arXiv:hep-th/0606137 v1 15 Jun 2006

Decoherence induced CPT violation and entangled neutral mesons

J. Bernabéu Departamento de Física Teórica and IFIC, Universidad de Valencia-CSIC, E-46100, Burjassot (Valencia), Spain.

Nick E. Mavromatos and Sarben Sarkar King’s College London, University of London, Department of Physics, Strand WC2R 2LS, London, U.K.

We discuss two classes of semi-microscopic theoretical models of stochastic space-time foam in quantum gravity and the associated effects on entangled states of neutral mesons, signalling an intrinsic breakdown of CPT invariance. One class of models deals with a specific model of foam, initially constructed in the context of non-critical (Liouville) string theory, but viewed here in the more general context of effective quantum-gravity models. The relevant Hamiltonian perturbation, describing the interaction of the meson with the foam medium, consists of off-diagonal stochastic metric fluctuations, connecting distinct mass eigenstates (or the appropriate generalisation thereof in the case of K-mesons), and it is proportional to the relevant momentum transfer (along the direction of motion of the meson pair). There are two kinds of CPT-violating effects in this case, which can be experimentally disentangled: one (termed “ω-effect”) is associated with the failure of the indistinguishability between the neutral meson and its antiparticle, and affects certain symmetry properties of the initial state of the two-meson system; the second effect is generated by the time evolution of the system in the medium of the space-time foam, and can result in time-dependent contributions of the ω-effect type in the time profile of the two meson state. Estimates of both effects are given, which show that, at least in certain models, such effects are not far from the sensitivity of experimental facilities available currently or in the near future. The other class of quantum gravity models involves a medium of gravitational fluctuations which behaves like a “thermal bath”. In this model both of the above-mentioned intrinsic CPT violation effects are not valid.

PACS numbers:

I. INTRODUCTION AND MOTIVATION

There have been two strands of research in the last few years which have only recently made contact. One is the subject of bipartite entanglement and the other is the role of space-time foam for decoherence of elementary particles. The latter was first championed by Wheeler within the context of microscopic horizons of radius of the order of the Planck length which may induce in space-time a fuzzy structure. This has been further developed in [1] where it was suggested that topological fluctuations in the space-time background and microscopic black holes can lead to non-unitary evolution and a breakdown of the S-matrix description in field theory. If this is correct then the usual formulation of quantum mechanics has to be modified. Arguments have been put forward for this modification of the Liouville equation to take the form [2] ∂_tρ = i ℏ [ρ, H] + ̸δHρ. (1.1) Equations of this form are frequently required to describe the time evolution of an open quantum mechanical system where ̸δHρ has a Lindblad form [3]. In such systems observable degrees of freedom are coupled to unobservable components which are effectively integrated over. Initial pure states evolve into mixed ones and so the S-matrix ̸S relating initial and final density matrices does not factorise, i.e.

̸S ≠ SS^† (1.2)

where S = e^{iHt}. In these circumstances Wald [4] has shown that CPT is violated, at least in its strong form, i.e. there is no unitary invertible operator Θ such that

Θρ_{in} = ρ_{out}. (1.3)

This result is due to the entanglement of the gravitational fluctuations with the matter system. Such entanglement is not generally a perturbative effect.

It was pointed out in [5], that if the CPT operator is not well defined this has implications for the symmetry structure of the initial entangled state of two neutral mesons in meson factories. Indeed, if CPT can be defined as a quantum mechanical operator, then the decay of a (generic) meson with quantum numbers J^{P C} = 1^{−−} [6], leads to a pair state of neutral mesons |i⟩ having the form of the entangled state |i⟩ = 1 √ 2 (| |M0 (−→ k )⟩ | |M0 ( − −→ k )⟩ − | | |M0 (−→ k )⟩ | |M0 ( − −→ k )⟩) . (1.4)

This state has the Bose symmetry associated with particle-antiparticle indistinguishability CP = +, where C is the charge conjugation and P is the permutation operation. If, however, CPT is not a good symmetry (i.e. ill-defined due to space-time foam), then M_0 and M_0 may not be identified and the requirement of CP = + is relaxed [5]. Consequently, in a perturbative framework, the state of the meson pair can be parametrised to have the following form: |i⟩ = 1 √ 2 (| |M0 (−→ k )⟩ | |M0 ( − −→ k )⟩ − | | |M0 (−→ k )⟩ | |M0 ( − −→ k )⟩)

+ ω √ 2 (| |M0 (−→ k )⟩ | |M0 ( − −→ k )⟩ + | | |M0 (−→ k )⟩ | |M0 ( − −→ k )⟩)

where ω = |ω| e^{iΩ} is a complex CPT violating (CPTV) parameter. For definiteness in what follows we shall term this quantum-gravity effect in the initial state as the “ω-effect”[5].

Given the possible breakdown of conventional unitary quantum mechanics and non-invariance of CPT as a consequence of space-time foam, it is interesting to see what, if any, type of foam can generate this type of effect from a fundamental and non-phenomenological stance. This is a somewhat delicate matter since evolution using the popular Lindblad approaches [3],[7],[8] generate effects, which, however, have essential differences in both form and interpretation from the ω-effect”, and thus can be experimentally disentangled from it [8]. However the Lindblad-type approach to quantum gravity is primarily based on mathematical considerations of quantum dynamical semigroups (required for irreversibility) and Markov processes and does not claim any other physical motivation. It is certainly not a microscopic theory of quantum gravity. There is need for a more detailed microscopic and model dependent approach in order to arrive at reasonable estimates for the ω-(initial state) and its evolution. In this work we shall study and estimate such effects in the context of specific models of space-time foam which are motivated by underlying theoretical considerations.

Space-time foam is a generic term that covers quite distinct points of view. One of the most plausible reasons for considering quantum decoherence models of quantum gravity, comes from recent astrophysical evidence for the acceleration of our Universe during the current-era. Observations of distant supernovae [9], as well as WMAP data [10] on thermal fluctuations in the cosmic microwave background (CMB), indicate that our Universe is at present accelerating, and that 74% of its energy-density budget consists of an unknown entity, termed Dark Energy. Best-fit models of such data include Einstein-Friedman-Robertson-Walker Universes with a non-zero cosmological constant. However, the data are currently compatible also with (cosmic) time-dependent vacuum-energy-density components, relaxing asymptotically to zero [11]. Such relaxation mechanisms may be due to extra scalar quintessence fields [12], which in the case of some models inspired by non-critical string theory might be the dilaton itself [13]. Identification of the dark energy component of the Universe with the central charge surplus of the supercritical σ-models describing the (recoil) string excitations of colliding brane-worlds leads to a non-equilibrium energy density of the (observable) brane world [14, 15]and a relaxation scenario for the dark energy. The associated dilaton field during the present era of the Universe may even be constant, in which case the relaxation of the dark-energy density component is a purely stringy feature of the logarithmic conformal field theory [16] describing the D-brane recoil [17] in a (perturbative) σ-model framework. This is compatible with a de Sitter space, with scale factor a(t) = exp( √ Ω_0/3t), which implies an asymptotic Hubble horizon δ_H ∼ ∫_∞ t_0

d(ct^′)a^{−1}(t^′) < ∞ (1.5)

One suggestion for the quantisation of such systems is through analogies with open systems in quantum mechanics. For some simple cases, such as conformally coupled scalar fields [18] in de Sitter spaces it has been shown explicitly that the system modes decohere for wavelengths longer than a critical value, which is of the order of the Hubble horizon. From the theorem by Wald [4], the CPT operator is ill-defined in such decoherent field theories. Non-critical (Liouville) string [19] provides a rather unified formalism for dealing not only with cosmological constant Universes in string theory, but also in general with decoherent quantum space-time foam backgrounds, that include microscopic quantum-fluctuating black holes [20]. Within this framework a particularly simple and tractable background is given by D-particles. Low energy matter is represented as open or closed strings and moves in a D + 1 dimensional target space. The string states collide with massive D-particle defects embedded in target space. The recoil fluctuations of the D-particle induce a space-time distortion given by the metric tensor

g_{ij} = δ_{ij}, g_{00} = −1, g_{0i} = ε (εy_i + u_it) Θ_ε (t) , i = 1, . . . , D (1.6) where the suffix 0 denotes temporal (Liouville) components and

Θ_ε (t) = 1 2πi ∫_∞ −∞ dq q − iε e^{iqt}, (1.7) u_i = (k_1 − k_2)_i ,

with k_1 (k_2) the momentum of the propagating closed-string state before (after) the recoil; y_i are the spatial collective coordinates of the D particle and ε^{−2} is identified with the target Minkowski time t for t ≫ 0 after the collision [17]. These relations have been calculated for non-relativistic branes where u_i is small. Now for large t, to leading order, g_{0i} ≃ u_i ≡ u_i ε ∝ Δp_i M_P (1.8)

where Δp_i is the momentum transfer during a collision 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 spacetime but depends on the energy content of the low energy particle [21]. Such a feature does not arise in conventional approaches to space-time foam and will be important in our formulation of one of the microscopic models that we will consider.

The above model of space-time foam refers to a specific string-inspired construction. However the form of the induced back reaction (1.8) onto the space-time has some generic features, and can be understood more generally in the context of effective theories of such models, which allows one to go beyond a specific non-critical (Liouville) model. Indeed, the D-particle defect can be viewed as an idealisation of some (virtual, quantum) black hole defect of the ground state of quantum gravity, viewed as a membrane wrapped around some small extra dimensions of the (stringy) space time, and thus appearing to a four-dimensional observer as an “effectively” point like defect. The back reaction on space-time due to the interaction of a pair of neutral mesons, such as those produced in a meson factory, with such defects can be studied generically as follows: consider the non-relativistic recoil motion of the heavy defect, whose coordinates in space-time,in the laboratory frame, are y^i = y^i_0 + u^it, with u^i the (small) recoil velocity. One can then perform a (infinitesimal) general coordinate transformation y^μ → x^μ + ξ^ν so as to go to the rest (or co-moving ) frame of the defect after the scattering. From a passive point of view, for one of the mesons, this corresponds to an induced change in metric of space-time of the form (in the usual notation, where the parenthesis in indices denote symmetrisation) δg_{μν} = ∂_{(μ}ξ_{ν)}, which in the specific case of non-relativistic defect motion yields the off-diagonal metric elements (1.8). Such transformations cannot be performed simultaneously for both mesons, and moreover in a full theory of quantum gravity the recoil velocities fluctuate randomly, as we shall discuss later on. This means that the effects of the recoil of the space-time defect are observable. The mesons will feel such effects in the form of induced fluctuating metrics (1.8). It is crucial to note that the interaction of the matter particle (meson) with the foam defect may also result in a “flavour” change of the particle (e.g. the change of a neutral meson to its antiparticle). This feature can be understood in a D-particle Liouville model by noting that the scattering of the matter probe off the defect involves first a splitting of a closed string representing matter into two open ones, but with their ends attached to the D-particle, and then a joining of the string ends in order to re-emit a closed string matter state. The re-emitted (scattered) state may in general be characterised by phase, flavour and other quantum charges which may not be required to be conserved during black hole evaporation and disparate space-time-foam processes. In our application we shall restrict ourselves only to effects that lead to flavour changes. The modified form of the metric fluctuations (1.8), which characterise our specific model of Liouville decoherence is given in the next section.

The second model to be considered by us shares a concern with the effect of horizons and the consequent absence of unitarity but the formulation is not supported by a formal theory like string theory. A different effective theory of space-time foam has been proposed by Garay [22]. The fuzziness of space-time at the Planck scale is described by a non-fluctuating background which is supplemented by non-local interactions. The latter reflects the fact that at Planck scales space-time points lose their meaning and so these fluctuations present themselves in the non-fluctuating coarse grained background as non-local interactions. These non-local interactions are then rephrased as a quantum thermal bath with a Planckian temperature. The quantum entanglement of the gravitational bath and the two meson (entangled) state is explicit in this model. Consequently issues of back reaction can be readily examined. Since the evolution resulting from the standard Lindblad formulation does not lead to the ω effect, this manifestation of CPTV is not the result of some arbitrary non-unitary evolution. Hence it is interesting to study the above two quite distinct models (one motivated by string theory and the other by field theory) for clues concerning the appearance of (and an estimate for the order of magnitude) of ω.

The structure of this article is as follows: In the next section we will construct the model incorporating ideas from Liouville string theory that were mentioned earlier. It will be referred to as the Liouville stochastic metric (LSM) model. It will be demonstrated that this model leads to the appearance of ω-type effects both in the initial state and during evolution in the foam medium. In fact, there are some subtleties concerning strangeness conservation

(on choosing the M meson to be the K meson for definiteness); consequently, the precise form of the pertinent CPT Violating terms in the decay products of a meson factory, constitutes a sensitive probe of any non-conservation. In models of space-time foam such as LSM strangeness is not always conserved, as there is no corresponding no-hair theorem for the associated (singular) space-time fluctuations. This is a feature that is model dependent, and, in this work, we pay particular attention to determining the conditions under which this happens. Qualitative estimates of the effects are given and the rôle of time dependence in disentangling the effects is discussed. The neutral meson system and the thermal bath, representing space-time foam, together form one large hamiltonian system whose evolution can be calculated exactly. This implies in principle an exact knowledge of the dynamics of the neutral mesons. Consequently in the third section, entanglement that is induced in the state of the neutral meson pair by the thermal bath, is calculated. However, as discussed there, no ω type effect is generated by the evolution in such a type of foam. Moreover owing to the details of the entanglement of bath and neutral mesons the stationary states of the system cannot be interpreted in terms of an initial ω effect. Conclusions are presented in the final section. Technical aspects of our work are given in two appendices.

II. LIOUVILLE INSPIRED DECOHERENCE

A. Liouville-Stochastic-Metric (LSM) fluctuations and Meson systems: formalism

Polchinski’s realisation [23] that solitonic string backgrounds (D-branes) can be described in a conformally invariant way in terms of world sheets with boundaries has significantly changed the understanding of target space structure. Collective target space coordinates of the soliton have Dirichlet boundary conditions on these boundaries. A model of space-time foam [15] can be based on a number (determined by target space supersymmetry) of parallel brane worlds with three large spatial dimensions which move in a bulk space-time containing a “gas” of D-particles. 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 “D-foamy” structure. Following some recent work on gravitiational decoherence [24],[25] 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 )| . (2.1)

The parameters r_μ (μ = 0, . . ., 5) are stochastic with a gaussian distribution f (r_μ ) characterised by the averages

⟨r_μ⟩ = 0, ⟨r_μr_ν⟩ = Δ_μδ_{μν} . The fluctuations experienced by the two entangled neutral mesons will be assumed to be independent and Δ_μ ∼ O (_{E2} 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. As far as our present discussion is concerned we will consider a semi-classical picture for the metric and so |g (r_μ)⟩ in 2.1 will be a coherent state. In the future we will also address non-classical fluctuations where the |g (r_μ)⟩ could represent squeezed states of gravitons.

In order to address oscillation and MSW-like phenomena [24] [26],[27] the fluctuations of each component of the metric tensor g^{αβ} will not be simply given by the simple recoil distortion (1.8), but instead will be taken to have a 2 × 2 (“flavour”) structure:

g^{00} = (−1 + r_4) 1

g^{01} = g^{10} = r_01 + r_1σ_1 + r_2σ_2 + r_3σ_3 (2.2)

g^{11} = (1 + r_5) 1

where 1 , is the identity and σ_i are the Pauli matrices. The above parametrisation has been taken for simplicity and we will also consider motion to be in the x- direction which is natural since the meson pair moves collinearly in the Center-of-Mass (C.M.) frame. A metric with this type of structure is compatible with the view that the Dparticle defect is a “point-like” approximation for a compactified higher-dimensional brany black hole, whose no hair theorems permit non-conservation of flavour. In the case of neutral mesons the concept of “flavour” refers to either particle/antiparticle species or the two mass eigenstates, by changing appropriately the relevant coefficients.

5 The Klein-Gordon equation for a spinless neutral meson field Φ = ( ϕ_1 ϕ_2 ) with mass matrix m =^1_2 (m_1 + m_2) 1+ 1 2 (m_1 − m_2) σ_3 in a gravitational background is

(g^{αβ} D_αD_β − m^2)Φ = 0 (2.3)

where D_α is the covariant derivative. Since the Christoffel symbols vanish for a_i independent of space time the D_α coincide with ∂_α. Hence ( g^{00}∂^2_0 + 2g^{01}∂_0∂_1 + g^{11}∂^2_1 ) Φ − m^2Φ = 0. (2.4)

It is useful at this stage to rewrite the state |i⟩ in terms of the mass eigenstates. To be specific, from now on we shall restrict ourselves to the neutral Kaon system K_0 − K_0, which is produced by a ϕ-meson at rest, i.e. K_0 − K_0 in their C.M. frame. The CP eigenstates (on choosing a suitable phase convention for the states |K_0⟩ and | |K_0⟩ ) are, in standard notation, |K_±⟩ with |K_±⟩ = 1 √ 2 ( |K_0⟩ ± | |K_0⟩) . (2.5)

The mass eigensates |K_S ⟩ and |K_L⟩ are written in terms of |K_±⟩ as

|K_L⟩ = 1 √ 1 + |ε_2|^2

[|K_−⟩ + ε_2 |K_+⟩] (2.6)

and |K_S ⟩ = 1 √ 1 + |ε_1|^2

[|K_+⟩ + ε_1 |K_+⟩] . (2.7)

In terms of the mass eigenstates

|i⟩ = C (| |KL (−→ k )⟩ | |KS ( − −→ k )⟩ − | | |KS (−→ k )⟩ | |KL ( − −→ k )⟩) + ω (| |KS (−→ k )⟩ | |KS ( − −→ k )⟩ − | | |KL (−→ k )⟩ | |KL ( − −→ k )⟩) (2.8)

where C = √ (1+|ε1|^2)(1+|ε2|^2) √ 2(1−ε_1ε_2) [5]. In the notation of two level systems (on suppressing the −→ k label) we write |K_L⟩ = |↑⟩ (2.9) |K_S ⟩ = |↓⟩ .

The unnormalised state |i⟩ will then be an example of an initial state |ψ⟩ = |k, ↑⟩^{(1)} |−k, ↓⟩^{(2)} − |k, ↓⟩^{(1)} |−k, ↑⟩^{(2)} + ξ |k, ↑⟩^{(1)} |−k, ↑⟩^{(2)} + ξ^′ |k, ↓⟩^{(1)} |−k, ↓⟩^{(2)} (2.10) where | | |ML (−→ k )⟩ = |k, ↑⟩ and we have taken −→ k to have only a non-zero component k in the x-direction; superscripts label the two separated detectors of the collinear meson pair, ξ and ξ^′ are complex constants and we have left the state |ψ⟩ unnormalised. The evolution of this state is governed by a hamiltonian ^H

^H = g^{01} (g^{00})^{−1} ^k − (g^{00})^{−1} √ (g^{01})^2 k^2 − g^{00} (g^{11}k^2 + m^2) (2.11)

which is the natural generalisation of the standard Klein Gordon hamiltonian in a one particle situation. Moreover ^k |±k, ↑⟩ = ±k |k, ↑⟩ together with the corresponding relation for ↓.

B. Gravitationally-dressed initial entangled state: stationary perturbation theory and order of magnitude estimates of the ω-effect.

The effect of space-time foam on the initial entangled state of two neutral mesons is conceptually difficult to isolate, given that the meson state is itself entangled with the bath. Nevertheless, in the context of our specific model, which is written as a stochastic hamiltonian, one can estimate the order of the associated ω-effect of [5] by applying non-degenerate perturbation theory to the states |k, ↑⟩^{(i)}, |k, ↓⟩^{(i)}, i = 1, 2. Although it would be more rigorous to consider the corresponding density matrices, traced over the unobserved gravitational degrees of freedom, in order to obtain estimates it will suffice formally to work with single-meson state vectors) .

Owing to the form of the hamiltonian (2.11) the gravitationally perturbed states will still be momentum eigenstates. The dominant features of a possible ω-effect can be seen from a term ^H_I in the single-particle interaction hamiltonian

^H_I = − (r_1σ_1 + r_2σ_2) ^k (2.12)

which is the leading order contribution in the small parameters r_i (c.f. (2.2),(2.11)) in H (i.e. √ Δ_i are small). This implies a modification of the mass eigenstates by the medium of quantum gravity, in analogy with the celebrated MSW effect of neutrino propagating in matter media [27], but with the important difference here that the effects of the medium are directional.

In first order in perturbation theory the gravitational dressing of |k, ↓⟩^{(i)} leads to a state: | | |k^{(i)}, ↓ ⟩_{(i)} QG = | | |k^{(i)}, ↓ ⟩_{(i)} + | | |k^{(i)}, ↑ ⟩_{(i)} α^{(i)} (2.13)

where

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

(2.14)

and correspondingly for | |k^{(i)}, ↑⟩^{(i)} the dressed state is obtained from 2.14 by |↓⟩ ↔ |↑⟩ and α → β where

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

(2.15)

Here the quantities E_i = (m^2_i + k^2)^{1/2} denote the energy eigenvalues, and i = 1 is associated with the up state and i = 2 with the down state. With this in mind the totally antisymmetric “gravitationally-dressed” state can be expressed in terms of the unperturbed single-particle states as:

|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)}

It should be noted that for r_i ∝ δ_{i1} the generated ω-like effect corresponds to the case ξ = ξ^′ in (2.10) since α^{(i)} = −β^{(i)}, while the ω-effect of [5] (2.8) corresponds to r_i ∝ δ_{i2} (and the generation of ξ = −ξ^′) since α^{(i)} = β^{(i)}. In the density matrix these cases can be distinguished by the off-diagonal terms.

These two cases are physically very different. In the case of ϕ-factories, the former corresponds to non-definite strangeness in the initial state of the neutral Kaons (seen explicitly when written in terms of K_0 − K_0), and hence strangeness nonconservation in the initial decay of the ϕ-meson, while the latter conserves this quantum number. We remind the reader that in a stochastic quantum-gravity situation, strangeness, or, in that matter, the appropriate quantum number in the case of other neutral mesons, is not necessarily conserved, and this is reflected in the abovedescribed general parametrisation of the interaction Hamiltonian (2.12) in “flavour” space.

As we shall discuss in the next subsection, the (decoherent) time evolution of these two cases causes the appearence of terms with the opposite effects, as far as the quantrum numbers in question are concerned. Namely, the strangenessconserving initial state leads to the appearance of CPT violating terms with a strangeness violating form, while an initially strangeness-violating combination generates, under evolution in the foam, a strangeness-conserving ω-effect of the form proposed in [5].

We next remark that on averaging the density matrix over the random variables r_i, we observe that only terms of order |ω|^2 will survive, with the order of |ω|^2 being |ω|^2 = O ( 1 (E_1 − E_2) (⟨↓, k|H_I|k, ↑⟩)^2 ) = O ( Δ_2k^2 (E_1 − E_2)^2 ) ∼ Δ_2k^2 (m_1 − m_2)^2

(2.16)

for the physically interesting case in which the momenta are of order of the rest energies.

Recalling (c.f. (1.8)) that the variance Δ_2 (and also Δ_1) is of the order of the square of the momentum transfer (in units of the Planck mass scale M_P ) during the scattering of the single particle state off a space-time-foam defect, i.e. Δ_2 = ζ^2k^2/M^2_P , where ζ is at present a phenomenological parameter. It cannot be further determined due to the lack of a complete theory of quantum gravity, which would in principle determine the order of the momentum transfer. We arrive at the following estimate of the order of ω in this model of foam: |ω|^2 ∼ ζ^2k^4 M^2_P (m_1 − m_2)^2

(2.17)

Consequently for neutral kaons, with momenta of the order of the rest energies |ω| ∼ 10^{−4}|ζ|, whilst for B-mesons we have |ω| ∼ 10^{−6}|ζ|. For 1 > ζ ≥ 10^{−2} these values for ω are not far below the sensitivity of current facilities, such DAΦNE, and ζ may be constrained by future data owing to upgrades of the DAΦNE facility or a Super B factory. If the universality of quantum gravity is assumed then ζ can also be restricted by data from other sensitive probes, such as terrestrial and extraterrestrial neutrinos [24].

C. Time-evolution generated ω-like effects

We next discuss a similar CPT violating (CPTV) effect generated by the time evolution of the system. The evolution of the two particle state |ψ⟩ is given by

|ψ (t)⟩ = exp [ −i ( ^H^{(1)} + ^H^{(2)} ) t ℏ ] |ψ⟩ (2.18)

where the superscripts on the ^H indicate that part of the two particle state that is being acted on by ^H. On using (4.20) and (4.21) of Appendix A we find |ψ (t)⟩ = e^{−i} ( λ^{(1)}_0 +λ^{(2)}_0 ) t { â_{↑↓} (t) |k, ↑⟩^{(1)} |−k, ↓⟩^{(2)} + â_{↑↑} (t) |k, ↑⟩^{(1)} |−k, ↑⟩^{(2)} +â_{↓↓} (t) |k, ↓⟩^{(1)} |−k, ↓⟩^{(2)} + â_{↓↑} (t) |k, ↓⟩^{(1)} |−k, ↑⟩^{(2)} } (2.19)

where

â_{↑↓} (t) = f̂^{(1)} (t) f̂^{(2)} (t)^∗ + ĝ^{(1)} (t)^∗ ĝ^{(2)} (t) − iξ_1f̂^{(1)} (t) ĝ^{(2)} (t) − iξ_2ĝ^{(1)} (t)^∗ f̂^{(2)} (t)^∗ , (2.20)

â_{↑↑} (t) = −if̂^{(1)} (t) ĝ^{(2)} (t)^∗ + iĝ^{(1)} (t)^∗ f̂^{(2)} (t) + ξ_1f̂^{(1)} (t) f̂^{(2)} (t) − ξ_2ĝ^{(1)} (t)^∗ ĝ^{(2)} (t)^∗ , (2.21)

â_{↓↓} (t) = −iĝ^{(1)} (t) f̂^{(2)} (t)^∗ + if̂^{(1)} (t)^∗ ĝ^{(2)} (t) − ξ_1ĝ^{(1)} (t) ĝ^{(2)} (t) + ξ_2f̂^{(1)} (t)^∗ f̂^{(2)} (t)^∗ , (2.22) and

â_{↓↑} (t) = −ĝ^{(1)} (t) ĝ^{(2)} (t)^∗ − f̂^{(1)} (t)^∗ f̂^{(2)} (t) − iξ_1ĝ^{(1)} (t) f̂^{(2)} (t) − iξ_2f̂^{(1)} (t)^∗ ĝ^{(2)} (t)^∗ . (2.23)

The operators ^f^{(i)}, ^f^{(i)∗}, ^g^{(i)} and ^g^{(i)∗} here act on eigenstates and so they produce c-number eigenvalues f^{(i)}, f^{(i)∗}, g^{(i)} and g^{(i)∗} respectively. A similar convention will be used for other related operators. In the evolution given by (2.19) we shall examine terms involving |k, ↑⟩^{(1)} |−k, ↑⟩^{(2)} and |k, ↓⟩^{(1)} |−k, ↓⟩^{(2)} but independent of ξ_1 and ξ_2. Consequently these may be regarded as a generation of the ω contribution as a consequence of entanglement with the gravitational space-time foam rather than as a modification of an existing term. Since the hamiltonian generating the evolution is stochastic, the state of the system at any time is given by (|ψ (t)⟩ ⟨ψ (t)|)_{avg} where the averaging is over the stochastic parameters in the metric. The resulting state is a mixed density matrix.

Just as in the estimates of the order of the ω-effect for the stationary states, it is adequate to work in terms of the wavefunctions. The magnitude of the ω generated in (2.19) will now be estimated. We define ϖ (2.21) and ϖ^′ (2.22) as ϖ (t) = i ( f^{(2)} (t) g^{(1)∗} (t) − f^{(1)} (t) g^{(2)∗} (t) ) (2.24) and ϖ^′ (t) = i ( f^{(1)∗} (t) g^{(2)} (t) − g^{(1)} (t) f^{(2)∗} (t) ) . (2.25)

From (4.22) and (4.23) of Appendix A we deduce that ϖ (t) = i [( cos (| |λ^{(2)} | | | t ) − i sin (| |λ^{(2)} | | | t ) λ(2)_3 | |λ(2) | | ) sin (| |λ^{(1)} | | | t ) λ(1)_1 − iλ(1)_2 | |λ(1) | | − (1 ↔ 2) ] (2.26) and ϖ^′ (t) = −i [( cos (| |λ^{(2)} | | | t ) + i sin (| |λ^{(2)} | | | t ) λ(2)_3 | |λ(2) | | ) sin (| |λ^{(1)} | | | t ) λ(1)_1 + iλ(1)_2 | |λ(1) | | − (1 ↔ 2) ] . (2.27)

Clearly we have an exact relation

ϖ^′ (t) = ϖ (t)^∗ . (2.28)

Moreover

Re (ϖ (t)) = sin (| |λ^{(2)} | | | t ) sin (| |λ^{(1)} | | | t ) λ(1)_1 λ(2)_3 − λ(2)_1 λ(1)_3 | λ^{(1)} | | λ^{(2)} |

+ cos (| |λ^{(2)} | | t) sin ( | |λ_{(1)} | | t) λ^{(1)}_2| |λ(1) | | − cos (| |λ^{(1)} | | t) sin ( | |λ_{(2)} | | t) λ^{(2)}_2| |λ(2) | | (2.29) and Im (ϖ (t)) = sin (| |λ^{(2)} | | t) sin ( | |λ_{(1)} | | t) λ^{(2)}_2 λ^{(1)}_3 − λ^{(1)}_2 λ^{(2)}_3 | |λ(1) | | | |λ(2) | | + cos (| |λ^{(2)} | | | t ) sin (| |λ^{(1)} | | | t ) λ(1)_1 | |λ(1) | | − cos (| |λ^{(1)} | | | t ) sin (| |λ^{(2)} | | | t ) λ(2)_1 | |λ(2) | | . (2.30)

To lowest order ( in the strength of the metric fluctuations)

λ^{(2)}_3 λ^{(1)}_1 − λ^{(1)}_3 λ^{(2)}_1 ≈ −2r_1kχ_3 (2.31)

and χ_3 ≈^1_2 (√ k^2 + m^2_1 − √ k^2 + m^2 ) (which is small for (m_1 − m_2) ≪ k) and

cos (| |λ^{(2)} | | | t ) sin (| |λ^{(1)} | | | t ) λ(1)_2 | |λ(1) | | − cos (| |λ^{(1)} | | | t ) sin (| |λ^{(2)} | | | t ) λ(2)_2 | |λ(2) | | ≈ − sin ( 2 (| |λ^{(1)} | | | + r3k ) t ) r_2k χ_3

. (2.32)

Hence for r_2 ≠ 0 Re (ϖ (t)) ≫ Im (ϖ (t)) and ϖ (t) ≈ ϖ^′ (t). By contrast when r_2 = 0 and r_1 ≠ 0 Im (ϖ (t)) ≫ Re (ϖ (t)) and so ϖ (t)^∗ ∼ −ϖ (t) which is the permutation symmetry necessary for the ω-effect [5]. This leads to the simplification

ϖ (t) ∼ i cos (| |λ^{(2)} | | | t ) sin (| |λ^{(1)} | | | t ) [ λ^{(1)}_1| |λ(1) | | − λ^{(2)}_1| |λ(2) | | ] (2.33) and so the leading contribution to |ψ (t)⟩ of the CPT violating type is |ψ (t)⟩ ∼ e^{−i} ( λ^{(1)}_0 +λ^{(2)}_0 ) tϖ (t) { |k, ↑⟩^{(1)} |−k, ↑⟩^{(2)} − |k, ↓⟩^{(1)} |−k, ↓⟩^{(2)} } (2.34)

From (2.33) O (ϖ) ≃^{λ(1)1 −λ(2)1}|_{λ(1)} | ∼ 2 ( 1 + Δ^{12}_4

)_Δ^1_{21 k}

|λ^{(1)}| and | |λ^{(1)} | | ∼ ( 1 + Δ^{12}_4 ) √ χ^2_1 + χ^2_3. From (4.3), (4.4) and (4.5) of

Appendix A we observe that, to leading order, χ_3 ∼ ( k^2 + m^2_1

) 1_2 − ( k^2 + m^2

) 1_2 and so

O (ϖ) ≃ 2Δ^{12}_1 k

(k^2 + m^2_1)^{12} − (k^2 + m^2)^{12} cos (| |λ^{(1)} | | | t ) sin (| |λ^{(1)} | | | t ) = ϖ_0 sin ( 2 | | |λ^{(1)} | | | t ) . (2.35)

with ϖ_0 ≡^Δ 1 2 1 k (k^2+m^2_1 )^{12} −(k^2+m^2 )^{12} . Although Δ_1 is a parameter, our model has its origins in models of D-particle foam; as previously discussed the estimate for Δ_1 that arises in such models is given in terms of the momentum transfer during the scattering of the matter state with the space-time defect

Δ^{1/2}_1 ∼ |ζ| |k| M_P . This yields an |ϖ_0| of the same order as |ω| in (2.17).

The time dependence of this effect allows its experimental disentanglement from the ω-effect appearing in the initial state of the two neutral mesons. The situation should be compared with the analogous one within the context of a Lindblad approach to the foam, considered in [8], where again the evolution effects can be disentangled from the initial-state symmetry CPTV ω-effects.

III. THE THERMAL MASTER EQUATION

Master equations with a thermal bath have been argued to be relevant to decoherence with space time foam [22]. A thermal field represents a bath about which there is minimal information since only the mean energy of the bath is known, a situation valid also for space time foam. In applications of quantum information it has been shown that a system of two qubits (or two-level systems) initially in a separable state (and interacting with a thermal bath) can actually be entangled by such a single mode bath [28]. As the system evolves the degree of entanglement is sensitive to the initial state. The close analogy between two-level systems and neutral meson systems, together with the modelling by a phenomenological thermal bath of space time foam, makes the study of thermal master equations a rather intriguing one for the generation of ω. The hamiltonian H representing the interaction of two such two-level systems with a single mode thermal field is H = ℏνa^†a + 1 2 ℏΩσ^{(1)}_3 + 1 2 ℏΩσ^{(2)}_3 + ℏγ 2∑ i=1 ( aσ^{(i)}_+ + a^†σ^{(i)}_− ) (3.1)

where a is the annihilation operator for the mode of the thermal field and the σ’s are the standard Pauli matrices for the 2 level systems.The operators a and a^† satisfy [ a, a^† ] = 1, [ a^†, a^† ] = [a, a] = 0. (3.2)

The superscripts label the particle. This hamiltonian is the Jaynes-Cummings hamiltonian [29] and explicitly incorporates the back reaction or entanglement between system and bath. This is in contrast with the Lindlblad model and the Liouville stochastic metric model. In common with the Lindblad model it is non-geometric. In the former the entanglement with the bath has been in principle integrated over while in the latter it is represented by a stochastic effect. It is useful to go to the interaction picture in which operators are labelled by a subscript I; in terms of the Schrödinger picture the interaction picture operators are given by a_I (t) = exp (−iυt) a σ_{3I} (t) = σ_3 (3.3) σ_{+I} (t) = exp (iΩt) σ_+.

Moreover the interaction part of the hamiltonian V = ℏγ

∑_2 i=1 ( aσ^{(i)}_+ + a^†σ^{(i)}_− ) transforms to

V_I = ℏγ 2∑ i=1 ( exp (−iδt) aσ^{(i)}_+ + exp (iδt) a^†σ^{(i)}_− ) (3.4)

where δ = ν − Ω. The initial density matrix ρ (0) is taken as ρ (0) = ρ_M ⊗ ρ_F . (3.5) Here ρ_M = |A⟩ ⟨A| , (3.6)

|A⟩ = |↑⟩^{(1)} |↓⟩^{(2)} − |↓⟩^{(1)} |↑⟩^{(2)} + ξ_1 |↑⟩^{(1)} |↑⟩^{(2)} + ξ_2 |↑⟩^{(1)} |↑⟩^{(2)} , (3.7) and ρ_F = ∞∑ n=0 n^n (1 + n)^{n+1} |n⟩ ⟨n| . (3.8) Hence

ρ (0) = ∞∑ n=0 n^n (1 + n)^{n+1} |A⟩ |n⟩ ⟨n| ⟨A| . (3.9) From Bose-Einstein statistics n = 1 −1 + e^{ℏνk}B^T (3.10)

where T is the temperature of the heat bath.The stationary states of the total matter-bath system are non-separable as noted in Appendix B. Consequently the effect of the bath cannot be found by means of an effective hamiltonian (for the matter system on its own) perturbed from the hamiltonian in the absence of the bath. The dynamics of the matter system on its own is described by a non-Markovian master equation. However we will describe the evolution of the matter directly by considering the hamiltonian evolution of the combined matter-bath system and then by tracing over the bath degrees of freedom. As described in Appendix B the combined evolution takes place in four dimensional subspaces S_n . Hence even though the full Hilbert space is infinite dimensional the dynamical evolution can be obtained as the direct sum of the evolved vectors in each S_n. |A⟩ |n⟩ evolves to |Φ_n (t)⟩ where

|Φ_n (t)⟩ = X^{(n−2,4)}

1 (t) ξ_2 |↑⟩^{(1)} |↑⟩^{(2)} |n − 2⟩ + { ( X^{(n−1,2)} 1 (t) − X^{(n−1,3)}_1 (t) ) |↑⟩^{(1)} |↑⟩^{(2)} + ξ_2X^{(n−2,4)}_2 (t) |↑⟩^{(1)} |↓⟩^{(2)} +ξ_2X^{(n−2,4)}

3 (t) |↓⟩^{(1)} |↑⟩^{(2)} } |n − 1⟩

+ ξ_1X^{(n,1)}_1 (t) |↑⟩^{(1)} |↑⟩^{(2)} + ( X^{(n−1,2)} 2 (t) − X^{(n−1,3)}_2 (t) ) |↑⟩^{(1)} |↓⟩^{(2)} + ( X^{(n−1,2)} 3 (t) − X^{(n−1,3)}_3 (t) ) |↓⟩^{(1)} |↑⟩^{(2)} + ξ_2X^{(n−2,4)}_4 (t) |↓⟩^{(1)} |↓⟩^{(2)} |n⟩

+ { ξ_1X^{(n,1)}_2 (t) |↑⟩^{(1)} |↓⟩^{(2)} + ξ_1X^{(n,1)}_3 (t) |↓⟩^{(1)} |↑⟩^{(2)} + ( X^{(n−1,2)} 4 (t) − X^{(n−1,3)}_4 (t) ) |↓⟩^{(1)} |↓⟩^{(2)} } |n + 1⟩ + ξ_1X^{(n,1)}_4 (t) |↓⟩^{(1)} |↓⟩^{(2)} |n + 2⟩ . (3.11)

Consequently at time t the density matrix for the matter by itself is

ρ_M (t) = ∞∑ l=0 ∞∑ n=0 n^n (1 + n)^{n+1}

⟨l |Φ_n (t)⟩ ⟨Φ_n (t)| l⟩ . (3.12)

We are interested primarily in the terms in ρ_M (t) which involve |↑⟩^{(1)} |↑⟩^{(2)} and |↓⟩^{(1)} |↓⟩^{(2)}. If we denote these terms by ρthen it is straightforward to show that

ρ (t) = ∞∑ n=1 n^n (1 + n)^{n+1} | | |X^{(n−1,2)} 1 (t) − X^{(n−1,3)}_1 (t) | | |^2 |↑⟩^{(1)} |↑⟩^{(2) (2)} ⟨↑|^{(1)} ⟨↑|

+ ∞∑ n=0 n^n (1 + n)^{n+1} | | |X^{(n−1,2)} 4 (t) − X^{(n−1,3)}_4 (t) | | |^2 |↓⟩^{(1)} |↓⟩^{(2) (2)} ⟨↓|^{(1)} ⟨↓|

+ |ξ_2|^2 ∞∑ n=2 n^n (1 + n)^{n+1} | | |X^{(n−2,4)} 1 (t) | | |^2 |↑⟩^{(1)} |↑⟩^{(2) (2)} ⟨↑|^{(1)} ⟨↑|

+ |ξ_1|^2 ∞∑ n=0 n^n (1 + n)^{n+1} | |X^{(n,1)}_4 (t) | |^2 |↓⟩^{(1)} |↓⟩^{(2) (2)} ⟨↓|^{(1)} ⟨↓|

+ ∞∑ n=0 n^n (1 + n)^{n+1}

|ξ_1|^2 | | |X^{(n,1)}_1 (t) | | |^2 |↑⟩^{(1)} |↑⟩^{(2)(2)} ⟨↑|^{(1)} ⟨↑| + |ξ2|^2 | | |X^{(n−2,4)} 4 (t) | | |^2 (t) |↓⟩^{(1)} |↓⟩^{(2)(2)} ⟨↓|^{(1)} ⟨↓|

+ξ_1ξ^∗_2 [ X^{(n−2,4)} 4 (t) ]_∗ X^{(n,1)}_1 (t)^2 |↑⟩^{(1)} |↑⟩^{(2) (2)} ⟨↓|^{(1)} ⟨↓|

+ξ^∗_1 ξ_2 [ X^{(n,1)}_1 (t) ]_∗ X^{(n−2,4)} 4 (t) |↓⟩^{(1)} |↓⟩^{(2)(2)} ⟨↑|^{(1)} ⟨↑| .

In ρ (t) only the terms ρ^′ (t)

ρ^′ (t) = ∞∑ n=1 n^n (1 + n)^{n+1} | | |X^{(n−1,2)} 1 (t) − X^{(n−1,3)}_1 (t) | | |^2 |↑⟩^{(1)} |↑⟩^{(2) (2)} ⟨↑|^{(1)} ⟨↑|

+ ∞∑ n=0 n^n (1 + n)^{n+1} | |X^{(n−1,2)} 4 (t) − X^{(n−1,3)}_4 (t) | |^2 |↓⟩^{(1)} |↓⟩^{(2) (2)} ⟨↓|^{(1)} ⟨↓| (3.13)

are generated during the evolution from the CPT symmetric part of |A⟩. In Appendix B we noted that a^{(n−1,2)}_i = a^{(n−1,3)} i , i = 1, . . ., 3 and so X^{(n−1,2)}_1 (t) = X^{(n−1,3)}_1 (t); by the same reasoning X^{(n−1,2)}_4 (t) = X^{(n−1,3)}_4 (t). Consequently ρ^′ (t) = 0 and so the thermal bath model does not generate the entanglement implied by CPTV.

IV. CONCLUSIONS

In this work we have discussed two classes of space-time foam models, which, conceivably, may characterise realistic situations of the (still elusive) theory of quantum gravity. In one of the models (LSM), inspired by non-critical string theory models of foam, but placed here in the more general context of semi-microscopic effective theories of quantum gravity, there is an appropriate metric distortion caused by the recoil of the space-time defect (microscopic black hole) during the scattering with the matter probe. The distortion is such that it connects the different mass eigenstates of neutral mesons, and is proportional to the momentum transfer of the matter probe during its scattering with the space-time defect. The latter is assumed to fluctuate randomly, with a dispersion which at present is viewed as a phenomenological parameter to be constrained by data.

This causes a CPTV ω-like effect in the initial entangled state of two neutral mesons in a meson factory, of the type conjectured in [5]. Using stationary (non-degenerate) perturbation theory it was possible to give an order of magnitude estimate of the effect: the latter is momentum dependent, and of an order which may not be far from the sensitivity of experimental facilities in the near future, such as a possible upgrade of the DAΦNE facility or a Super B factory. A similar effect, but with a sinusoidal time dependence, and hence experimentally distinguishable from the initial-state effect , is also generated in this model of foam by the evolution of the system. The situation needs to be compared with Lindblad-type phenomenological models of quantum gravity foam, where again evolution-generated CPT Violating effects can be disentangled from the ω-effect characterising the initial state.

As we have discussed, there are two physically very different cases for the initial state in a quantum gravity situation of an LSM-like model. One involves an initial state of two mesons with definte “strangeness” (i.e. the appropriate quantum number for the meson factory in question), which the space-time foam evolves into an indefinite “strangeness” combination (i.e. strangeness violation). The other case corresponds to an indefinite strangeness initial state, whose (decoherent) time evolution yields time-dependent ω-effect terms with definite strangeness of the type considered in [5]. These two cases are produced by the different terms in the initial perturbation Hamiltonian (2.12).

A second model of space-time foam, that of a thermal bath of gravitational degrees of freedom, is also considered in our work, which, however, does not lead to the generation of an ω-like effect.

It is interesting to continue the search for more realistic models of quantum gravity, either in the context of string theory or in other approaches, such as the canonical approach or the loop quantum gravity, in order to search for intrinsic CPT violating effects in sensitive matter probes. Detailed analyses of global data, including very sensitive probes such as high energy neutrinos, is the only way forward in order to obtain some clues on the elusive theory of quantum gravity. Decoherence, induced by quantum gravity, far from being ruled out at present, may indeed provide the link between theory and experiment in this intriguing area of physics.

Acknowledgements

It is a pleasure to acknowledge informative discussions with G. Amelino-Camelia, G. Barenboim, A. Di Domenico, G. Isidori and J. Papavassiliou. The work of J.B. is supported by the Spanish M.E.C. and European FEDER under grant FPA 2005-01678. N.E.M. wishes to thank the Department of Theoretical Physics of the University of Valencia (Spain) for the hospitality during the last stages of this work.

Appendix A: details of LSM evolution

In order to simplify ^H (2.11) we note the decomposition √( ^A1 + ^Bσ_3 + ^Cσ_1 + ^Dσ_2 ) = χ̂_01 + 3∑ j=1 χ̂_j σ_j (4.1)

where

χ̂_0 = 1 2 [( ^A + √ ^B2 + ^C2 + ^D2 )_{1/2} + ( ^A − √ ^B2 + ^C2 + ^D2 )_{1/2}] , (4.2)

χ̂_1 = ^C 2 √ ^B2 + ^C2 + ^D2 [( ^A + √ ^B2 + ^C2 + ^D2 )_{1/2} − ( ^A − √ ^B2 + ^C2 + ^D2 )_{1/2}] , (4.3)

χ̂_2 = D̂ 2 √ ^B2 + ^C2 + ^D2 [( ^A + √ ^B2 + ^C2 + ^D2 )_{1/2} − ( ^A − √ ^B2 + ^C2 + ^D2 )_{1/2}] , (4.4) and χ̂_3 = ^B 2 √ ^B2 + ^C2 + ^D2 [( ^A + √ ^B2 + ^C2 + ^D2 )_{1/2} − ( ^A − √ ^B2 + ^C2 + ^D2 )_{1/2}] . (4.5)

Using (4.1) we can write the single particle hamiltonian as

^H = (1 + r_4) − (r_01 + r_1σ_1 + r_2σ_2 + r_3σ_3) ^k + χ̂_01 + 3∑ j=1 χ̂_j σ_j (4.6) for ^A=^k^2 [(r^2_0 + r^2_1 + r^2 + r^2_3) + (1 − r_4) (1 + r_2)] + 1 2 (1 − r_4) ( m^2_1 + m^2 ) (4.7)

^B=2^k^2r_0r_3 + 1 2 ( m^2_1 − m^2 ) (1 − r_4) (4.8)

^C=2^k^2r_0r_1. (4.9) and ^D = 2^k^2r_0r_2. (4.10)

The operators ^A, ^B, ^C and ^D will always act on eigenstates |p⟩ (where ^k |p⟩ = p |p⟩). The evolution operator e^{−i ^Ht} in turn has the decomposition e^{−i ^Ht} = e^{−i^λ0t}e^{−i ∑3j=1 ^λj σj t} (4.11) where

^λ_μ = (1 + r_4) ( χ̂_μ − r_μ^k ) , μ = 0, . . . , 3. (4.12) Now e^{−i ∑3j=1 ^λj σj t} = cos (| |^λ | | | t ) − i 3∑ j=1 ^λ_j σ_j (| |^λ | | | )_{−1} sin (| |^λ | | | t ) (4.13)

where | | |^λ | | | = √∑_3 i=1 ^λ2_i and again it is assumed that the operator e^{−i ∑3}j=1^{^λ}j^σj^t acts on an eigenstate |p⟩ of ^k.

Consequently | | |^λ | | | |p⟩ = √ (λ^2_1 (p) + λ^2 (p) + λ^2_3 (p)) |p⟩ (4.14)

with ^λ_j |p⟩ = λ_j (p) |p⟩ (4.15) for j = 1, . . . , 3. Now 3∑ j=1 ^λ_jσ_j |k, ↑⟩ = ( ^λ_1 + i^λ_2 ) |k, ↓⟩ + ^λ_3 |k, ↑⟩ , (4.16)

3∑ j=1 ^λ_jσ_j |k, ↓⟩ = ( ^λ_1 − i^λ_2 ) |k, ↑⟩ − ^λ_3 |k, ↓⟩ , (4.17)

^λ^{(1)}_j |k, α⟩^{(1)} = (1 + r_4) (^χ_j − r_jk) |k, α⟩^{(1)} , (4.18) and ^λ^{(2)}_j |−k, α⟩^{(2)} = (1 + r_4) (^χ_j + r_jk) |−k, α⟩^{(2)} (4.19)

where α =↑, ↓.

Consequently e^{−i ^H(1) t} |k, ↑⟩^{(1)} = e^{−i^λ(1)0 t} ( ^f^{(1)} (t) |k, ↑⟩^{(1)} − i^g^{(1)} (t) |k, ↓⟩^{(1)} ) (4.20) and e^{−i ^H(1)t} |k, ↓⟩^{(1)} = e^{−i^λ(1)0 t} ( ^f^{(1)∗} (t) |k, ↑⟩^{(1)} − i^g^{(1)} (t) |k, ↓⟩^{(1)} ) (4.21) where for j = 1, 2

^f^{(j)} (t) = cos (| |^λ^{(j)} | | | t ) − i sin (| |^λ^{(j)} | | | t ) | |^λ^{(j)} | | |^{−1} ^λ^{(j)}_3 (4.22) and ^g^{(j)} (t) = ( ^λ^{(j)}_1 + i^λ^{(j)}_2 ) | |^λ^{(j)} | |^{−1} sin ( | |^λ_{(j)} | | t) . (4.23)

^f (j)∗ (t) (^g(j)∗ (t)) and ^f (j) (t) (^g(j) (t)) share the same eigenvectors but with complex conjugate eigenvalues. The formulae (4.20) and (4.21) hold for states also with superfix 2 when k → −k.

Appendix B: details of thermal bath evolution

In the analysis of the eigenstates of the Jaynes-Cummings hamiltonian H it is clear that certain subspaces S_n of the Hilbert space H for the states of the system and bath are invariant under the action of H. Moreover ∪_nS_n = H. S_n is characterised by states of the form |Ψ (t)⟩ = X^n_1 (t) |↑, ↑, n⟩ + X^n_2 (t) |↑, ↓, n + 1⟩ + X^n_3 (t) |↓, ↑, n + 1⟩ + X^n_4 (t) |↓, ↓, n + 2⟩ . (4.24) We shall work in the interaction picture but eschew the cumbersome subscript I. The evolution of the X^n_i is governed by i Ẋ^n_1 (t) = γ √ n + 1 exp (−iδt) (X^n_2 (t) + X^n_3 (t)) ,

i Ẋ^n_2 (t) = γ ( exp (−iδt) √ n + 2X^n_4 (t) + exp (iδt) √ n + 1X^n_1 (t) ) , (4.25)

i Ẋ^n_3 (t) = γ ( exp (−iδt) √ n + 2X^n_4 (t) + exp (iδt) √ n + 1X^n_1 (t) ) , i Ẋ^n_4 (t) = γ exp (iδt) √ n + 2 (X^n_2 (t) + X^n_3 (t)) .

On writing

y^n_5 (t) = X^n_2 (t) + X^n_3 (t)

y^n_1 (t) = √ n + 1X^n_1 (t) (4.26)

y^n_4 (t) = √ n + 2X^n_4 (t)

we have from (4.25)

iẏ^n_1 (t) = γ (n + 1) exp (−iδt) y^n_5 (t) , iẏ^n_4 (t) = γ (n + 2) exp (iδt) y^n_5 (t) , (4.27) iẏ^n_5 (t) = 2γ (exp (−iδt) y^n_4 (t) + exp (iδt) y^n_1 (t)) .

Any solution of these equations satisfies i ... y^n_5 (t) + i ( δ^2 + (4n + 6) γ^2 ) ẏ^n_5 (t) + 2δγ^2y^n_5 (t) = 0. (4.28)

Hence y^n_5 ∝ e^{iλ(n) t} where λ = λ^{(n)} is a solution of

λ^3 − ( δ^2 + (4n + 6)γ^2 ) λ + 2δγ^2 = 0. (4.29)

If we denote the three solutions by λ^{(n)}_i (i = 1, . . ., 3) then the system of equations of (4.25) has a solution

X^n_1 (t) = −γ √ n + 1 a^{(n)1} e i ( λ^{(n)}_1 −δ ) t λ^{(n)}_1 − δ + a^{(n)}_2 e^i ( λ^{(n)}_2 −δ ) t λ^{(n)}_2 − δ + a^{(n)}_3 e^i ( λ^{(n)}_3 −δ ) t λ^{(n)}_3 − δ

X^n_2 (t) = 1 2 b_2 + 1 2 ( a^{(n)}_1 e^{iλ(n)1 t} + a^{(n)}_2 e^{iλ(n)2 t} + a^{(n)}_3 e^{iλ(n)3 t} ) (4.30)

X^n_3 (t) = − 1 2 b_2 + 1 2 ( a^{(n)}_1 e^{iλ(n)1 t} + a^{(n)}_2 e^{iλ(n)2 t} + a^{(n)}_3 e^{iλ(n)3 t} )

X^n_4 (t) = −γ √ n + 2 ( a^{(n)}_1

λ^{(n)}_1 + δ e^i ( λ^{(n)}_1 +δ ) t + a^{(n)}_2

λ^{(n)}_2 + δ e^i ( λ^{(n)}_2 +δ ) t + a^{(n)}_3

λ^{(n)}_3 + δ e^i ( λ^{(n)}_3 +δ ) t )

The constants a^{(n)}_i and b_2 are determined by initial conditions. A set of independent initial conditions is given by X^n_j (0) = δ_{jk} (k = 1, . . . , 4); the set of associated solutions is denoted by a^{(n,k)}_i , b^{(k)}_2 and X^{(n,k)}_i (t). Also for consistency we define for k = 1, . . ., 4 X^{(−1,k)} 1 = X^{(−2,k)}_1 = X^{(−2,k)}_2 = X^{(−2,k)}_3 = 0. (4.31) The λ^{(n)}_i are related to the energy eigenvalues of stationary states of the combined system and bath. Owing to the entanglement between the bath and the matter it is not useful to consider the bath as leading to a small perturbation of the matter state.

From (4.25) and (4.30) we have for k = 1 1 = −γ √ n + 1 ( a^{(n,1)}_1 λ^{(n)}_1 − δ + a^{(n,1)}_2 λ^{(n)}_2 − δ + a^{(n,1)}_3 λ^{(n)}_3 − δ ) , 0 = a^{(n,1)}_1 + a^{(n,1)}_2 + a^{(n,1)}_3 , 0 = a^{(n,1)}_1 λ^{(n)}_1 + δ + a^{(n,1)}_2 λ^{(n)}_2 + δ + a^{(n,1)}_3 λ^{(n)}_3 + δ , b^{(1)}_2 = 0.

Similarly for k = 2 0 = a^{(n,2)}_1 λ^{(n)}_1 − δ + a^{(n,1)}_2 λ^{(n)}_2 − δ + a^{(n,1)}_3 λ^{(n)}_3 − δ , 1 = a^{(n,2)}_1 + a^{(n,2)}_2 + a^{(n,2)}_3 , 0 = a^{(n,2)}_1 λ^{(n)}_1 + δ + a^{(n,2)}_2 λ^{(n)}_2 + δ + a^{(n,2)}_3 λ^{(n)}_3 + δ , b^{(2)}_2 = 0.

For k = 3 0 = a^{(n,3)}_1 λ^{(n)}_1 − δ + a^{(n,3)}_2 λ^{(n)}_2 − δ + a^{(n,3)}_3 λ^{(n)}_3 − δ , 1 = a^{(n,3)}_1 + a^{(n,3)}_2 + a^{(n,3)}_3 , 0 = a^{(n,3)}_1 λ^{(n)}_1 + δ + a^{(n,3)}_2 λ^{(n)}_2 + δ + a^{(n,3)}_3 λ^{(n)}_3 + δ , b^{(3)}_2 = −1.

For k = 4 0 = a^{(n,4)}_1 λ^{(n)}_1 − δ + a^{(n,4)}_2 λ^{(n)}_2 − δ + a^{(n,4)}_3 λ^{(n)}_3 − δ , 0 = a^{(n,4)}_1 + a^{(n,4)}_2 + a^{(n,4)}_3 , 1 = −γ √ n + 2 ( a^{(n,4)}_1 λ^{(n)}_1 + δ + a^{(n,4)}_2 λ^{(n)}_2 + δ + a^{(n,4)}_3 λ^{(n)}_3 + δ ) , b^{(4)}_2 = 0.

[1] S. W. Hawking, Commun. Math. Phys. 87, 395 (1982).

[2] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos and M. Srednicki, Nucl. Phys. B 241, 381 (1984). [3] G. Lindblad, Commun. Math. Phys. 48, 119 (1976); R. Alicki and K. Lendi, Lect. Notes Phys. 286 (Springer Verlag, Berlin (1987)) [4] R. M. Wald, Phys. Rev. D 21, 2742 (1980).

[5] J. Bernabéu, N. E. Mavromatos and J. Papavassiliou, Phys. Rev. Lett. 92, 131601 (2004) [arXiv:hep-ph/0310180]. [6] H.J. Lipkin, Phys. Rev. 176 1715 (1968).

[7] J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 293, 142 (1992) [arXiv:hep-ph/9207268]; J. R. Ellis, J. L. Lopez, N. E. Mavromatos and D. V. Nanopoulos, Phys. Rev. D 53, 3846 (1996) [arXiv:hep-ph/9505340]; P. Huet and M. E. Peskin, Nucl. Phys. B 434, 3 (1995) [arXiv:hep-ph/9403257]; F. Benatti and R. Floreanini, Phys. Lett. B 468, 287 (1999) [arXiv:hep-ph/9910508]; Nucl. Phys. B 511, 550 (1998) [arXiv:hep-ph/9711240].

[8] J. Bernabéu, N. E. Mavromatos, J. Papavassiliou and A. Waldron-Lauda, Nucl. Phys. B 744, 180 (2006) [arXiv:hep-ph/0506025].

[9] A. G. Riess et al. [Supernova Search Team Collaboration],

Astron. J. 116, 1009 (1998) [arXiv:astro-ph/9805201]; S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, 565 (1999) [arXiv:astro-ph/9812133].

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

[11] A. Upadhye, M. Ishak and P. J. Steinhardt, arXiv:astro-ph/0411803.

[12] For a concise review see: P. J. Steinhardt, Phil. Trans. Roy. Soc. Lond. A 361, 2497 (2003), and references therein. See also: S. M. Carroll, Phys. Rev. Lett. 81, 3067 (1998) [arXiv:astro-ph/9806099].

[13] J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 619, 17 (2005) [arXiv:hep-th/0412240]. [14] E. Gravanis and N. E. Mavromatos, Phys. Lett. B 547, 117 (2002) [arXiv:hep-th/0205298]; [15] 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 [16] Some review and key references include: V. Gurarie, Nucl. Phys. B 410, 535 (1993) [arXiv:hep-th/9303160]; M. Flohr, Int. J. Mod. Phys. A 18, 4497 (2003) [arXiv:hep-th/0111228]; M. R. Gaberdiel, Int. J. Mod. Phys. A 18, 4593 (2003) [arXiv:hep-th/0111260]. I. I. Kogan and N. E. Mavromatos, Phys. Lett. B 375, 111 (1996) [arXiv:hep-th/9512210]; J. S. Caux, I. I. Kogan and A. M. Tsvelik, Nucl. Phys. B 466, 444 (1996) [arXiv:hep-th/9511134]; M. R. Rahimi Tabar, A. Aghamohammadi and M. Khorrami, Nucl. Phys. B 497, 555 (1997) [arXiv:hep-th/9610168]; K. Sfetsos, Phys. Lett. B 543, 73 (2002) [arXiv:hep-th/0206091]; J. Fjelstad, J. Fuchs, S. Hwang, A. M. Semikhatov and I. Y. Tipunin, Nucl. Phys. B 633, 379 (2002) [arXiv:hep-th/0201091]; N. E. Mavromatos and R. J. Szabo, JHEP 0301, 041 (2003) [arXiv:hep-th/0207273];

[17] 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.

[18] 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.

[19] 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.

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

arXiv:hep-th/9805120.

[21] N.E. Mavromatos and Sarben Sarkar, Phys. Rev. D 72, 065016 (2005) [arXiv:hep-th/0506242]. [22] L. J. Garay, Int. J. Mod. Phys. A14 4079 (1999); Phys. Rev. D58 124015 (1998). [23] J. Polchinski, “String theory. Vol. 2: Superstring theory and beyond,” [24] N. E. Mavromatos and Sarben Sarkar, arXiv:hep-ph/0606048. [25] P. Kok and U. Yurtsever, Phys. Rev. D 68, 085006 (2003) [arXiv:gr-qc/0306084]. [26] G. Barenboim and N. E. Mavromatos, Phys. Rev. D 70, 093015 (2004) [arXiv:hep-ph/0406035]. [27] 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)].

[28] M. S. Kim, J. Lee, D. Ahn and P. L. Knight, Phys. Rev. A65 040101 (2002).

[29] E. T. Jaynes and F. W. Cummings, Proc. IEEE 51 89 (1963); B. W. Shore and P. L. Knight, J. Mod. Opt. 40 1195 (1993).