel. Spontaneous breaking of Lorentz symmetry in string theory.

Phys. Rev., D 39:1611, 1989.

[60] T. Damour and A.M. Polyakov. The string dilaton and a least action principle. Nucl. Physics, B 423:532, 1994.

[61] T. Damour and A.M. Polyakov. String theory and gravity. Gen. Rel. Grav., 12:1171, 1996. [62] C. Wetterich. Crossover quintessence and cosmological history of fundamental constants. Phys.

Lett., B 561:10, 2003.

[63] J. Ellis, N.E. Mavromatos, D.V. Nanopoulos, and A.S. Sakharov. Space-time foam may violate the principle of equivalence. Int. J. Mod. Phys., A 19:4413, 2004.

[64] T. Damour. Gravity, equivalence principle and clocks. to appear in the Proceedings of the Workshop on the Scientific Applications of Clocks in Space (JPL, Pasadena, November 7-8, 1996).

[65] C. Wetterich. Cosmologies with variable Newton’s ”constant”. Nucl. Phys., B 302:645, 1988. [66] J. Ellis, N.E. Mavromatos, and D.V. Nanopoulos. String theory modifies quantum mechanics.

Phys. Lett., B 293:37, 1992.

[67] E. Gravanis and N.E. Mavromatos. Putting Liouville string models of (quantum) gravity to test. hep-th/0108008.

[68] J. Alfaro, M. Reyes, H.A. Morales-Tecotl, and L.F. Urrutia. On alternative approaches to Lorentz violation in loop quantum gravity inspired models. Phys.Rev., D 70:084002, 2004.

[69] G. Amelino-Camelia, L. Smolin, and A. Starodubtsev. Quantum symmetry, the cosmological constant and Planck scale. Class. Quantum Grav., 21:3095, 2004.

[70] R. Gambini, R. Porto, and J. Pullin. Loss of coherence from discrete quantum gravity. grqc/0305098.

[71] N.R. Douglas and N.A. Nekrasov. Noncommutative field theory. Rev. Mod. Phys., 70:977, 2001.

[72] S. Doplicher, K. Fredenhagen, and J.E. Roberts. Space–time quantization induced by classical gravity. Phys. Lett., B 331:39, 1994.

[73] A. Matusis, L. Susskind, and N. Toumbas. The IR/UV connection in the non-commutative gauge theories. JHEP, 0012:002, 2000.

[74] G. Amelino-Camelia, L. Doplicher, S. Nam, and Y.-S. Y.-S. Seo. Phenomenology of particle production and propagation in string motivated canonical noncommutative space–time. Phys. Rev., D 67:085008, 2003.

[75] J. Madore, S. Schraml, P. Schupp, and J. Wess. Gauge theory on noncommutative spaces.

Eur. Phys. J., C 16:161, 2000.

[76] S. Majid and H. Ruegg. Bicrossproduct structure of kappa Poincaré group and noncommutative geometry. Phys. Lett., B 334:348, 1994.

[77] J. Lukierski, H. Ruegg, and W.J. Zakrzewski. Classical and quantum-mechanics of free κ– relativistic systems. Ann. Phys., 243:90, 1995.

[78] G. Amelino-Camelia and M. Arzano. Coproduct and star product in field theories on Lie algebra noncommutative space–times. Phys. Rev., D 65:084044, 2002.

[79] A. Agostini, G. Amelino-Camelia, and F. D’Andrea. Hopf algebra description on noncommutative space–time symmetries. hep-th/0306013.

[80] J. Kowalski-Glikman and S. Nowak. Non-commutative space-time of doubly special relativity theories. hep-th/0204245.

[81] S.M. Carroll, J.A. Harvey, V.A. Kostelecký, C.D. Lane, and T. Okamoto. Noncommutative field theory and Lorentz violation. Phys. Rev. Lett., 87:141601, 2001.

[82] C.E. Carlson, C.D. Carone, and R.F. Lebed. Coproduct supersymmetric noncommutative QED and Lorentz violation. Phys. Lett., B 549:337, 2002.

[83] T. Padmanabhan. Limitations on the operational definition of space–time events and quantum gravity. Class. Quantum Grav., 4:L107, 1987.

[84] D.V. Ahluwalia. Quantum measurement, gravitation, and locality. Phys. Lett., B 339:301, 1994.

[85] Y.J. Ng and H. Van Dam. Limit to space-time measurement. Mod. Phys. Lett., A 9:335, 1994. [86] G. Amelino-Camelia. Limits on the measurability of space-time distances in the semi-classical approximation of quantum gravity. Mod. Phys. Lett., A 9:3415, 1994.

[87] G. Amelino-Camelia. On local observations in quantum gravity. Mod. Phys. Lett., A 11:1411, 1996.

[88] L.J. Garay. Quantum gravity and minimum length. Int. J. Mod. Phys., A 10:145, 1995.

[89] W.-T. Ni. . Bull. Am. Phys. Soc., 19:655, 1974.

[90] C. Lämmerzahl and F.W. Hehl. Riemannian light cone from vanishing birefringence in premetric vacuum electrodynamics. Phys. Rev., D 70:105022, 2004.

[91] H. Müller, S. Herrmann, C. Braxmaier, S. Schiller, and A. Peters. Modern Michelson–Morley experiment using cryogenic optical resonators. Phys. Rev. Lett., 91:020401, 2003.

[92] S.M. Caroll, G.B. Field, and R. Jackiw. Limits on a Lorentz– and parity–violating modifications of electrodynamics. Phys. Rev., D 41:1231, 1990.

[93] C. Lämmerzahl and Ch.J. Bordé. Testing the Dirac equation. In C. Lämmerzahl, C.W.F.

Everitt, and F.W. Hehl, editors, Gyros, Clocks, and Interferometers: Testing Relativistic Gravity in Space, page 464. Springer–Verlag, Berlin, 2001.

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

[95] C. Lämmerzahl. Constraints on space–time torsion from Hughes–Drever experiments. Phys.

Lett., A 228:223, 1997.

[96] A. Camacho and A. Macas. New experimental proposals for testing Dirac equation. Phys.

Lett., B 582:229, 2004.

[97] J. Ehlers, F.A.E. Pirani, and A. Schild. The geometry of free fall and light propagation.

In L. O’Raifeartaigh, editor, General Relativity, Papers in Honour of J.L. Synge, page 63. Clarendon Press, Oxford, 1972.

[98] V. Perlick. Characterisation of standard clocks by means of light rays and freely falling particles. Gen. Rel. Grav., 19:1059, 1987.

[99] B. Bertotti, L. Iess, and P. Tortora. A test of general relativity using radio links with the Cassini spacecraft. Nature, 425:374, 2003.

[100] T.A. Jacobson, S. Liberati, D. Mattingly, and F.W. Stecker. New limits on planck scale Lorentz violation in QED. astro-ph/0309681.

[101] G. Amelino-Camelia. Improved limit on quantum space–time modifications of Lorentz symmetry from observations of gamma–ray blazars. gr-qc/0212002.

[102] G. Amelino-Camelia. Gravity-wave interferometers as quantum gravity detectors. Nature, 398:216, 1999.

[103] Y.J. Ng and H. van Dam. Measuring the foaminess of space–time with gravity wave interferometers. Found. Phys., 30:795, 2000.

[104] G. Amelino-Camelia. A phenomenological description of quantum, gravity induced space–time noise. Nature, 410:1065, 2001.

[105] S. Baeßler, B.R. Heckel, E.G. Adelberger, J.H. Gundlach, U. Schmidt, and H.E. Swanson. Improved tes of the equivalence principle for gravitational self–energy. Phys. Rev. Lett., 83:3585, 1999.

[106] K. Kuroda and N. Mio. Test of composition–dependent force by a free–fall interferometer.

Phys. Rev. Lett., 62:1941, 1989.

[107] K. Kuroda and N. Mio. Limits on a possible composition–dependent force by a Galilean experiment. Phys. Rev., 42:3903, 1990.

[108] T.M. Niebauer, M.P. McHugh, and J.E. Faller. Galileian test for the fifth force. Phys. Rev.

Lett., 59:609, 1987.

[109] P. Touboul. MICROSCOPE, testing the equivalence principle in space. Comptes Rendus de l’Aced. Sci. Série IV: Physique Astrophysique, 2:1271, 2001.

[110] N. Lockerbie, J.C. Mester, R. Torii, S. Vitale, and P.W. Worden. STEP: A status report. In C. Lämmerzahl, C.W.F. Everitt, and F.W. Hehl, editors, Gyros, Clocks, and Interferometers: Testing Relativistic Gravity in Space, page 213. Springer–Verlag, Berlin, 2001.

[111] J.P. Turneaure and S.R. Stein. . In J.D. Fairbank, B.S. Deaver, C.W.F. Everitt, and P.F.

Michelson, editors, Near Zero, page 414. Freeman, New York, 1988.

[112] C. Braxmaier, H. Müller, O. Pradl, J. Mlynek, A. Peters, and S. Schiller. Test of relativity using a cryogenic optical resolator. Phys. Rev. Lett., 88:010401, 2002.

[113] T. Kinoshita. The fine structure constant. Rep. Prog. Phys., 59:1459-1492, 1996. [114] Thomas B. Bahder. Relativity of GPS measurement. Phys. Rev., D 68:063005, 2003. [115] H. Meinke and F.W. Gundlach. Hochfrequenztechnik, volume 1-3. Springer-Verlag, Berlin, Heidelberg, New York, 4 edition, 1986.

[116] Patrick G. O’Shea and Henry P. Freund. Free-electron lasers: Status and applications. Science, 292:1853, 2001.

[117] C. Lämmerzahl and M.P. Haugan. On the interpretation of Michelson–Morley experiments.

Phys. Lett., A 282:223, 2001.

[118] H. Müller, S. Herrmann, A. Saenz, A. Peters, and C. Lämmerzahl. Optical cavity tests of Lorentz invariance for the electron. Phys. Rev., D 68:116006, 2003.

[119] H. Müller, C. Braxmaier, S. Herrmann, A. Peters, and C. Lämmerzahl. Electromagnetic cavities and Lorentz invariance violation. Phys. Rev., D 67:056006, 2003.

[120] H. Müller and C. Lämmerzahl. Macroscopic matter in Lorentz tests. In V.A. Kostelecky, editor, Proceedings of 3rd Conference on CP T , page . World Scientific, Singapore, 2004.

[121] H. Müller, S. Herrmann, A. Saenz, A. Peters, and C. Lämmerzahl. Test of Lorentz invariance using hydrogen molecules. Phys. Rev., D 70:076004, 2004.

[122] H. Müller. Tests of Lorentz invariance by use of vacuum and matter filled cavity resonators.

hep-ph/0412385.

[123] A.A. Michelson. The relative motion of the Earth and the luminiferous aether. Am. J. Sci., 22:120–129, 1881.

[124] A.A. Michelson and E.W. Morley. On the relative motion of the Earth and the luminiferous ether. Am. J. Sci., 34:333, 1887.

[125] R.J. Kennedy. A refinement of the Michelson–Moreley experiment. Proc. Nat. Acad. Sci., 12:621, 1926.

[126] R.J. Kennedy and E.M. Thorndike. Experimental establishment of the relativity of time.

Phys. Rev., 42:400, 1932.

[127] A. Brillet and J.L. Hall. Improved laser test of the isotropy of space. Phys. Rev. Lett., 42:549, 1979.

[128] D. Hils and J.L. Hall. Improved Kennedy–Thorndike experiment to test special relativity.

Phys. Rev. Lett., 64:1697, 1990.

[129] J.A. Lipa, J.A. Nissen, S. Whang, D.A. Stricker, and D. Avaloff. New limit on signals of Lorentz violation in electrodynamics. Phys. Rev. Lett., 90:060403, 2003.

[130] P. Wolf, S. Bize, A. Clairon, G. Santarelli, M.E. Tobar, and A.N. Luiten. Improved test of Lorentz invariance in electrodynamics. Phys. Rev., D 70:051902, 2004.

[131] H. Müller, S. Herrmann, A. Braxmaier, S. Schiller, and A. Peters. Precision tests of the isotropy of light propagation. Appl. Phys., B 77:719, 2003.

[132] S. Saathoff, S. Karpuk, U. Eisenbarth, G. Huber, S. Krohn, R. Muñoz-Horta, S. Reinhardt, D. Schwalm, A. Wolf, and G. Gwinner. Improved test of time dilation in special relativity. Phys. Rev. Lett., 91:190403, 2003.

[133] D.C. Champeney, G.R. Isaak, and A.M. Khan. A time dilation experiment based on the Mössbauer effect. Proc. Phys. Soc., 85:583, 1965.

[134] V.A. Kostelecký (ed.). Proceedings to the 3rd meeting on CP T and Lorentz invariance, Univ.

of Indiana, Bloomington 2004. to appear.

[135] D. Bear, R.E. Stoner, R.L. Walsworth, V.A. Kostelecky, and C.D. Lane. Limit on Lorentz and CP T violation of the neutron using a two–species Noble–gas maser. Phys. Rev. Lett., 85:5038, 2000.

[136] D. Bear, R.E. Stoner, R.L. Walsworth, V.A. Kostelecký, and C.D. Lane. Erratum: Limit on Lorentz and CP T violation of the neutron using a two-species noble-gas maser. Phys. Rev. Lett., 89:209902(E), 2002.

[137] R. Bluhm, V.A. Kostelecký, C.D. Lane, and N. Russell. Clock comparison tests of Lorentz and CP T symmetry in space. Phys. Rev. Lett., 88:090801, 2002.

[138] R. Bluhm, V.A. Kostelecky, C.D. Lane, and N. Russell. Probing Lorentz and CP T violation with space-based experiments. Phys. Rev., D 68:125008, 2003.

[139] J.D. Prestage, J.J. Bollinger, W.M. Itano, and D.J. Wineland. Limits for spatial anisotropy by use of nuclear–spin–polarized^9Be^+ ions. Phys. Rev. Lett., 54:2387, 1985.

[140] S.K. Lamoreaux, J.P. Jacobs, B.R. Heckel, F.J. Raab, and E.N. Fortson. New limits on spatial anisotropy from optically pumped^{201}Hg and^{199}Hg. Phys. Rev. Lett., 57:3125, 1986.

[141] T.E. Chupp, R.J. Hoara, R.A. Loveman, E.R. Oteiza, J.M. Richardson, and M.E. Wagshul.

Results of a new test of local Lorentz invariance: A search for mass anisotropy in^{21}Ne. Phys. Rev. Lett., 63:1541, 1989.

[142] C.J. Berglund, L.R. Hunter, D. Krause, E.O. Prigge, and M.S. Ronfeldt. New limits on local Lorentz invariance from hg and cs magnetometers. Phys. Rev. Lett., 75:1879, 1995.

[143] T. Kornack and M. Romalis. Operation of the K-^3He Co-magnetometer. In V.A. Kostelecký, editor, Proceedings of the 3rd conference on CP T and Lorentz invariance, page . World Scientific, Singapore, 2005.

[144] R. Bluhm and V.A. Kostelecky. Lorentz and CP T tests with spin–polarized solids. Phys. Rev.

Lett., 84:1381, 2000.

[145] E.G. Adelberger et al. . In P. Herszeg et al, editor, Physics beyond the Standard Model, page .

World Scientific, Singapore, 1999.

[146] L.-S. Hou, W.-T. Ni, and Y.-C. Li. Test of cosmic spatial isotropy for polarized electrons using rotatable torsion balance. Phys. Rev. Lett., 90:201101, 2003.

[147] R. Bluhm, V.A. Kostelecky, and N. Russell. CP T and Lorentz tests in Hydrogen and Antihydrogen. Phys. Rev. Lett., 82:2254, 1999.

[148] D.F. Phillips, M.A. Humphrey, E.M. Mattison, R.E. Stoner, R.F.C. Vessot, and R.L.

Walsworth. Limit on Lorentz and CP T violation of the proton using a hydrogen maser. Phys. Rev. D, 63:111101, 2001.

[149] Alan Kostelecký and Ralf Lehnert. Stability, causality, and Lorentz and CP T violation. Phys.

Rev. D, 63:065008, 2001.

[150] A. Kostelecky and M. Mewes. Cosmological constraints on Lorentz violation in electrodynamics. Phys. Rev. Lett., 87:251304, 2001.

[151] T. Jacobson, S. Liberati, and D. Mattingly. A strong astrophysical constraint on the violation of Special Relativity by quantum gravity. Nature, 424:1019–1021, 2003.

[152] O. Gagnon and G.D. Moore. Limits on Lorentz violation from the highest energy cosmic rays.

Phys. Rev. D, 70:065002, 2004.

[153] G. Amelino-Camelia. Quantum-gravity phenomenology: status and prospects. Mod. Phys.

Lett., A 17:899, 2002.

[154] J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos, and A.S. Sakharov. Quantum–gravity analysis of gamma–ray bursts using wavelets. Astr. Astrophys., 402:409, 2003.

[155] J.P. Norris, J.T. Bonnell, G.F. Marani, and J.D. Scargle. Glast, grbs and quantum gravity.

astro-ph/9912136.

[156] A. de Angelis. Glast, the Gamma–ray Large Area Space Telescope. astro-ph/0009271.

[157] G. Amelino-Camelia. Improved limit on quantum-spacetime modifications of Lorentz symmetry from observations of gamma-ray blazars. gr-qc/0212002.

[158] R.J. Gleiser and C.N. Kozameh. Astrophysical limits on quantum gravity motivated birefringence. Phys. Rev., D 64:083007, 2001.

[159] T. Kifune. Invariance violation extends the cosmic ray horizon? Astrophys. J. Lett., 518:L21, 1999.

[160] R. Aloisio, P. Blasi, P.L. Ghia, and A.F. Grillo. Probing the structure of space-time with cosmic rays. Phys. Rev., D 62:053010, 2000.

[161] G. Amelino-Camelia and T. Piran. Planck scale deformation of Lorentz symmetry as a solution to the ultraheigh energy cosmic ray and the TeV–photon paradoxes. Phys. Rev., 64:036005, 2001.

[162] R. Lieu and L.W. Hillman. Giovanni: Please provide title. Astrophys. J., 585:L77, 2003.

[163] Y.J. Ng, H. van Dam, and W.A. Christiansen. Giovanni: Please provide title. Astrophys. J., 591:L87, 2003.

[164] D.H. Coule. Planck scale still safe from stellar images. Class. Quantum Grav., 20:3107, 2003.

[165] C. Lämmerzahl, C. Ciufolini, H. Dittus, L. Iorio, H. Müller, A. Peters, E. Samain, S. Scheithauer, and S. Schiller. An Einstein mission for improved tests of special and general relativity. Gen. Rel. Grav., 36:2373, 2004.

[166] S. Buchman, M. Dong, S. Wang, J.A. Lipa, and J.P. Turneaure. A space–based superconducting microwave oscillator clock. Adv. Space Res., 25:1251, 2000.

[167] Q.G. Bailey and V.A. Kostelecký. Lorentz–violating electrostatics and magnetostatics. Phys.

Rev., D 70:076006, 2004.