arXiv:hep-ph/0612193v1 15 Dec 2006

Probing Models of Quantum Decoherence in Particle Physics and Cosmology

Nikolaos E. Mavromatos and Sarben Sarkar

King’s College London, Department of Physics, Theoretical Physics, Strand London WC2R 2LS, U.K.

E-mail: Nikolaos.Mavromatos@kcl.ac.uk, Sarben.Sarkar@kcl.ac.uk

Abstract. In this review we first discuss the string theoretical motivations for induced decoherence and deviations from ordinary quantum-mechanical behaviour; this leads to intrinsic CPT violation in the context of an extended class of quantum-gravity models. We then proceed to a description of precision tests of CPT symmetry and quantum mechanics using mainly neutral kaons and neutrinos. We also emphasize the possibly unique rôle of neutral meson factories in providing specific tests of models where the quantum-mechanical CPT operator is not well-defined, leading to modifications of Einstein-Podolsky-Rosen particle correlators. Finally, we discuss experimental probes of decoherence in a cosmological context, including studies of dissipative relaxation models of dark energy in the context of non-critical (non-equilibrium) string theory and the associated modifications of the Boltzmann equation for the evolution of species abundances.

1. Introduction: Decoherence, Quantum Gravity and CPT Violation A complete theory of quantum gravity (QG) will necessarily address fundamental issues, directly related to the emergence of space-time and its structure at energies beyond the Planck energy scale M_P ∼ 10^{19} GeV. From our experience with low-energy local quantum field theories on flat space-times, we are tempted to expect that a theory of QG should respect most of the fundamental symmetries that govern the standard model of electroweak and strong interactions, specifically Lorentz symmetry and CPT invariance, i.e. invariance under the combined action of Charge Conjugation (C), Parity (P) and Time Reversal Symmetry (T).

CPT invariance is guaranteed in flat space-times by a theorem applicable to any local relativistic quantum field theory of the type used to describe currently the standard phenomenology of particle physics. More precisely the CPT theorem states [1]: Any quantum theory formulated on flat space-times is symmetric under the combined action of CPT transformations, provided the theory respects (i) Locality, (ii) Unitarity (i.e. conservation of probability) and (iii) Lorentz invariance.

The validity of any such theorem in the QG regime is an open and challenging issue since it is linked with our understanding of the nature of space-time at (microscopic) Planckian distances 10^{−35} m. However there are reasons to believe that the CPT theorem may not be valid (at least in its strong form) in highly curved space-times with event horizons, such as those in the vicinity of black holes, or more generally in some QG models involving quantum space-time foam backgrounds [2]. The latter are characterized by singular quantum fluctuations of space-time geometry, such as microscopic black holes, etc., with event horizons of microscopic Planckian size. Such backgrounds result in apparent violations of unitarity in the following sense: there is some part of the initial information (quantum numbers of incoming matter) which “disappears” inside the microscopic event horizons, so that an observer at asymptotic infinity will have to trace over such “trapped” degrees of freedom. One faces therefore a situation where an initially pure state evolves in time and becomes mixed. The asymptotic states are described by density matrices, defined as ρ_{out} = Tr_M |ψ >< ψ| , (1)

where the trace is over trapped (unobserved) quantum states that disappeared inside the microscopic event horizons in the foam. Such a non-unitary evolution makes it impossible to define a standard quantum-mechanical scattering matrix. In ordinary local quantum field theory, the latter connects asymptotic state vectors in a scattering process |out >= S |in >, S = e^{iH(tf −ti)} , (2) where t_f − t_i is the duration of the scattering (assumed to be much longer than other time scales in the problem, i.e. lim t_i → −∞, t_f → +∞). Instead, in foamy situations, one can only define an operator that connects asymptotic density matrices [3]:

ρ_{out} ≡ Tr_M |out >< out| = $ ρ_{in}, $ ≠ S S^†. (3)

The lack of factorization is attributed to the apparent loss of unitarity of the effective low-energy theory, defined as the part of the theory accessible to low-energy observers performing scattering experiments. In such situations particle phenomenology has to be reformulated [4, 5] by viewing our low-energy world as an open quantum system and using (3). Correspondingly, the usual Hamiltonian evolution of the wave function is replaced by the Liouville equation for the density matrix [4] ∂_tρ = i[ρ, H] + δH/ ρ , (4) where δH/ ρ is a correction of the form normally found in open quantum-mechanical systems [6], although more general forms are to be expected in QG [7]. This is what we denote by QGinduced decoherence, since the interaction with the quantum-gravitational environment results in quantum decoherence of the matter system, as is the case of open quantum mechanical systems in general [8, 9].

The $ matrix is not invertible, and this reflects the effective unitarity loss. Since one of the requirements of CPT theorem ( viz. unitarity) is violated there is no CPT invariance (in theories which have CPT invariance in the absence of trapped states). This semi-classical analysis leads to more than a mere violation of the symmetry. The CPT operator itself is not well-defined, at least from an effective field theory point of view. This is a strong form of CPT violation (CPTV) [10] and can be summarised by: In an open (effective) quantum theory, interacting with an environment, e.g., quantum gravitational, where $ ≠ SS^†, CPT invariance is violated, at least in its strong form. This form of violation introduces a fundamental arrow of time/microscopic time irreversibility, unrelated in principle to CP properties. Such decoherence-induced CPT violation (CPTV) should occur in effective field theories, since the low-energy experimenters do not have access to all the degrees of freedom of QG (e.g., back-reaction effects, etc.). Some have conjectured that full CPT invariance could be restored in the (still elusive) complete theory of QG. In such a case, however, there may be [10] a weak form of CPT invariance, in the sense of the possible existence of decoherence-free subspaces in the space of states of a matter system. If this situation is realized, then the strong form of CPTV will not show up in any measurable quantity (that is, scattering amplitudes, probabilities etc.).

The weak form of CPT invariance may be stated as follows: Let ψ ∈ H_{in} , ϕ ∈ H_{out} denote pure states in the respective Hilbert spaces H of in and out states, assumed accessible to experiment. If θ denotes the (anti-unitary) CPT operator acting on pure state vectors, then weak CPT invariance implies the following equality between transition probabilities P(ψ → ϕ) = P(θ^{−1}ϕ → θψ) . (5) Experimentally, at least in principle, it is possible to test equations such as (5), in the sense that, if decoherence occurs, it induces (among other modifications) damping factors in the time profiles of the corresponding transition probabilities. The diverse experimental techniques for testing decoherence range from terrestrial laboratory experiments (in high-energy, atomic and nuclear physics) to astrophysical observations of light from distant extragalactic sources and high-energy cosmic neutrinos [5].

In the present article, we restrict ourselves to decoherence and CPT invariance tests within the neutral kaon system [4, 11, 12, 13, 14] and neutrinos [15, 16, 17, 18, 19, 20]. As we will argue later on, this type of (decoherence-induced) CPTV exhibits some fairly unique effects in ϕ factories [21], associated with a possible modification of the Einstein-Podolsky-Rosen (EPR) correlations of the entangled neutral kaon states produced after the decay of the ϕ-meson (similar effects could be present for B mesons produced in Υ decays).

We note for completeness two other possible mechanisms of CPTV in QG, which, however, shall not be discuss here, and which are independent from decoherence. The first is the spontaneous breaking of Lorentz symmetry (SBL) [22]; this type of CPTV does not necessarily imply (nor does it invoke) decoherence. In this case the ground state of the field theoretic system is characterized by non-trivial vacuum expectation values of certain tensorial quantities, ⟨A_μ⟩ ≠ 0 , or ⟨B_{μ1μ2...}⟩ ≠ 0, etc. This may occur in (non-supersymmetric ground states of) string theory and other models, such as loop QG [23]. The second mechanism for CPTV is associated with deviations from locality, e.g., as advocated in [24], in an attempt to explain observed neutrino ‘anomalies’, such as the LSND result [25], pointing towards suppressed flavour oscillations in the neutrino sector as compared to the antineutrino one. Violations of locality could also be tested with high precision, by studying discrete symmetries in meson systems.

The reader should bear in mind that the important difference between the CPTV in SBL models and the CPTV due to the space-time foam is that in the former case the CPT operator is well-defined, but does not commute with the effective Hamiltonian of the matter system. In such cases one may parametrize the Lorentz and/or CPT breaking terms by local field theory operators in the effective Lagrangian, leading to a construction known as the “standard model extension” (SME) [22], which is a framework for studying precision tests of such effects.

A note on the order of magnitude of such QG CPT-Violating effects is in order. If present, such effects are expected in general to be strongly suppressed, and thus difficult to detect experimentally, due to the weakness of gravity. Naively, QG has a dimensionful constant, G_N ∼ 1/M^2_P , where M_P = 10^{19} GeV is the Planck scale. Hence, CPT violating and decohering effects may be expected to be suppressed by E^3/M^2_P , where E is a typical energy scale of the low-energy probe. However, there could be cases where loop resummation and other effects in theoretical models result in much larger CPT-violating effects, of order^{E2}_{MP} . This happens, for instance, in some loop gravity approaches to QG [23], or some non-equilibrium stringy models of space-time foam involving open string excitations [26]. Such large effects may lie within the sensitivities of current or immediate future experimental facilities (terrestrial and astrophysical), provided that enhancements due to the near-degeneracy take place, as in the neutral-kaon case. Moreover, possibly enhanced effects of QG decoherence may be encountered in theories of space time with large extra dimensions, e.g. TeV scale gravity [27]. In such cases, (high-energy) neutrinos appear the most sensitive probe to put stringent limits in various models in the foreseeable future [28].

We next notice that, when interpreting experimental results in searches for CPT violation, one should pay particular attention to disentangling ordinary-matter-induced effects, that mimic

CPTV, from genuine effects due to QG [5]. The order of magnitude of matter induced effects, especially in neutrino experiments, is often comparable to that expected in some models of QG, and one has to exercise caution, by carefully examining the dependence of the alleged “effect” on the probe energy, or on the oscillation length (in neutrino oscillation experiments). In most models, but not always, since the QG-induced CPTV is expressed as a back-reaction effect of matter onto space-time, it increases with the probe energy E (and oscillation length L in the appropriate situations). In contrast, ordinary matter-induced “fake” CPT-violating effects decrease with E.

We emphasize that the phenomenology of CPTV is complicated, and there does not seem to be a single figure of merit for it. Depending on the precise way CPT might be violated in a given model or class of models of QG, there are different ways to test the violation [5]. In this review we describe only some selected classes of such sensitive probes of CPT symmetry and quantum-mechanical evolution (unitarity, decoherence): neutral mesons and neutrinos.

The structure of the paper is as follows: in the next section we discuss the basic ideas and the underlying formalism, relevant for the study of the phenomenology of QG-induced decoherence. In Section 3 we describe tests of decoherence-induced CPTV using first (single-state) neutral kaon systems, and then entangled neutral meson states. In this respect, we discuss the novel EPR-like modifications in meson factories that may arise if the CPT operator is not well-defined, as happens in some space-time foam models of QG. We argue in favour of the unique character of such tests in providing information on the stochastic nature of quantum space-time, and we give some order-of-magnitude estimates within some string-inspired models. As we show, such models can be falsified (or severely constrained) in the next-generation (i.e. upgraded) ϕ-meson factories, such as DAΦNE [29, 30]. The enhancement of the effect provided by the identical decay channels (π^+π^−, π^+π^−) is unique. In Section 4 we discuss precision tests of decoherence effects in neutrinooscillation experiments, which, with the exception of the above-mentioned EPR-correlation tests in meson factories, constitute the most sensitive particle-physics probes of QG-decoherence to date. In section 5 we present a discussion on the rôle of decoherence in cosmology. In particular, we discuss dissipative cosmological models, which may arise in, say, string cosmology, whenever a non-equilibrium situation -due to a cosmically catastrophic event- appears. In this context, we analyse the rôle of space-time boundaries (cosmic horizons) in possibly inducing decoherence of particle physics probes propagating in such space-time backgrounds. We examine dark-energy decoherent effects in flavour oscillations, within a specific non-critical string framework [26, 31]. We finish our discussion with a brief description of non-equilibrium environmental effects on the Boltzmann equation for the evolution of the densities of cosmic relics, which may play a rôle in dark matter searches. Conclusions and outlook at presented in section 6.

2. Ideas and Methods for Quantum-Gravity Decoherence 2.1. Non-critical string-framework for decoherence String theory is to date the most consistent theory of quantum gravity. In first-quantized string theory, de Sitter or other space-time backgrounds with cosmic horizons are not conformal on the world-sheet. The corresponding β-functions are non vanishing. Such non conformal backgrounds can be rendered conformal upon dressing the theory with the so-called Liouville mode [32]. The resulting σ-model world-sheet theory, then, contains an extra target-space coordinate. In cases where the deviation from conformality is supercritical, the Liouville mode has a time-like signature, and can be identified with the target time [26]. This formalism provides a mathematically consistent way of incorporating de Sitter and other backgrounds with cosmological horizons in string theory.

It can be shown, that the propagation of string matter in such non-conformal backgrounds is decoherent, the decoherence term being proportional to the world-sheet β-function. The following master equation for the evolution of stringy low-energy matter in a non-conformal σ-model can be derived[26] ∂_tρ = i [ρ, H] + : β^iG_{ij} [ g^j , ρ ] : (6)

where t denotes time (Liouville zero mode), the H is the effective low-energy matter Hamiltonian, g^i are the quantum background target space fields, β^i are the corresponding renormalization group β functions for scaling under Liouville dressings and G_{ij} is the Zamolodchikov metric [33, 34] in the moduli space of the string. To lowest order in the background field expansion the double colon symbol in (6) represents the operator ordering : AB := [A, B] . The index i labels the different background fields as well as space-time. Hence the summation over i, j in (6) corresponds to a discrete summation as well as a covariant integration ∫ d^{D+1}y √ −g where

y denotes a set of (D + 1)-dimensional target space-time co-ordinates and D is the space-time dimensionality of the original non-critical string.

Figure 1. Left: Recoil of closed string states with D-particles (space-time defects). Right: A supersymmetric brane world model of D-particle foam. In both cases the recoil of (massive) D-particle defect causes distortion of space-time, stochastic metric fluctuations are possible and the emergent post-recoil string state may differ by flavour and CP phases.

The discovery of new solitonic structures in superstring theory [35] has dramatically changed the understanding of target space structure. These new non-perturbative objects are known as D-branes and their inclusion leads to a scattering picture of space-time fluctuations. As we have discussed previously, in this context one may consider superstring models of space-time foam, containing a number of point-like solitonic structures (D-particles) [36]. Heuristically, when low energy matter given by a closed (or open) string propagating in a (D + 1)-dimensional spacetime collides with a very massive D-particle embedded in this space-time, the D-particle recoils as a result. Since there are no rigid bodies in general relativity the recoil fluctuations of the brane and their effectively stochastic back-reaction on space-time cannot be neglected. On the brane there are closed and open strings propagating. Each time these strings cross with a D-particle, there is a possibility of being attached to it, as indicated in Fig. 1. The entangled state causes a back reaction onto the space-time, which can be calculated perturbatively using logarithmic conformal field theory formalism [37] . Now for large Minkowski time t, the non-trivial changes from the flat metric produced from D-particle collisions are g_{0i} ≃ u_i ≡ u_i ε ∝ Δp_i M_P (7) where u_i is the velocity and Δp_i is the momentum transfer during a collision, ε^{−2} is identified with t and M_P is the Planck mass (actually, to be more precise M_P = M_s/g_s, where g_s < 1 is the (weak) string coupling, and M_s is a string mass scale); so g_{0i} is constant in space-time but depends on the energy content of the low energy particle and the Ricci tensor R_{MN} = 0 where M and N are target space-time indices. Since we are interested in fluctuations of the metric the indices i will correspond to the pair M, N. This master equation will serve as a framework for phenomenological applications.

2.2. Stochastically Fluctuating Geometries, Light Cone Fluctuations and Decoherence If the ground state of QG consists of “fuzzy” space-time, i.e., stochastically-fluctuating metrics, then a plethora of interesting phenomena may occur, including light-cone fluctuations [38, 26] (c.f. Fig. 2). Such effects will lead to stochastic fluctuations in, say, arrival times of photons with common energy, which can be detected with high precision in astrophysical experiments [39, 38]. In addition, they may give rise to decoherence of matter, in the sense of induced time-dependent damping factors in the evolution equations of the (reduced) density matrix of matter fields [26, 7].

Figure 2. In stochastic space-time models of QG the light cone may fluctuate, leading to decoherence and quantum fluctuations of the speed of light in “vacuo”.

Such “fuzzy” space-times are formally represented by metric deviations which are fluctuating randomly about, say, flat Minkowski space-time: g_{μν} = η_{μν} + h_{μν} , with ⟨· · ·⟩ denoting statistical quantum averaging, and ⟨g_{μν} ⟩ = η_{μν} but ⟨h_{μν} (x)h_{λσ} (x^′)⟩ ≠ 0, i.e., one has only quantum (light cone) fluctuations but not mean-field effects on dispersion relations of matter probes. In such a situation Lorentz symmetry is respected on the average, but not in individual measurements.

The path of light follows null geodesics 0 = ds^2 = g_{μν} dx^μdx^ν , with non-trivial fluctuations in geodesic deviations,^{D2nμ}_{Dτ 2} = −R^μ_{ανβ}u^αn^ν u^β ; in a standard general-relativistic notation, D/Dτ denotes the appropriate covariant derivative operation, R^μ_{ανβ} the (fluctuating) Riemann curvature tensor, and u^μ (n^μ) the tangential (normal) vector along the geodesic.

Such an effect causes primarily fluctuations in the arrival time of photons at the detector (|ϕ⟩=state of gravitons, |0⟩= vacuum state)

Δt^2_{obs} = |Δt^2_ϕ − Δt^2_0| = |⟨ϕ|σ^2_1 |ϕ⟩ − ⟨0|σ^2_1 |0⟩| r^2 ≡ |⟨σ^2_1 ⟩_R| r , where

⟨σ^2_1 ⟩_R = 1 8 (Δr)^2 ∫_{r1} r_0 dr ∫_{r1} r_0 dr^′ n^μn^ν n^ρn^σ ⟨ϕ|h_{μν} (x)h_{ρσ} (x^′) + h_{μν} (x^′)h_{ρσ} (x)|ϕ⟩ and the two-point function of graviton fluctuations can be evaluated using standard field theory techniques [38].

Apart from the stochastic metric fluctuations, however, the aforementioned effects could also induce decoherence of matter propagating in these types of backgrounds [7], a possibility of particular interest for the purposes of the present article. Through the theorem of Wald [10], this implies that the CPT operator is not well-defined, and hence one also has a breaking of CPT symmetry.

We now proceed to describe briefly the general formalism used for parametrizing such QGinduced decoherence, as far as the CPT-violating effects on matter are concerned.

2.3. Formalism for the Phenomenology of QG-induced Decoherence In this subsection we shall be very brief, giving the reader a flavor of the formalism underlying such decoherent systems. We shall discuss first a model-independent parametrization of decoherence, applicable not only to QG media, but covering a more general situation.

If the effects of the environment are such that the modified evolution equation of the (reduced) density matrix of matter ρ [9] is linear, one can write down a Lindblad evolution equation [6], provided that (i) there is (complete) positivity of ρ, so that negative probabilities do not arise at any stage of the evolution, (ii) the energy of the matter system is conserved on the average, and (iii) the entropy is increasing monotonically.

For N-level systems, the generic decohering Lindblad evolution for ρ reads ∂ρ_μ ∂t = ∑ ij h_iρ_jf_{ijμ} + ∑ ν L_{μν} ρ_ν , μ, ν = 0, . . . N^2 − 1, i, j = 1, . . . N^2 − 1 , (8)

where the h_i are Hamiltonian terms, expanded in an appropriate basis, and the decoherence matrix L has the form:

L_{0μ} = L_{μ0} = 0 , L_{ij} = 1 4 ∑ k,ℓ,m c_{lℓ} (−f_{iℓm}f_{kmj} + f_{kim}f_{ℓmj}) , (9) with c_{ij} a positive-definite matrix and f_{ijk} the structure constants of the appropriate SU(N) group. In this generic phenomenological description of decoherence, the elements L_{μν} are free parameters, to be determined by experiment. We shall come back to this point in the next subsection, where we discuss neutral kaon decays.

A rather characteristic feature of this equation is the appearance of exponential damping, e^{−(...)t}, in interference terms of the pertinent quantities (for instance, matrix elements ρ, or asymmetries in the case of the kaon system, see below). The exponents are proportional to (linear combinations) of the elements of the decoherence matrix [6, 4, 9].

A specific example of Lindblad evolution is the propagation of a probe in a medium with a stochastically fluctuating density [40]. The formalism can be adapted to the case of stochastic space-time foam [7, 20].

The stochasticity of the space-time foam medium is best described [20] by including in the time evolution of the neutrino density matrix a a time-reversal (CPT) breaking decoherence matrix of a double commutator form [40, 20], ∂_t⟨ρ⟩ = L[ρ] , L[ρ] = −i[H + H^′_I , ⟨ρ⟩] − Ω^2[H^′_I , [H^′_I , ⟨ρ⟩]] (10) where ⟨n(r)n(r^′)⟩ = Ω^2n^2_0δ(r − r^′) denote the stochastic (Gaussian) fluctuations of the density of the medium, and

H^′_I = ( (a_{νe} − a_{νμ} ) cos^2(θ) (a_{νe} − a_{νμ} )^{sin 2θ}_2 (a_{νe} − a_{νμ} )^{sin 2θ}_2 (a_{νe} − a_{νμ} ) sin^2(θ) ) (11) is the MSW-like interaction [41] in the mass eigenstate basis, where θ is the mixing angle. This double-commutator decoherence is a specific case of Lindblad evolution 8 which guarantees complete positivity of the time evolved density matrix. For gravitationally-induced MSW effects (due to, say, black-hole foam models as in [19, 7]), one may denote the difference, between neutrino flavours, of the effective interaction strengths, a_i, with the environment by:

Δa_{eμ} ≡ a_{νe} − a_{νμ} ∝ G_N n_0 (12)

with G_N = 1/M^2_P , M_P ∼ 10^{19} GeV, the four-dimensional Planck scale, and in the case of the gravitational MSW-like effect [19] n_0 represents the density of charge black hole/anti-black hole pairs. This gravitational coupling replaces the weak interaction Fermi coupling constant G_F in the conventional MSW effect [41].

For two generation neutrino models, the corresponding oscillation probability ν_e ↔ ν_μ obtained from (10), in the small parameter Ω^2 ≪ 1, which we assume here, as appropriate for the weakness of gravity fluctuations, reads to leading order: P_{νe →νμ} = 1 2 + e^{−Δa2eμΩ2 t(1+ Δ} 2 12 4Γ (cos(4θ)−1)) sin(t√Γ) sin2(2θ)Δa2

eμΩ^2Δ^2_{12} ( 3 sin^2(2θ)Δ^2_{12} 4Γ^{5/2} − 1 Γ^{3/2} )

−e^{−Δa2eμΩ2 t(1+ Δ} 2 12 4Γ (cos(4θ)−1)) cos(t√Γ) sin2(2θ) Δ 2 12 2Γ −e^{− Δa} 2 eμΩ 2tΔ2 12 sin

2(2θ)

Γ (Δa_{eμ} + cos(2θ)Δ_{12})^2 2Γ (13)

where Γ = (Δa_{eμ} cos(2θ) + Δ_{12})^2 + Δa^2_{eμ} sin^2(2θ) , Δ_{12} =^{Δm212}_{2p} .

From (13) we easily conclude that the exponents of the damping factors due to the stochasticmedium-induced decoherence, are of the generic form, for t = L, with L the oscillation length (in units of c = 1):

exponent ∼ −Δa^2_{eμ}Ω^2tf(θ) ; f(θ) = 1 +

Δ^2_{12} 4Γ (cos(4θ) − 1) , or

Δ^2_{12} sin^2(2θ) Γ (14)

that is proportional to the stochastic fluctuations of the density of the medium. The reader should note at this stage that, in the limit Δ_{12} → 0, which could characterise the situation in [19], where the space-time foam effects on the induced neutrino mass difference are the dominant ones, the damping factor is of the form exponent_{gravitational MSW} ∼ −Ω^2(Δa_{eμ})^2L , with the precise value of the mixing angle θ not affecting the leading order of the various exponents. However, in that case, as follows from (13), the overall oscillation probability is suppressed by factors proportional to Δ^2_{12}, and, hence, the stochastic gravitational MSW effect [19], although in principle capable of inducing mass differences for neutrinos, however does not suffice to produce the bulk of the oscillation probability, which is thus attributed to conventional flavour physics.

We note now that the Lindblad type evolution is not the most generic evolution for QG models. In cases of space-time foam corresponding to stochastically (random) fluctuating spacetimes, such as the situations causing light-cone fluctuations examined previously, there is a different kind of decoherent evolution, with damping that is quadratic in time, i.e., one has a e^{−(...)t2} suppression of interference terms in the relevant observables. We now come to discuss this case.

A specific model of stochastic space-time foam is based on a particular kind of gravitational foam [26, 36, 7], consisting of “real” (as opposed to “virtual”) space-time defects in higherdimensional space times, in accordance with the modern viewpoint of our world as a brane hyper-surface embedded in the bulk space-time [35]. This model is quite generic in some respects, and we will use it later to estimate the order of magnitude of novel CPT violating effects in entangled states of kaons.

A model of space-time foam [36] can be based on a number (determined by target-space supersymmetry) of parallel brane worlds with three large spatial dimensions. These brane worlds move in a bulk space-time, containing a “gas” of point-like bulk branes, termed “D-particles”, which are stringy space-time solitonic defects. One of these branes is the observable Universe. For an observer on the brane the crossing D-particles will appear as twinkling space-time defects, i.e. microscopic space-time fluctuations. This will give the four-dimensional brane world a “Dfoamy” structure. Following work on gravitational decoherence [26, 7], the target-space metric state, which is close to being flat, can be represented schematically as a density matrix

ρ_{grav} = ∫ d^5r f (r_μ) |g (r_μ)⟩ ⟨g (r_μ )| . (15)

The parameters r_μ (μ = 0, 1 . . .) pertain to appropriate space-time metric deformations and are

stochastic, with a Gaussian distribution f (r_μ ) characterized by the averages ⟨r_μ⟩ = 0, ⟨r_μr_ν ⟩ = Δ_μδ_{μν} . We will assume that the fluctuations of the metric felt by two entangled neutral mesons are

independent, and Δ_μ ∼ O ( E^2 M^2_P ) , i.e., very small. As matter moves through the space-time

foam in a typical ergodic picture, the effect of time averaging is assumed to be equivalent to an ensemble average. For our present discussion we consider a semi-classical picture for the metric, and therefore |g (r_μ)⟩ in (15) is a coherent state.

In the specific model of foam discussed in [7], there is a recoil effect of the D-particle, as a result of its scattering with stringy excitations that live on the brane world and represent low-energy ordinary matter. As the space-time defects, propagating in the bulk space-time, cross the brane hyper-surface from the bulk in random directions, they scatter with matter. The associated distortion of space-time caused by this scattering can be considered dominant only along the direction of motion of the matter probe. Random fluctuations are then considered about an average flat Minkowski space-time. The result is an effectively two-dimensional approximate fluctuating metric describing the main effects [7]

g^{μν} = ( −(a_1 + 1)^2 + a^2 −a_3(a_1 + 1) + a_2(a_4 + 1) −a_3(a_1 + 1) + a_2(a_4 + 1) −a^2_3 + (a_4 + 1)^2 ) . (16)

The a_i represent the fluctuations and are assumed to be random variables, satisfying ⟨a_i⟩ = 0 and ⟨a_ia_j⟩ = δ_{ij} σ_i, i, j = 1, . . . 4.

Such a (microscopic) model of space-time foam is not of Lindblad type, as can be seen [7] by considering the oscillation probability for, say, two-level scalar systems describing oscillating neutral kaons, K^0 ↔ K^0. In the approximation of small fluctuations one finds the following form for the oscillation probability of the two-level scalar system: ⟨e^{i(ω1−ω2)t}⟩ = 4d̃^2 (P_1P_2)^{1/2} exp ( χ_1 χ_2 ) exp(ib̃t) , (17)

where ω_i, i = 1, 2 are the appropriate energy levels [7] of the two-level kaon system in the background of the fluctuating space-time (16), and χ_1 = −4(d̃^2σ_1 + σ_4k^4)b̃^2t^2 + 2id̃^2~b^2~ck^2σ_1σ_4t^3, χ_2 = 4d̃^2 − 2id̃^2(k^2c̃σ_4 + 2b̃σ_1)t + ~bk^2 ( ~bk^2 − 2 ~d^2~c ) σ_1σ_4,

P_1 = 4d̃^2 + 2i ~d~b ( k^2 − ~d ) σ_2t + b̃^2k^4σ_2σ_3t^2,

P_2 = 4d̃^2 − 2i ~d^2 ( k^2~cσ_4 + 2~bσ_1 ) t + O ( σ^2 ) , with

b̃ = √ k^2 + m^2_1 − √ k^2 + m^2, c̃ = m^2_1(k^2 + m^2_1)^{−3/2} − m^2(k^2 + m^2)^{−3/2}, d̃ = √ k^2 + m^2_1 √ k^2 + m^2.

From this expression one can see [7] that the stochastic model of space-time foam leads to a modification of oscillation behavior quite distinct from that of the Lindblad formulation. In particular, the transition probability displays a Gaussian time-dependence, decaying as e^{−(...)t2} , a modification of the oscillation period, as well as additional power-law fall-off.

From this characteristic time-dependence, one can obtain bounds for the fluctuation strength of space-time foam in particle-physics systems, such as neutral mesons and neutrinos, which we restrict our attention to for the purposes of this presentation. When discussing the CPTV effects of foam on entangled states and neutrinos we make use of this specific model of stochastically fluctuating D-particle foam [36, 7], in order to demonstrate the effects explicitly and obtain definite order-of-magnitude estimates [42, 20].

3. QG Decoherence and CPTV in Neutral Kaons 3.1. Single-Kaon Beam Experiments As mentioned in the previous subsection, QG may induce decoherence and oscillations K^0 ↔ K^0 [4, 11], thereby implying a two-level quantum mechanical system interacting with a QG “environment”. Adopting the general assumptions of average energy conservation and monotonic entropy increase, the simplest model for parametrizing decoherence (in a rather model-independent way) is the (linear) Lindblad approach mentioned earlier. Not all entries of a general decoherence matrix are physical, and in order to isolate the physically relevant entries one must invoke specific assumptions, related to the symmetries of the particle system in question. For the neutral kaon system, such an extra assumptions is that the QG medium respects the ΔS = ΔQ rule. In such a case, the modified Lindblad evolution equation (4) for the respective density matrices of neutral kaon matter can be parametrized as follows [4]: ∂_tρ = i[ρ, H] + δH/ ρ , where H_{αβ} = −Γ −^1_2 δΓ −ImΓ_{12} −ReΓ_{12} −^1_2 δΓ −Γ −2ReM_{12} −2ImM_{12} −ImΓ_{12} 2ReM_{12} −Γ −δM −ReΓ_{12} −2ImM_{12} δM −Γ and δH/_{αβ} = 0 0 0 0 0 0 0 0 0 0 −2α −2β 0 0 −2β −2γ .

Positivity of ρ requires: α, γ > 0, αγ > β^2. Notice that α, β, γ violate both CPT, due to their decohering nature [10], and CP symmetry, as they do not commute with the CP operator ^CP [11]: ^CP = σ_3 cos θ + σ_2 sin θ, [δH/_{αβ}, ^CP ] ≠ 0.

An important remark is now in order. As pointed out in [13], although the above parametrization is sufficient for a single-kaon state to have a positive definite density matrix (and hence probabilities) this is not true when one considers the evolution of entangled kaon states (ϕ-factories). In this latter case, complete positivity is guaranteed only if the further conditions α = γ and β = 0 (18)

are imposed. When incorporating entangled states, one should either consider possible new effects (such as the ω-effect considered below) or apply the constraints (18) also to single kaon states [13]. This is not necessarily the case when other non-entangled particle states, such as neutrinos, are considered, in which case the α, β, γ parametrization of decoherence may be applied. Experimentally the complete positivity hypothesis can be tested explicitly. In what follows, as far as single-kaon states are concerned, we keep the α, β, γ parametrization, and give the available experimental bounds for them, but we always have in mind the constraint (18) when referring to entangled kaon states in a ϕ-factory.

As already mentioned, when testing CPT symmetry with neutral kaons one should be careful to distinguish two types of CPTV: (i) CPTV within Quantum Mechanics [14], leading to possible differences between particle-antiparticle masses and widths: δm = m_K0 −m_K0 , δΓ = Γ_K0 −Γ_K0 . This type of CPTV could be, for instance, due to (spontaneous) Lorentz violation [22]. In that case the CPT operator is well-defined as a quantum mechanical operator, but does not commute with the Hamiltonian of the system. This, in turn, may lead to mass and width differences between particles and antiparticles, among other effects. (ii) CPTV through decoherence [4, 5] via the parameters α, β, γ (entanglement with the QG “environment”, leading to modified evolution for ρ and $ ≠ S S^†). In the latter case the CPT operator may not be well-defined, which implies novel effects when one uses entangled states of kaons, as we shall discuss in the next subsection.

Process QMV QM A_{2π} ≠ ≠ A_{3π} ≠ ≠ A_T ≠ = A_{CPT} = ≠ A_{Δm} ≠ = ζ ≠ = Table 1. Qualitative comparison of predictions for various observables in CPT-violating theories beyond (QMV) and within (QM) quantum mechanics. Predictions either differ (≠) or agree (=) with the results obtained in conventional quantum-mechanical CP violation. Note that these frameworks can be qualitatively distinguished via their predictions for A_T, A_{CPT}, A_{Δm}, and ζ.

The important point to notice is that the two types of CPTV can be disentangled experimentally [11]. The relevant observables are defined as ⟨O_i⟩ = Tr [O_iρ]. For neutral kaons, one looks at decay asymmetries for K^0, K^0, defined as: A(t) = R(K̄^0_{t=0} → f̄) − R(K^0_{t=0} → f) R(K̄^0_{t=0} → f̄) + R(K^0_{t=0} → f) ,

Figure 3. Neutral kaon decay asymmetries A_{2π} [11], as a typical example indicating the effects of QG-induced decoherence.

where R(K^0 → f) ≡ Tr [O_f ρ(t)] = denotes the decay rate into the final state f (starting from a pure K^0 state at t = 0).

In the case of neutral kaons, one may consider the following set of asymmetries: (i) identical final states: f = f̄ = 2π: A_{2π} , A_{3π}, (ii) semileptonic : A_T (final states f = π^+l^−ν̄ ≠ f̄ = π^−l^+ν), A_{CP T} (f = π^+l^−ν̄, f = π^−l^+ν), A_{Δm}. Typically, for instance when final states are 2π, one has a time evolution of the decay rate R_{2π}: R_{2π}(t) = c_S e^{−ΓS t} + c_L e^{−ΓLt} + 2c_I e^{−Γt} cos(Δmt − ϕ), where S=short-lived, L=long-lived, I=interference term, Δm = m_L − m_S , ΔΓ = Γ_S − Γ_L, Γ =^1_2 (Γ_S + Γ_L). One may define the decoherence parameter ζ = 1 −^{cI√}_{cS cL} , as a (phenomenological) measure of quantum decoherence induced in the system [14]. For larger sensitivities one can look at this parameter in the presence of a regenerator [11]. In our decoherence scenario, ζ corresponds to a particular combination of the decoherence parameters [11]: ζ → ^γ 2|ϵ^2| − 2 ^β |ϵ| sinϕ , with the notation ^γ = γ/ΔΓ, etc. Hence, ignoring the constraint (18), the best bounds on β, or -turning the logic around- the most sensitive tests of complete positivity in kaons, can be placed by implementing a regenerator [11].

The experimental tests (decay asymmetries) that can be performed in order to disentangle decoherence from quantum-mechanical CPT violating effects are summarized in Table 1. In Figure 3 we give a typical profile of a decay asymmetries [11], from where bounds on QG decohering parameters can be extracted. At present there are experimental bounds available from CPLEAR measurements [43] α < 4.0 × 10^{−17} GeV , |β| < 2.3. × 10^{−19} GeV , γ < 3.7 × 10^{−21} GeV, which are not much different from theoretically expected values in some optimistic scenarios [11] α , β , γ = O(ξ^{E2}_{MP} ).

Recently, the experiment KLOE at DAΦNE updated these limits by measuring for the

Figure 4. Schematic representation of the decay of a ϕ-meson at rest (for definiteness) into pairs of entangled neutral kaons, which eventually decay on the two sides of the detector.

first time the γ decoherence parameter for entangled kaon states [30], as well as the (naive) decoherence parameter ζ (to be specific, the KLOE Collaboration has presented measurements for two ζ parameters, one, ζ_{LS} , pertaining to an expansion in terms of K_L, K_S states, and the other, ζ_0¯_0, for an expansion in terms of K^0, K^0 states). We remind the reader once more that, under the assumption of complete positivity for entangled meson states [13], theoretically there is only one parameter to parametrize Lindblad decoherence, since α = γ, β = 0. In fact, the KLOE experiment has the greatest sensitivity to this parameter γ. The latest KLOE measurement [30] for γ yields γ_{KLOE} = (1.1^{+2.9}_{−2.4} ± 0.4) × 10^{−21} GeV, i.e. γ < 6.4 × 10^{−21} GeV, competitive with the corresponding CPLEAR bound [43] discussed above. It is expected that this bound could be improved by an order of magnitude in upgraded facilities, such as KLOE-2 at DAΦNE-2 [30], where one expects γ_{upgrade} → ±0.2 × 10^{−21} GeV.

The reader should also bear in mind that the Lindblad linear decoherence is not the only possibility for a parametrization of QG effects, see for instance the stochastically fluctuating space-time metric approach discussed in Section 3.1 above. Thus, direct tests of the complete positivity hypothesis in entangled states, and hence the theoretical framework per se, should be performed by independent measurements of all the three decoherence parameters α, β, γ; as far as we understand, such data are currently available in kaon factories, but not yet analyzed in detail [30].

3.2. CPTV and Modified EPR Correlations of Entangled Neutral Kaon States 3.2.1. The ω-Effect We now come to a description of an entirely novel effect [21] of CPTV due to the ill-defined nature of the CPT operator, which is exclusive to neutral-meson factories, for reasons explained below. The effects are qualitatively similar for kaon and B-meson factories [44], with the important observation that in kaon factories there is a particularly good channel, that of both correlated kaons decaying to π^+π^−. In that channel the sensitivity of the effect increases because the complex parameter ω, parametrizing the relevant EPR modifications [21], appears in the particular combination |ω|/|η_{+−}|, with |η_{+−}| ∼ 10^{−3}. In the case of B-meson factories one should focus instead on the “same-sign” di-lepton channel [44], where high statistics is expected.

In this article we restrict ourselves to the case of ϕ-factories, referring the interested reader to the literature [44] for the B-meson applications. We commence our discussion by briefly reminding the reader of EPR particle correlations.

The EPR effect was originally proposed as a paradox, testing the foundations of Quantum Theory. There was the question whether quantum correlations between spatially separated events implied instant transport of information that would contradict special relativity. It was eventually realized that no super-luminal propagation was actually involved in the EPR phenomenon, and thus there was no conflict with relativity.

The EPR effect has been confirmed experimentally, e.g., in meson factories: (i) a pair of particles can be created in a definite quantum state, (ii) move apart and, (iii) eventually decay when they are widely (spatially) separated (see Fig. 4 for a schematic representation of an EPR effect in a meson factory). Upon making a measurement on one side of the detector and identifying the decay products, we infer the type of products appearing on the other side; this is essentially the EPR correlation phenomenon. It does not involve any simultaneous measurement on both sides, and hence there is no contradiction with special relativity. As emphasized by

Lipkin [45], the EPR correlations between different decay modes should be taken into account when interpreting any experiment.

In the case of ϕ factories it was claimed [46] that due to EPR correlations, irrespective of CP, and CPT violation, the final state in ϕ decays: e^+e^− ⇒ ϕ ⇒ K_S K_L always contains K_LK_S products. This is a direct consequence of imposing the requirement of Bose statistics on the state K^0K^0 (to which the ϕ decays); this, in turn, implies that the physical neutral meson-antimeson state must be symmetric under CP, with C the charge conjugation and P the operator that permutes the spatial coordinates. Assuming conservation of angular momentum, and a proper existence of the antiparticle state (denoted by a bar), one observes that: for K^0K^0 states which are C-conjugates with C= (−1)^ℓ (with ℓ the angular momentum quantum number), the system has to be an eigenstate of the permutation operator P with eigenvalue (−1)^ℓ. Thus, for ℓ = 1: C= − → P = −. Bose statistics ensures that for ℓ = 1 the state of two identical bosons is forbidden. Hence, the initial entangled state: |i >= 1 √ 2 ( |K^0(⃗k), K^0(−⃗k) > −|K^0(⃗k), K^0(−⃗k) > ) = N (_{|KS(⃗k), KL(−⃗k) > −|KL(⃗k), KS (−⃗k) >}) with the normalization factor N = √_{(1+|ϵ1|2)(1+|ϵ2|2)} √ 2(1−ϵ_1ϵ_2) ≃

1+|ϵ^2| √ 2(1−ϵ^2) , and KS = 1 √_{1+|ϵ21|} (|K_+ > +ϵ_1|K_− >), K_L =^1√_{1+|ϵ2|} (|K_− > +ϵ_2|K_+ >), where ϵ_1, ϵ_2 are complex

parameters, such that ϵ ≡ ϵ_1 + ϵ_2 denotes the CP- & T-violating parameter, whilst δ ≡ ϵ_1 − ϵ_2 parametrizes the CPT & CP violation within quantum mechanics [14], as discussed previously. The K^0 ↔ K^0 or K_S ↔ K_L correlations are apparent after evolution, at any time t > 0 (with t = 0 taken as the moment of the ϕ decay).

In the above considerations there is an implicit assumption, which was noted in [21]. The above arguments are valid independently of CPTV, provided such violation occurs within quantum mechanics, e.g., due to spontaneous Lorentz violation, where the CPT operator is well defined.

If, however, CPT is intrinsically violated, due, for instance, to decoherence scenarios in space-time foam, then the factorizability property of the super-scattering matrix $ breaks down, $ ≠ SS^†, and the generator of CPT is not well defined [10]. Thus, the concept of an “antiparticle” may be modified perturbatively! The perturbative modification of the properties of the antiparticle is important, since the antiparticle state is a physical state which exists, despite the ill-definition of the CPT operator. However, the antiparticle Hilbert space will have components that are independent of the particle Hilbert space.

In such a case, the neutral mesons K^0 and K^0 should no longer be treated as indistinguishable particles. As a consequence [21], the initial entangled state in ϕ factories |i >, after the ϕ-meson decay, will acquire a component with opposite permutation (P) symmetry: |i > = 1 √ 2 (_{|K0(⃗k), K0(−⃗k) > −|K0(⃗k), K0(−⃗k) >})

+ ω 2 (_{|K0(⃗k), K0(−⃗k) > +|K0(⃗k), K0(−⃗k) >}) ]

= [ N (_{|KS (⃗k), KL(−⃗k) > −|KL(⃗k), KS (−⃗k) >})

+ ω (_{|KS (⃗k), KS (−⃗k) > −|KL(⃗k), KL(−⃗k) >}) ]_, where N is an appropriate normalization factor, and ω = |ω|e^{iΩ} is a complex parameter, parametrizing the intrinsic CPTV modifications of the EPR correlations. Notice that, as a result of the ω-terms, there exist, in the two-kaon state, K_S K_S or K_LK_L combinations, which entail important effects to the various decay channels. Due to this effect, termed the ω-effect by the authors of [21], there is contamination of P(odd) state with P(even) terms. The ωparameter controls the amount of contamination of the final P(odd) state by the “wrong” (P(even)) symmetry state.

Later in this section we will present a microscopic model where such a situation is realized explicitly. Specifically, an ω-like effect appears due to the evolution in the space-time foam, and the corresponding parameter turns out to be purely imaginary and time-dependent [42].

3.2.2. ω-Effect Observables To construct the appropriate observable for the possible detection of the ω-effect, we consider the ϕ-decay amplitude depicted in Fig. 4, where one of the kaon products decays to the final state X at t_1 and the other to the final state Y at time t_2. We take t = 0 as the moment of the ϕ-meson decay.

The relevant amplitudes read: A(X, Y ) = ⟨X|K_S ⟩⟨Y |K_S ⟩ N (A_1 + A_2) , with A_1 = e^{−i(λL+λS )t/2}[η_X e^{−iΔλΔt/2} − η_Y e^{iΔλΔt/2}] A_2 = ω[e^{−iλS t} − η_X η_Y e^{−iλLt}] denoting the CPT-allowed and CPT-violating parameters respectively, and η_X = ⟨X|K_L⟩/⟨X|K_S ⟩ and η_Y = ⟨Y |K_L⟩/⟨Y |K_S ⟩. In the above formulae, t is the sum of the decay times t_1, t_2 and Δt is their difference (assumed positive).

Figure 5. A characteristic case of the intensity I(Δt), with |ω| = 0 (solid line) vs I(Δt) (dashed line) with |ω| = |η_{+−}|, Ω = ϕ_{+−} − 0.16π, for definiteness [21].

The “intensity” I(Δt) is the desired observable for a detection of the ω-effect, I(Δt) ≡ 1 2 ∫_∞ Δt dt |A(X, Y )|^2 . depending only on Δt.

Its time profile reads [21]:

I(Δt) ≡ 1 2 ∫_∞ |Δt| dt |A(π^+π^−, π^+π^−)|^2 =

|⟨π^+π^−|K_S ⟩|^4|N |^2|η_{+−}|^2 [ I_1 + I_2 + I_{12} ] , where

I_1(Δt) = e^{−ΓS Δt} + e^{−ΓLΔt} − 2e^{−(ΓS +ΓL)Δt/2} cos(ΔmΔt) Γ_L + Γ_S

I_2(Δt) = |ω|^2 |η_{+−}|^2 e^{−ΓS Δt} 2Γ_S

I_{12}(Δt) = − 4 4(Δm)^2 + (3Γ_S + Γ_L)^2 |ω| |η_{+−}| × [ 2Δm ( e^{−ΓS Δt} sin(ϕ_{+−} − Ω) −

e^{−(ΓS +ΓL)Δt/2} sin(ϕ_{+−} − Ω + ΔmΔt) )

−(3Γ_S + Γ_L) ( e^{−ΓS Δt} cos(ϕ_{+−} − Ω) −

e^{−(ΓS +ΓL)Δt/2} cos(ϕ_{+−} − Ω + ΔmΔt) )] , with Δm = m_S − m_L and η_{+−} = |η_{+−}|e^{iϕ+−} in the usual notation [14].

A typical case for the relevant intensities, indicating clearly the novel CPTV ω-effects, is depicted in Fig. 5.

As announced, the novel ω-effect appears in the combination^{|ω|}_{|η+−|} , thereby implying that the decay channel to π^+π^− is particularly sensitive to the ω effect [21], due to the enhancement by 1/|η_{+−}| ∼ 10^3, implying sensitivities up to |ω| ∼ 10^{−6} in ϕ factories. The physical reason for this enhancement is that ω enters through K_S K_S as opposed to K_LK_S terms, and the K_L → π^+π^− decay is CP-violating.

3.2.3. Microscopic Models for the ω-Effect and Order-of-Magnitude Estimates For future experimental searches for the ω-effect it is important to estimate its expected order of magnitude, at least in some models of foam.

A specific model is that of the D-particle foam [36, 7, 42], discussed already in connection with the stochastic metric-fluctuation approach to decoherence. An important feature for the appearance of an ω-like effect is that, during each scattering with a D-particle defect, there is (momentary) capture of the string state (representing matter) by the defect, and a possible change in phase and/or flavour for the particle state emerging from such a capture (see Fig. 1).

The induced metric distortions, including such flavour changes for the emergent post-recoil matter state, are:

g^{00} = (−1 + r_4) 1 , g^{01} = g^{10} = r_01 + r_1σ_1 + r_2σ_2 + r_3σ_3, g^{11} = (1 + r_5) 1 (19)

where the σ_i are Pauli matrices.

The target-space metric state is the density matrix ρ_{grav} defined at (15) [42], with the same assumptions for the parameters r_μ stated there. The order of magnitude of the metric elements g_{0i} ≃ v_{i,rec} ∝ g_s^{Δpi}_{Ms} , where Δp_i ∼ ξ̃p_i is the momentum transfer during the scattering of the particle probe (kaon) with the D-particle defect, g_s < 1 is the string coupling, assumed weak, and M_s is the string scale, which in the modern approach to string/brane theory is not necessarily identified with the four-dimensional Planck scale, and is left as a phenomenological parameter to be constrained by experiment.

To estimate the order of magnitude of the ω-effect we construct the gravitationally-dressed initial entangled state using stationary perturbation theory for degenerate states [21], the degeneracy being provided by the CP-violating effects. As Hamiltonian function we use

^_{H = g}^{01}

(_{g00})_{−1} ^_{k −} (_{g00})_{−1} √_{(g01)2 k2 − g00 (g11k2 + m2)}

describing propagation in the above-described stochastically-fluctuating space-time. To leading order in the variables r the interaction Hamiltonian reads:

^H_I = − (r_1σ_1 + r_2σ_2) ^k (20)

with the notation |K_L⟩ = |↑⟩ , |K_S⟩ = |↓⟩ . The gravitationally-dressed initial states then can be constructed using stationary perturbation theory: | |_k^{(i)}_{, ↓}⟩^{(i)}_{QG =} | |_k^{(i)}_{, ↓}⟩^{(i)}_+ | |_k^{(i)}_{, ↑}⟩^{(i)}_α^{(i)}_,

where α^{(i)} =^{(i)} ⟨^{↑,k(i)} | ^H_I |k^{(i)} ,↓⟩^{(i)} E_2−E_1 . For | | |k^{(i)}, ↑ ⟩_{(i)} the dressed state is obtained by |↓⟩ ↔ |↑⟩ and

α → β where β^{(i)} =^{(i)} ⟨^{↓,k(i)} | ^H_I |k^{(i)},↑⟩^{(i)} E_1 −E_2 .

The totally antisymmetric “gravitationally-dressed” state of two mesons (kaons) is then: |k, ↑⟩^{(1)}_{QG} |−k, ↓⟩^{(2)}_{QG} − |k, ↓⟩^{(1)}_{QG} |−k, ↑⟩^{(2)}_{QG} = |k, ↑⟩^{(1)} |−k, ↓⟩^{(2)} − |k, ↓⟩^{(1)} |−k, ↑⟩^{(2)} + |k, ↓⟩^{(1)} |−k, ↓⟩^{(2)} (_{β(1) − β(2)})_+ |k, ↑⟩^{(1)} |−k, ↑⟩^{(2)} (_{α(2) − α(1)})

+β^{(1)}α^{(2)} |k, ↓⟩^{(1)} |−k, ↑⟩^{(2)} − α^{(1)}β^{(2)} |k, ↑⟩^{(1)} |−k, ↓⟩^{(2)} .

Notice here that, for our order-of-magnitude estimates, it suffices to assume that the initial entangled state of kaons is a pure state. In practice, due to the omnipresence of foam, this may not be entirely true, but this should not affect our order-of-magnitude estimates based on such an assumption.

With these remarks in mind we then write for the initial state of two kaons after the ϕ decay: |ψ⟩ = |k, ↑⟩^{(1)} |−k, ↓⟩^{(2)} − |k, ↓⟩^{(1)} |−k, ↑⟩^{(2)} + ξ |k, ↑⟩^{(1)} |−k, ↑⟩^{(2)} + ξ^′ |k, ↓⟩^{(1)} |−k, ↓⟩^{(2)} , where for r_i ∝ δ_{i1} we have ξ = ξ^′, that is strangeness violation, whilst for r_i ∝ δ_{i2} −→ ξ = −ξ^′) (since α^{(i)} = β^{(i)}) we obtain a strangeness conserving ω-effect.

Upon averaging the density matrix over r_i, only the |ω|^2 terms survive: |ω|^2 = O ( 1 (E_1 − E_2)^2 (⟨↓, k|H_I |k, ↑⟩)^2 ) ∼ Δ_2k^2 (m_1 − m_2)^2

for momenta of order of the rest energies, as is the case of a ϕ factory.

Recalling that in the recoil D-particle model under consideration we have [26, 42] Δ_2 = ξ̃2k2/M 2_P , we obtain the following order of magnitude estimate of the ω effect: |ω|^2 ∼ ξ̃2k4 M^2_P (m_1 − m_2)^2

. (21)

For neutral kaons with momenta of the order of the rest energies |ω| ∼ 10^{−4}|ξ̃|. For 1 > ξ̃ ≥ 10^{−2} this not far below the sensitivity of current facilities, such as KLOE at DAΦNE. In fact, the KLOE experiment has just released the first measurement of the ω parameter [30]:

Re(ω) = ( 1.1^{+8.7}_{−5.3} ± 0.9 ) × 10^{−4} , Im(ω) = ( 3.4^{+4.8}_{−5.0} ± 0.6 ) × 10^{−4} .

One can constrain the ω parameter (or, in the context of the above specific model, the momentum-transfer parameter ξ̃) significantly in upgraded facilities. For instance, there are the following perspectives for KLOE-2 at (the upgraded) DAΦNE-2 [30]: Re(ω), Im(ω) −→ 2×10^{−5}.

Let us now mention that ω-like effects can also be generated by the Hamiltonian evolution of the system as a result of gravitational medium interactions. To this end, let us consider the Hamiltonian evolution in our stochastically-fluctuating D-particle-recoil distorted space-times,

|ψ (t)⟩ = exp [_{−i} ( ^_H^{(1)}_+ ^_H^{(2)} )_t h̄ ]_{|ψ⟩} . Assuming for simplicity ξ = ξ^′ = 0, it is easy to see [42] that the time-evolved state of two kaons contains strangeness-conserving ω-terms: |ψ (t)⟩ ∼ e^{−i} ( λ^{(1)}_0 +λ^{(2)}_0 ) t ϖ (t) × { |k, ↑⟩^{(1)} |−k, ↑⟩^{(2)} − |k, ↓⟩^{(1)} |−k, ↓⟩^{(2)} } . The quantity ϖ(t) obtained within this specific model is purely imaginary,

O (ϖ) ≃ i 2Δ^{12}_1 k ( k^2 + m^2_1

) 1_2 − ( k^2 + m^2

) 1_2 × cos (| |λ^{(1)} | | t) sin ( | |λ_{(1)} | | t) = ϖ_0 sin (2 | |λ_{(1)} | | t) ,

with Δ^{1/2}_1 ∼ | |ξ̃ | |^{|k|}_{MP} , ϖ_0 ≡^Δ 1 2 1 k (k^2+m^2_1)^{12} −(k^2+m^2)^{12} , | |λ^{(1)} | | ∼ ( 1 + Δ^{12}_4 ) √ χ^2_1 + χ^2_3, χ_3 ∼ ( k^2 + m^2_1

) 1_2 − ( k^2 + m^2

) 1_2 . It is important to notice the time dependence of the medium-generated effect. It is also interesting to observe that, if in the initial state we have a strangeness-conserving (-violating) combination, ξ = −ξ^′ (ξ = ξ^′), then the time evolution generates time-dependent strangenessviolating (-conserving ω-) imaginary effects.

The above description of medium effects using Hamiltonian evolution is approximate, but suffices for the purposes of obtaining order-of-magnitude estimates for the relevant parameters. In the complete description of the above model there is of course decoherence [42, 26], which affects the evolution and induces mixed states for kaons. A complete analysis of both effects, ωlike and decoherence in entangled neutral kaons of a ϕ-factory, has already been carried out [21], with the upshot that the various effects can be disentangled experimentally, at least in principle.

Finally, as the analysis of [42] demonstrates, no ω-like effects are generated by thermal bathlike (rotationally-invariant, isotropic) space-time foam situations, argued to simulate the QG environment in some models [47]. In this way, the potential observation of an ω-like effect in EPR-correlated meson states would in principle distinguish various types of space-time foam.

3.2.4. Disentangling the ω-Effect from the C(even) Background and Decoherent Evolution Effects When interpretating experimental results on delicate violations of CPT symmetry, it is important to disentangle (possible) genuine effects from those due to ordinary physics. Such a situation arises in connection with the ω-effect, that must be disentangled from the C(even) background characterizing the decay products in a ϕ-factory [46]. The C(even) background e^+e^− ⇒ 2γ ⇒ K^0K^0 leads to states of the form

|b >= |K^0K^0(C(even)) >= 1 √ 2 ( K^0(⃗k)K^0(−⃗k) + K^0(⃗k)K^0(−⃗k) ) , which at first sight mimic the ω-effect, as such states would also produce contamination by terms K_S K_S , K_LK_L.

Closer inspection reveals, however, that the two types of effects can be clearly disentangled experimentally [21, 5] on two accounts: (i) the expected magnitude of the two effects, in view of the the above-described estimates in QG models and the unitarity bounds that suppress the ‘fake’ (C(even)-background) effect [48], and (ii) the different way the genuine QG-induced ω-effect interferes with the the C(odd) background [21].

Finally, we remark that it is also possible to disentangle [21] the ω-effect from decoherent evolution effects [21], due to their different structure. For instance, the experimental disentanglement of ω from the decoherence parameter γ in completely-positive QG-Lindblad models of entangled neutral mesons [4, 11, 13] is possible as a result of different symmetry properties and different structures generated by the time evolution of the pertinent terms.

4. Neutrino Tests of QG Decoherence Neutrino oscillations is one of the most sensitive particle-physics probes of QG-decoherence to date. The presence of QG decoherence effects would affect the profiles of the oscillation probabilities among the various neutrino flavours, not only by the presence of appropriate damping factors in front of the interference oscillatory terms, but also by appropriate modifications of the oscillation period and phase shifts of the oscillation arguments [15, 16, 17, 5].

In the context of our present talk, we shall restrict ourselves to a brief discussion of a threegeneration fit, including QG-decoherence effects, to all presently available data, including LSND results [25]. For more details we refer the reader to the literature [20].

We assume for simplicity a Lindblad environment, for which the evolution (8 applies. However, as we have discussed in section 2, a combination of both Lindblad environment and stochastically fluctuating space-time backgrounds (16), affecting also the Hamiltonian parts of the matter-density-matrix evolution (8), could also be in place. Without a detailed microscopic model, in the three generation case, the precise physical significance of the decoherence matrix cannot be fully understood. In [20] we considered the simplified case in which the matrix C ≡ (c_{kl}) (9) is assumed to be of the form

C = c_{11} 0 0 0 0 0 0 0 0 c_{22} 0 0 0 0 0 0 0 0 c_{33} 0 0 0 0 c_{38} 0 0 0 c_{44} 0 0 0 0 0 0 0 0 c_{55} 0 0 0 0 0 0 0 0 c_{66} 0 0 0 0 0 0 0 0 c_{77} 0 0 0 c_{38} 0 0 0 0 c_{88}

(22)

Positivity of the evolution can be guaranteed if and only if the matrix C is positive and hence has non-negative eigenvalues. As discussed in detail in [7, 20], such special choices can be realised for models of the propagation of neutrinos in models of stochastically fluctuating environments [40], where the decoherence term corresponds to an appropriate double commutator involving operators that entangle with the environment.The quantum-gravity space time foam may in principle behave as one such stochastic environment [5, 7, 11], and it is this point of view that we critically examined in [20] and review here, in the context of the entirety of the presently available neutrino data.

The simplified form of the c_{ij} matrix given in (22) implies a matrix L_{ij} in (8) of the form:

L =

D_{11} −Δ_{12} 0 0 0 0 0 0 Δ_{12} D_{22} 0 0 0 0 0 0 0 0 D_{33} 0 0 0 0 D_{38} 0 0 0 D_{44} −Δ_{13} 0 0 0 0 0 0 Δ_{13} D_{55} 0 0 0 0 0 0 0 0 D_{66} −Δ_{23} 0 0 0 0 0 0 Δ_{23} D_{77} 0 0 0 D_{83} 0 0 0 0 D_{88}

(23)

where we have used the notation Δ_{ij} =^{m2i −m2j}_{2p} , and the matrix D_{ij} is expressed in terms of the elements of the C-matrix: D_{ij} = ∑ k,l,m c_{kl} 4 (−f_{ilm}f_{kmj} + f_{kim}f_{lmj} ) . The probability of a neutrino of flavor ν_α, created at time t = 0, being converted to a flavor ν_β at a later time t, is calculated in the Lindblad framework [6] to be

P_{να→νβ} (t) = Tr [ρ^α(t)ρ^β ] = 1 3 + 1 2 ∑ i,j,k e^{λk t}D_{ik}D^{−1}_{kj} ρ^α_j (0)ρ^β_i . (24)

where λ_k denote the eigenvalues of the Lindblad-decoherence matrix L_{ij} .

A detailed analysis [20] gives the the final expression for the probability as: P_{να→νβ} (t) = 1 3 + 1 2 {[ ρ^α_1 ρ^β_1 cos ( |Ω_{12}|t 2 ) + ( ΔD_{21}ρ^α_1 ρ^β_1 |Ω_{12}| ) sin ( |Ω_{12}|t 2 )] e^{(D11 +D22) t2} + [ ρ^α_4 ρ^β_4 cos ( |Ω_{13}|t 2 ) + ( ΔD_{54}ρ^α_4 ρ^β_4

|Ω_{13}| ) sin ( |Ω_{13}|t 2 )] e^{(D44 +D55) t2} + [ ρ^α_6 ρ^β_6 cos ( |Ω_{23}|t 2 ) + ( ΔD_{76}ρ^α_6 ρ^β_6

|Ω_{23}| ) sin ( |Ω_{23}|t 2 )] e^{(D66 +D77) t2} + [( ρ^α_3 ρ^β_3 + ρ^α_8 ρ^β_8 ) cosh ( Ω_{38}t 2 )

+ 2D_{38}(ρ^α_3 ρ^β_8 − ρ^α_8 ρ^β_3 ) + ΔD_{83} ( ρ^α_3 ρ^β_3 − ρ^α_8 ρ^β_8 ) Ω_{38} sinh ( Ω_{38}t 2 ) e^{(D}33^{+D}88^{) t}2 .

(25)

Above we have used the notation that ΔD_{ij} = D_{ii} − D_{jj}. We have assumed that 2|Δ_{ij} | < |ΔD_{ij}| with the consequence that Ω_{ij}, ij = 12, 13, 23 is imaginary. However, Ω_{38} = √ (D_{33} − D_{88})^2 + 4D^2_{38} will be real. Taking into account mixing, with the up-to-date values of neutrino mass differences and mixing angles, we can proceed into a fit of (25) to all the presently available data, including the results of the neutrino sector of the LSND experiment [25], and KamLand spectral distortion data [49].

The results are summarised in Fig. 6, which demonstrates the agreement (left) of our model with the KamLand spectral distortion data [49], and our best fit (right) for the Lindblad decoherence model used in ref. [20], and in Table 2, where we present the χ^2 comparison for the model in question and the standard scenario.

The best fit has the feature that only some of the oscillation terms in the three generation probability formula have non trivial damping factors, with their exponents being independent

Figure 6. Left: Ratio of the observed ν_e spectrum to the expectation versus L_0/E for our decoherence model. The dots correspond to KamLAND data. Right:Decoherence fit. The dots correspond to SK data.

χ^2 decoherence standard scenario SK sub-GeV 38.0 38.2 SK Multi-GeV 11.7 11.2 Chooz 4.5 4.5 KamLAND 16.7 16.6 LSND 0. 6.8 TOTAL 70.9 77.3

Table 2. χ^2 obtained for our model and the one obtained in the standard scenario for the different experiments calculated with the same program.

of the oscillation length, specifically [20]. If we denote those non trivial exponents as D · L, we obtain from the best fit of [20]: D = − 1.3 · 10^{−2} L , (26)

in units of 1/km with L = t the oscillation length. The 1/L-behaviour of D_{11}, implies, as we mentioned, oscillation-length independent Lindblad exponents.

In [20] an analysis of the two types of the theoretical models of space-time foam, discussed in section 2, has been performed in the light of the result of the fit (26). The conclusion was that the model of the stochastically fluctuating media (16),(17) cannot provide the full explanation for the fit, for the following reason: if the decoherent result of the fit (26) was exclusively due to this model, then the pertinent decoherent coefficient in that case, for, say, the KamLand experiment with an L ∼ 180 Km, would be |D| = Ω^2G^2_N n^2_0 ∼ 2.84 · 10^{−21} GeV (note that the mixing angle part does not affect the order of the exponent). Smaller values are found for longer L, such as in atmospheric neutrino experiments or, in future, for highenergy cosmic neutrinos [17]. The independence of the relevant damping exponent from the oscillation length, then, as required by (26) may be understood as follows in this context: In the spirit of [19], the quantity G_N n_0 = ξ^{Δm2}_E , where ξ ≪ 1 parametrises the contributions of the foam to the induced neutrino mass differences, according to our discussion above. Hence, the damping exponent becomes in this case ξ^2Ω^2(Δm^2)^2 · L/E^2. Thus, for oscillation lengths L we have L^{−1} ∼ Δm^2/E, and one is left with the following estimate for the dimensionless quantity ξ^2Δm^2Ω^2/E ∼ 1.3 · 10^{−2}. This implies that the quantity Ω^2 is proportional to the probe energy E. In principle, this is not an unreasonable result, and it is in the spirit of [19], since back reaction effects onto space time, which affect the stochastic fluctuations Ω^2, are expected to increase with the probe energy E. However, due to the smallness of the quantity Δm^2/E, for energies of the order of GeV, and Δm^2 ∼ 10^{−3} eV^2, we conclude (taking into account that ξ ≪ 1) that Ω^2 in this case would be unrealistically large for a quantum-gravity effect in the model.

We remark at this point that, in such a model, we can in principle bound independently the Ω and n_0 parameters by looking at the modifications induced by the medium in the arguments of the oscillatory functions of the probability (17), that is the period of oscillation. Unfortunately this is too small to be detected in the above example, for which Δa_{eμ} ≪ Δ_{12}.

The second model (16),(17) of stochastic space time can also be confronted with the data, since in that case (26) would imply for the pertinent damping exponent ( (m^2_1 − m^2)^2 2k^2

(9σ_1 + σ_2 + σ_3 + σ_4) +

2V cos 2θ(m^2_1 − m^2) k (12σ_1 + 2σ_2 − 2σ_3) ) t^2

∼ 1.3 · 10^{−2} . (27)

Ignoring subleading MSW effects V , for simplicity, and considering oscillation lengths t = L ∼ 2k (m^2_1−m^2) , we then observe that the independence of the length L result of the experimental fit,

found above, may be interpreted, in this case, as bounding the stochastic fluctuations of the metric to 9σ_1 + σ_2 + σ_3 + σ_4 ∼ 1.3. · 10^{−2}. Again, this is too large to be a quantum gravity effect, which means that the L^2 contributions to the damping due to stochastic fluctuations of the metric, as in the model of [7] above (16), cannot be the exclusive explanation of the fit.

The analysis of [20] also demonstrated that, at least as far as an order of magnitude of the effect is concerned, a reasonable explanation of the order of the damping exponent (26), is provided by Gaussian-type energy fluctuations, due to ordinary physics effects, leading to decoherence-like damping of oscillation probabilities [50]. The order of these fluctuations, consistent with the independence of the damping exponent on L (irrespective of the power of L), is ΔE E ∼ 1.6 · 10^{−1} (28)

if one assumes that this is the principal reason for the result of the fit. However, the selective damping implied by the result of the fit (26), implies that this cannot be the explanation. The fact that the best fit model includes terms which are not suppressed at all calls for a more radical explanation of the fit result, and the issue is still wide open.

It is interesting, however, that the current neutrino data can already impose stringent constraints on quantum gravity models, and exclude some of them from being the exclusive source of decoherence, as we have discussed above. Of course, this is not a definite conclusion because one cannot exclude the possibility of other classes of theoretical models of quantum gravity, which could escape these constraints. At present, however, we are not aware of any such theory.

Before closing this section we would like to remark that the above analysis took into account the neutrino sector results of the LSND experiment [25]. In the antineutrino sector, the original indication from that experiment was that there was evidence for much more profound oscillations as compared to the neutrino sector, which, if confirmed, should be interpreted as indicating a direct CPT Violation. There were attempts to interpret such a result as being due to either CPT violating mass differences between neutrinos and antineutrinos, characterising, for instance, nonlocal theories [24], or CPT-Violating differences between the strengths of the QG-environmental interactions of neutrinos as compared to those of antineutrinos [18], without the need for CPT violating mass differences. In either case, the order of magnitude of the effects indicated by experiment was too large for the effect to correspond to realistic QG models, probably pointing towards the need of confirming first the LSND results in the antineutrino sector by future experiments before embarking on radical explanations.

5. Decoherence in Cosmology: some remarks 5.1. Cosmic Horizons and Decoherence Recent astrophysical observations, using different experiments and diverse techniques, seem to indicate that 70% of the Universe energy budget is occupied by “vacuum” energy density of unknown origin, termed Dark Energy [51, 52]. Best fit models give the positive cosmological constant Einstein-Friedman Universe as a good candidate to explain these observations, although models with a vacuum energy relaxing to zero (quintessential, i.e. involving a scalar field which has not yet reached the minimum of its potential) are compatible with the current data.

From a theoretical point of view the two categories of Dark Energy models are quite different. If there is a relaxing cosmological vacuum energy, depending on the details of the relaxation rate, it is possible in general to define asymptotic states and hence a proper scattering matrix (Smatrix) for the theory, which can thus be quantised canonically. On the other hand, Universes with a cosmological constant Λ > 0 (de Sitter) admit no asymptotic states, as a result of the Hubble horizon which characterises these models, and hampers the definition of proper asymptotic state vectors, and hence, a proper S-matrix. Indeed, de Sitter Universes will expand for ever, and eventually their constant vacuum energy density component will dominate over matter in such a way that the Universe will enter again an exponential (inflationary) phase of (eternal) accelerated expansion, with a Hubble horizon of radius δ_H ∝ 1/ √ Λ. It seems that the recent astrophysical observations [51, 52] seem to indicate that the current era of the universe is the beginning of such an accelerated expansion.

Canonical quantisation of field theories in de Sitter space times is still an elusive subject, mostly due to the above mentioned problem of defining a proper S-matrix. One suggestion towards the quantisation of such systems could be through analogies with open systems in quantum mechanics, interacting with an environment. The environment in models with a cosmological constant would consist of field modes whose wavelength is longer than the Hubble horizon radius. This splitting was originally suggested by Starobinski [53], in the context of his stochastic inflationary model, and later on was adopted by several groups [54]. Crossing the horizon in either direction would constitute interactions with the environment. An initially pure quantum state in such Universes/open-systems would therefore become eventually mixed, as a result of interactions with the environmental modes, whose strength will be controlled by the size of the Hubble horizon, and hence the cosmological constant. Such decoherent evolution could explain the classicality of the early Universe phase transitions [55] (or late in the case of a cosmological constant). The approach is still far from being complete, not only due to the technical complications, which force the researchers to adopt severe, and often unphysical approximations, but also due to conceptual issues, most of which are associated with the back reaction of matter onto space-time, an issue often ignored in such a context. It is our opinion that the latter topic plays an important rôle in the evolution of a quantum Universe, especially one with a cosmological constant, and is associated with issues of quantum gravity. The very origin of the cosmological constant, or in general the dark energy of the vacuum, is certainly a property of quantum gravity.

This link between quantum decoherence and a cosmological constant may have far reaching consequences for the phenomenology of elementary particles, especially neutrinos. In [19, 7] we proposed a scenario according to which the mass differences of neutrinos may have (part of) their origin in the quantum gravity decoherence medium of space time foam. The induced decoherence, then, will affect their oscillation, a notable consequence being the appearance of intrinsic CPT violating damping terms in front of the oscillation amplitudes. This fundamental (and local) form of CPT violation has its origin in the ill-defined nature of the corresponding CPT operator in such decoherent quantum theories, due to the mathematical theorem by Wald [10], mentioned previously. This local form of CPT violation, as a result of the interaction of the elementary particle with a decoherent medium is linked to a cosmological (global) violation of CPT symmetry of the type proposed in [56] by means of a generation of a cosmological constant as a result of neutrino mixing and non-trivial mass differences due to the quantum gravity vacuum. The framework in which such a cosmological constant may be generated by the neutrinos is the approach of [57], according to which the problem of mixing in a quantum field theory is treated by means of a canonical Fock-space quantization.

5.2. Non-critical string-framework for Cosmological decoherence Let us return to the master equation in (6) for non-critical strings. Recent astrophysical observations from different experiments all seem to indicate that 73% of the energy of the Universe is in the form of dark energy. Best fit models give the positive cosmological constant Einstein-Friedman Universe as a good candidate to explain these observations. For such de Sitter backgrounds R_{MN} ∝ Ωg_{MN} with Ω > 0 a cosmological constant. Also in a perturbative derivative expansion (in powers of α^′ where α^′ = l^2_s is the Regge slope of the string and l_s is the fundamental string length) in leading order

β_{μν} = α^′R_{μν} = α^′Ωg_{μν} (29) and G_{ij} = δ_{ij} . (30)

This leads to ∂_tρ = i [ρ, H] + α^′Ω : g_{MN} [ g^{MN} , ρ ] : (31)

For a weak-graviton expansion about flat space-time, g_{MN} = η_{MN} + h_{MN} , and h_{0i} ∝ Δp_i M_P . (32)

If an antisymmetric ordering prescription is used, then the master equation for low energy string matter assumes the form . ∂_tρ_{Matter}= i [ρ_{Matter}, H] − Ω [ h_{0j} , [ h^{0j} , ρ_{Matter} ]] (33)

( when α^′ is absorbed into Ω). In view of the previous discussion this can be rewritten as . ∂_tρ_{Matter}= i [ρ_{Matter}, H] − Ω [ u_j, [ u^j, ρ_{Matter} ]] . (34)

thereby giving the master equation for Liouville decoherence in the model of a D-particle foam with a cosmological constant.

The above D-particle inspired approach deals with possible non-perturbative quantum effects of gravitational degrees of freedom. The analysis is distinct from the phenomenology of dynamical semigroups which does not embody specific properties of gravity. Indeed the phenomenology is sufficiently generic that other mechanisms of decoherence such as the MSW effect [41] can be incorporated within the same framework. Consequently an analysis which is less generic and is related to the specific decoherence implied by non-critical strings is necessary.It is sufficient to study a massive non-relativistic particle propagating in one dimension to establish qualitative features of D-particle decoherence. The environment will be taken to consist of both gravitational and non-gravitational degrees of freedom; hence we will consider a generalisation of quantum Brownian motion for a particle which has additional interactions with D-particles. This will allow us to compare qualitatively the decoherence due to different environments.The non-gravitational degrees of freedom in the environment (in a thermal state) are conventionally modelled by a collection of harmonic oscillators with masses m_n, frequency ω_n and co-ordinate operator ^q_n coupled to the particle co-ordinate ^x by an interaction of the form ∑ n g_n ^x^q_n. The master equation which is derived can have time dependent coefficients due to the competing timescales, e.g. relaxation rate due to coupling to the thermal bath, the ratio of the time scale of the harmonic oscillator to the thermal time scale etc. However an ab initio calculation of the time-dependence is difficult to do in a rigorous manner. It is customary to characterise the non-gravitational environment by means of its spectral density I (ω) ( = ∑ n δ (ω − ω_n)^{g2n}_{2mnωn} ) . The existence of the different time scales leads in general to non-trivial time dependences in the coefficients in the master equation which are difficult to calculate in a rigorous manner [58]. The dissipative term in (34) involves the momentum transfer operator due to recoil of the particle from collisions with D-particles (7). This transfer process will be modelled by a classical Gaussian random variable r which multiplies the momentum operator ^p for the particle: u_i → r M_P ^p (35)

Moreover the mean and variance of r are given by

⟨r⟩ = 0 , and ⟨ r^2 ⟩ = σ^2 . (36)

On amalgamating the effects of the thermal and D-particle environments, we have for the reduced master equation [31] for the matter (particle) density matrix ρ (on dropping the Matter index) i ∂ ∂t ρ = 1 2m [ ^p^2, ρ ] − iΛ [^x, [^x, ρ]] + γ 2 [^x, {^p, ρ}] − iΩr^2 [^p, [^p, ρ]] (37) where Λ, γ and Ω are real time-dependent coefficients. As discussed in [31] a possible model for Ω (t) is

Ω (t) = Ω_0 + ~γ a + t + ~Γ 1 + bt^2

(38)

where ω_0, ~γ, a, ~Γ and b are positive constants. The quantity ~γ < 1 contains information on the density of D-particle defects on a four-dimensional world.The time dependence of γ and Λ can be calculated in the weak coupling limit for general n (i.e. ohmic, n = 1 and non-ohmic n ≠ 1 environments) where

I (ω) = 2 π mγ_0ω [ ω ϖ ]_{n−1} e^{−ω2/ϖ2} (39)

and ϖ is a cut-off frequency. The precise time dependence is governed by Λ (t) = ∫_t 0 ds ν (s) and γ (t) = ∫_t 0 ds ν (s) s where ν (s) = ∫_∞ 0 dω I (ω) coth (βh̄ω/2) cos (ωs). For the ohmic case, in the limit h̄ϖ ≪ k_B T followed by ϖ → ∞, Λ and γ are given by mγ_0k_B T and γ_0 respectively after a rapid initial transient. For high temperatures Λ and γ have a powerlaw increase with t for the subohmic case whereas there is a rapid decrease in the supraohmic case.

This formalism can be applied to study flavour oscillations in the presence of such dark-energy induced decoherence [31]. With the general Ω (t) of (38) the probability for flavour oscillation, P_{1→2}, is found proportional to

P_{1→2} ∝ (sin 2θ)^2 ( 1 − exp [ −4σ^2p^2I(t) ]) × [conventional oscillatory terms] . (40)

with I(t) ≡ ∫_t 0 Ω(t^′)dt^′ = Ω_0t + ~γln(1 + t/a) + ~^{Γ√}_b tan^{−1}( √ bt) . From (40) it is evident that decoherence affects this probability with an exponential damping only if the cosmological term Ω is the constant Ω_0. In particular, in the absence of the Ω_0 term, and in the limit ~Γ = 0, the decoherence due to the D-particle foam results in power damping for large times t → ∞, the terms ~ρ_i ∼ t^{−δ2i} , i = 0, 3, while ~ρ_i ∼ t^{−p2δ2i} , i = 1, 2, i.e. the scaling power depends on the probe’s momentum (with δ_i appropriate constants depending on the term we look at).

Although tiny, for laboratory scales, such cosmological decoherence effects may play an important rôle in the propagation of sensitive particle physics probes, such as high energy neutrinos, over cosmological distances, especially in theories where the gravity scale may be at TeV [28].

5.3. Non-Critical String effects on relic abundances and dark matter constraints Before closing this section we would like to make a final remark on contributions to the Boltzmann equation (determining cosmic relic abundances) from non-critical string terms, proportional to the β-functions β^i. Such quantities are important for constraining dark matter (in particular supersymmetric) candidates, , from astrophysical data [52, 59].

In effective four-dimensional space-times (after appropriate string compactification of the extra dimensions) the relic density of a species χ̃ of mass m_{χ̃}, assumed to be the dominant dark matter candidate, is given generically by [60]:

Ω_{χ̃}h^2_0 = ( Ω_{χ̃}h^2_0 ) no−source × ( g̃_∗ g_∗ )_{1/2} exp (∫_{xf} x_0 ΓH^{−1} x dx ) . (41)

In the above formula, H is the Hubble parameter of the Universe, x ≡ T/m_{χ̃}, with T the temperature, and ( Ω_{χ̃}h^2_0 ) no−source = 1.066 ×10^9 GeV^{−1} M_{P lanck} √ g_∗ J , J ≡ ∫_{xf} x_0 ⟨vσ⟩ dx, is the standard-

cosmology result without sources [61]. The source Γ contains also, in our approach, both timedependent dilaton and non-critical-string terms: Γ(t) ≡ Φ̇ −^1_2 e^{−Φ}g^{μν}β̃^{Grav}_{μν} ,, where the suffix “Grav” denotes graviton background β-functions. The time-dependent dilaton sources Φ(t) could play the rôle of quintessence fields in string cosmology [62] and be responsible for the Universe’s current acceleration (through dilatonic dark energy which relaxes asymptotically to zero).

The freeze out point x_f (defined to be the temperature below which all (local) particle interactions are frozen due to the expansion of the Universe) contains source-term modifications: x^{−1}_f = ln [ 0.03824 g_s M_{P lanck} m_{χ̃} √ g_∗ x^{1/2}_f ⟨vσ⟩_f ] + 1 2 ln ( g_∗ g̃_∗ ) + ∫_{xin} x_f ΓH^{−1} x dx . (42) whereby [60] g̃_{eff} = g_{eff} +^{30}_{π2} T^{−4}Δρ, with g_{eff} the ordinary matter degrees of freedom, assumed thermal.

The merit of casting the relic density in such a form is that it clearly exhibits the effect of the presence of the source. It is immediately seen from (41) that, depending on the sign of the source Γ, one may have increase or reduction of the relic density as compared with the corresponding value in the absence of the source. For instance, for simple de-Sitter backgrounds, with positive cosmological constant Ω_0 > 0, and constant dilaton, Φ = ϕ_0, the source term Γ in (41) is simply Γ ∼ −2e^{ϕ0} Ω_0, in (effective) four space-time dimensions, to lowest order in the Regge slope α^′ (c.f. 29), and H^{−1}Γ ∝ −e^{−ϕ0} . However, in realistic string cosmologies with matter, there may be time-dependent dilatons and relaxation dark-energy components present [62], and thus the situation is more complicated [60]. It becomes evident from the above that the constraints imposed on physically appealing particle physics models, such as supersymmetric extensions of the Standard Model, from astrophysical bounds [52] on, say, cold dark matter relic densities [59], need to be revisited in the non-critical (decoherent) string context [60].

6. Conclusions and Outlook In this review we have outlined several aspects of decoherence-induced CPTV and the corresponding experiments. We described the interesting and challenging precision tests that can be performed using kaon systems, especially ϕ-meson factories, where some unique (ω) effects on EPR-correlation modifications, associated with the ill-defined nature of CPT operator in decoherent QG, may be in place.

We have presented sufficient theoretical motivation and estimates of the associated effects to support the case that testing QG experimentally at present facilities may turn out to be a worthwhile endeavour. In fact, as we have argued, CPTV may be a real feature of QG, that can be tested and observed, if true, in the foreseeable future. Indeed, as we have seen, some theoretical (string-inspired) models of space-time foam predict ω-like effects of an order of magnitude that is already well within the reach of the next upgrade of ϕ-factories, such as DAΦNE-2. Neutrino systems is another extremely sensitive probe of particle physics models which can already falsify several models or place stringent bounds in others. Finally, QGdecoherence effects in Cosmology may also play a rôle in our understanding of the Universe evolution, or even modify the current astrophysical constraints on models of particle physics, where such possible decoherent effects are ignored.

Therefore, the current experimental situation for QG signals appears exciting, and several experiments are reaching interesting regimes, where many theoretical models can be falsified. More precision experiments are becoming available, and many others are being designed for the immediate future. Searching for tiny effects of this elusive theory may at the end be very rewarding. Surprises may be around the corner, so it is worth investing time and effort.

Acknowledgements The authors would like to thank the organisers of DICE2006 Conference (Piombino, Italy, 11-15 September 2006) for the invitation. This work was supported in part by the European Union through the Marie Curie Research and Training Network UniverseNet (MRTN-CT-2006-035863).

[1] G. Lüders, Ann. Phys. (NY) 2 (1957) 1.

[2] See: J. A. Wheeler and K. Ford, Geons, Black Holes, And Quantum Foam: A Life In Physics, (New York, USA: Norton (1998)).

[3] S. W. Hawking, Comm. Math. Phys. 87 (1982) 395.

[4] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos and M. Srednicki, Nucl. Phys. B 241 (1984) 381. [5] For reviews see: N. E. Mavromatos, Lect. Notes Phys. 669(2005) 245 [arXiv:gr-qc/0407005] and references therein; For a recent review on Kaon tests of quantum mechanics see: J. Bernabeu, J. Ellis, N. E. Mavromatos, D. V. Nanopoulos and J. Papavassiliou, arXiv:hep-ph/0607322, contribution to the DAΦNE Physics Handbook.

[6] G. Lindblad, Commun. Math. Phys. 48, 119 (1976); V. Gorini, A. Kossakowski and E. C. G. Sudarshan, J. Math. Phys. 17, 821 (1976); R. Alicki and K. Lendi, Lect. Notes Phys. 286 (Springer Verlag, Berlin (1987)) and references therein.

[7] N. E. Mavromatos and Sarben Sarkar, Phys. Rev. D 74, 036007 (2006) [arXiv:hep-ph/0606048]; For a comprehensive recent review see: Sarben Sarkar, arXiv:hep-ph/0610010, contribution to the DAΦNE Physics Handbook.

[8] W. H. Zurek, Phys. Today 44, 36 (1991).

[9] D. Giulini, E. Joos, C. Kiefer, J. Kupsch, I.-O Stamatescu and H.D. Zeh, Decoherence and the Appearance of a Classical World in Quantum Theory (Springer 1996).

[10] R. Wald, Phys. Rev. D21 (1980) 2742.

[11] J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 293 (1992) 142. [arXiv:hep-ph/9207268];

J. R. Ellis, J. L. Lopez, N. E. Mavromatos and D. V. Nanopoulos, Phys. Rev. D 53 (1996) 3846 [arXiv:hep-ph/9505340].

[12] P. Huet and M. E. Peskin, Nucl. Phys. B 434 (1995) 3 [arXiv:hep-ph/9403257]. [13] F. Benatti and R. Floreanini, Nucl. Phys. B 511 (1998) 550 [arXiv:hep-ph/9711240]; Phys. Lett. B 468 (1999) 287 [arXiv:hep-ph/9910508].

[14] For a recent review see: M. Fidecaro and H. J. Gerber, Rept. Prog. Phys. 69 (2006) 1713 [arXiv:hep-ph/0603075] and references therein.

[15] E. Lisi, A. Marrone and D. Montanino, Phys. Rev. Lett. 85, 1166 (2000) [arXiv:hep-ph/0002053]. [16] F. Benatti and R. Floreanini, Phys. Rev. D 64, 085015 (2001) [arXiv:hep-ph/0105303]. [17] D. Hooper, D. Morgan and E. Winstanley, Phys. Rev. D 72, 065009 (2005) [arXiv:hep-ph/0506091]; Phys.

Lett. B 609, 206 (2005) [arXiv:hep-ph/0410094]; L. A. Anchordoqui, H. Goldberg, M. C. Gonzalez-Garcia, F. Halzen, D. Hooper, S. Sarkar and T. J. Weiler, Phys. Rev. D 72, 065019 (2005) [arXiv:hep-ph/0506168].

[18] G. Barenboim and N. E. Mavromatos, JHEP 0501, 034 (2005) [arXiv:hep-ph/0404014]; [19] G. Barenboim and N. E. Mavromatos, Phys. Rev. D 70, 093015 (2004) [arXiv:hep-ph/0406035]. [20] G. Barenboim, N. E. Mavromatos, S. Sarkar and A. Waldron-Lauda, Nucl. Phys. B 758, 90 (2006) [arXiv:hep-ph/0603028].

[21] J. Bernabeu, N. E. Mavromatos and J. Papavassiliou, Phys. Rev. Lett. 92 (2004) 131601 [arXiv:hep-ph/0310180]; J. Bernabeu, N. E. Mavromatos, J. Papavassiliou and A. Waldron-Lauda, Nucl. Phys. B 744 (2006) 180 [arXiv:hep-ph/0506025].

[22] For a recent review see: V. A. Kostelecky, Prepared for 3rd Meeting on CPT and Lorentz Symmetry (CPT 04), Bloomington, Indiana, 4-7 Aug 2004 (World Scientific, Singapore 2005) and references therein.

[23] L. Smolin, Lect. Notes Phys. 669 (2005) 363, and references therein. [24] G. Barenboim and J. Lykken, Phys. Lett. B 554 (2003) 73.

[25] A. Aguilar et al. [LSND Collaboration], Phys. Rev. D 64 (2001) 112007 [arXiv:hep-ex/0104049]; G. Drexlin, Nucl. Phys. Proc. Suppl. 118 (2003) 146.

[26] J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 293 (1992) 37 [arXiv:hep-th/9207103];

A microscopic Liouville arrow of time, Invited review for the special Issue of J. Chaos Solitons Fractals, Vol. 10, p. 345-363 (eds. C. Castro amd M.S. El Naschie, Elsevier Science, Pergamon 1999) [arXiv:hep-th/9805120]; J. R. Ellis, P. Kanti, N. E. Mavromatos, D. V. Nanopoulos and E. Winstanley, Mod. Phys. Lett. A 13 (1998) 303 [arXiv:hep-th/9711163]; N.E. Mavromatos and Sarben Sarkar, Phys. Rev. D 72 (2005) 065016 [arXiv:hep-th/0506242].

[27] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429, 263 (1998) [arXiv:hep-ph/9803315];

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436, 257 (1998) [arXiv:hep-ph/9804398].

[28] L. A. Anchordoqui, arXiv:hep-ph/0610025 and references therein. [29] P. Franzini and M. Moulson, arXiv:hep-ex/0606033 and references therein.

[30] F. Ambrosino et al. [KLOE Collaboration], Phys. Lett. B 642, 315 (2006) [arXiv:hep-ex/0607027]. see also:

A. Di Domenico talk at Mini Workshop on Neutral Kaon Interferometry, Frascati LN, March 24 2006, and references therein (http://www.roma1.infn.it/people /didomenico/roadmap/kaoninterferometry.html).

[31] N. Mavromatos and S. Sarkar, Phys. Rev. D 72, 065016 (2005) [arXiv:hep-th/0506242]. [32] F. David, Mod. Phys. Lett. A 3, 1651 (1988); J. Distler and H. Kawai, Nucl. Phys. B 321, 509 (1989);

see also: N. E. Mavromatos and J. L. Miramontes, Mod. Phys. Lett. A 4, 1847 (1989); E. D’Hoker and P. S. Kurzepa, Mod. Phys. Lett. A 5, 1411 (1990); for earlier works see: E. D’Hoker and R. Jackiw, Phys. Rev. D 26, 3517 (1982), and references therein.

[33] A. B. Zamolodchikov, JETP Lett. 43 (1986) 730 [Pisma Zh. Eksp. Teor. Fiz. 43 (1986) 565]. [34] D. Kutasov, Mod. Phys. Lett. A 7, 2943 (1992) [arXiv:hep-th/9207064].

[35] J. Polchinski, String theory. Vol. 2: Superstring theory and beyond (Cambridge University Press, Cambrige (UK), 1998).

[36] J. R. Ellis, N. E. Mavromatos and M. Westmuckett, Phys. Rev. D 70, 044036 (2004) [arXiv:gr-qc/0405066];

Phys. Rev. D 71, 106006 (2005) arXiv:gr-qc/0501060 [37] I. I. Kogan, N. E. Mavromatos and J. F. Wheater, Phys. Lett. B 387, 483 (1996) [arXiv:hep-th/9606102];

For a review focusing on D-brane recoil, including supermembranes, see: N. E. Mavromatos, arXiv:hep-th/0407026, in Shifman, M. (ed.) et al.: From fields to strings, I. Kogan memorial Volume 2, 1257-1364. (World Sci. 2005), and references therein.

[38] L. H. Ford, Int. J. Theor. Phys. 38 (1999) 2941; H. w. Yu and L. H. Ford, arXiv:gr-qc/0004063. [39] J. R. Ellis, K. Farakos, N. E. Mavromatos, V. A. Mitsou and D. V. Nanopoulos, Astrophys. J. 535 (2000) 139 [arXiv:astro-ph/9907340].

[40] F. N. Loreti and A. B. Balantekin, Phys. Rev. D 50, 4762 (1994) [arXiv:nucl-th/9406003]; E. Torrente- Lujan, arXiv:hep-ph/0210037; F. Benatti and R. Floreanini, Phys. Rev. D 71, 013003 (2005) [arXiv:hep-ph/0412311].

[41] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978); S. P. Mikheev and A. Y. Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985) [Yad. Fiz. 42, 1441 (1985)].

[42] J. Bernabeu, N. E. Mavromatos and S. Sarkar, arXiv:hep-th/0606137. [43] R. Adler et al. [CPLEAR collaboration], Phys. Lett. B 364 (1995) 239.

[44] E. Alvarez, J. Bernabeu, N. E. Mavromatos, M. Nebot and J. Papavassiliou, Phys. Lett. B 607 (2005) 197 [arXiv:hep-ph/0410409]; E. Alvarez, J. Bernabeu and M. Nebot, arXiv:hep-ph/0605211; E. Alvarez, J. Bernabeu and M. Nebot, PoS HEP2005 (2006) 252 [arXiv:hep-ph/0512073]; E. Alvarez, arXiv:hep-ph/0603102, Ph.D. Thesis.

[45] See for instance: H. J. Lipkin, Phys. Rev. 176 (1968) 1715; preprint WIS-89/72/PH Proc. of the Nathan Rosen 80th Birthday Symp., Developments in General Relativity, Astrophysics and Quantum Mechanics, Nov 1989 and references therein.

[46] I. Dunietz, J. Hauser and J. L. Rosner, Phys. Rev. D 35 (1987) 2166; J. Bernabeu, F. J. Botella and J. Roldan, Phys. Lett. B 211 (1988) 226.

[47] L. J. Garay, Int. J. Mod. Phys. A 14 (1999) 4079 (1999) [arXiv:gr-qc/9911002] and references therein; Phys.

Rev. D58 (1998) 124015.

[48] L. Maiani, G. Pancheri and N. Paver, eds., The Second Daphne Physics Handbook Vol. 1, 2,” (LN Frascati, Italy INFN 1995) [49] T. Araki et al. [KamLAND Collaboration], Phys. Rev. Lett. 94, 081801 (2005) [arXiv:hep-ex/0406035]. [50] T. Ohlsson, Phys. Lett. B 502, 159 (2001) [arXiv:hep-ph/0012272].

[51] B. P. Schmidt et al., Astrophys. J. 507, (1998) 46 [arXiv:astro-ph/9805200]; S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, (1999) 565. [arXiv:astro-ph/9812133].

[52] D. N. Spergel et al., Astrophys. J. Suppl. 148, (2003) 175; [arXiv:astro-ph/0302209]; D. N. Spergel et al., arXiv:astro-ph/0603449.

[53] A. A. Starobinsky, Phys. Lett. B 117 (1982) 175; also in Field Theory, Quantum Gravity and Strings, eds.

H.J. de Vega and N. Sanchez (Srpinger, Berlin 1986).

[54] F. Lombardo and F. D. Mazzitelli, Phys. Rev. D 53 (1996) 2001 [arXiv:hep-th/9508052]; Phys. Rev.

D 58 (1998) 024009 [arXiv:gr-qc/9712091]; E. Calzetta and B. L. Hu, Phys. Rev. D 52 (1995) 6770 [arXiv:gr-qc/9505046]; E. A. Calzetta, B. L. Hu and F. D. Mazzitelli, Phys. Rept. 352 (2001) 459 [arXiv:hep-th/0102199], and references therein. C. Kiefer, “Quantum gravity,” (Oxford, UK: Clarendon (2004), International series of monographs on physics. 124, and references therein.

[55] F. C. Lombardo, R. J. Rivers and F. D. Mazzitelli, Int. J. Theor. Phys. 41 (2002) 2121 [arXiv:hep-ph/0202042]; Int. J. Theor. Phys. 41 (2002) 2145 [arXiv:hep-ph/0202041]. F. C. Lombardo, F. D. Mazzitelli and R. J. Rivers, Phys. Lett. B 523 (2001) 317 [arXiv:hep-ph/0102152].

[56] N. E. Mavromatos, arXiv:hep-ph/0309221; arXiv:hep-ph/0402005.

[57] M. Blasone and G. Vitiello, Annals Phys. 244, 283 (1995) [Erratum-ibid. 249, 363 (1996)] [arXiv:hep-ph/9501263]; M. Blasone, A. Capolupo, S. Capozziello, S. Carloni and G. Vitiello, Phys. Lett. A 323, 182 (2004) [arXiv:gr-qc/0402013].

[58] B. L. Hu, J. P. Paz and Y. Zhang, Phys. Rev. D 45 2843 (1992) [59] A. B. Lahanas, D. V. Nanopoulos and V. C. Spanos, Phys. Lett. B 518, 94 (2001) [arXiv:hep-ph/0107151];

J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Lett. B 565, 176 (2003) [arXiv:hep-ph/0303043]; U. Chattopadhyay, A. Corsetti and P. Nath, Phys. Rev. D 68, 035005 (2003) [arXiv:hep-ph/0303201]; for a review see: A. B. Lahanas, N. E. Mavromatos and D. V. Nanopoulos, Int. J. Mod. Phys. D 12, 1529 (2003) [arXiv:hep-ph/0308251] and references therein [60] A. B. Lahanas, N. E. Mavromatos and D. V. Nanopoulos, arXiv:hep-ph/0608153; arXiv:hep-ph/0612152. [61] E. W. Kolb and M. S. Turner, The Early Universe Front. Phys. 69 (Redwood City, USA: Addison-Wesley 1990).

[62] I. Antoniadis, C. Bachas, J. R. Ellis and D. V. Nanopoulos, Phys. Lett. B 211, 393 (1988); Nucl. Phys. B 328, 117 (1989); Phys. Lett. B 257, 278 (1991); G. A. Diamandis, B. C. Georgalas, N. E. Mavromatos, E. Papantonopoulos and I. Pappa, Int. J. Mod. Phys. A 17, 2241 (2002) [arXiv:hep-th/0107124]; M. Gasperini, F. Piazza and G. Veneziano, Phys. Rev. D 65, 023508 (2002) [arXiv:gr-qc/0108016];

G. A. Diamandis, B. C. Georgalas, N. E. Mavromatos and E. Papantonopoulos, Int. J. Mod. Phys. A 17, 4567 (2002) [arXiv:hep-th/0203241]; J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 619, 17 (2005) [arXiv:hep-th/0412240]; J. R. Ellis, N. E. Mavromatos, D. V. Nanopoulos and M. Westmuckett, Int. J. Mod. Phys. A 21 (2006) 1379 [arXiv:gr-qc/0508105]; G. A. Diamandis, B. C. Georgalas, A. B. Lahanas, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 642, 179 (2006) [arXiv:hep-th/0605181].