arXiv:gr-qc/0404113 v2 5 May 2004

On alternative approaches to Lorentz violation invariance in loop quantum gravity inspired models

Jorge Alfaro^{1∗}, Marat Reyes^{1†}, Hugo A. Morales-Técotl^{2‡} and L.F. Urrutia^3 1. Facultad de Física, Pontificia Universidad Católica de Chile Casilla 306, Santiago 22, Chile 2. Departamento de Física, Universidad Autónoma Metropolitana Iztapalapa A.P. 55-534, México D.F. 09340, México 3. Departamento de Física de Altas Energías, Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, A.P. 70-543, México D.F. 04510, México

Recent claims point out that possible violations of Lorentz symmetry appearing in some semiclassical models of extended matter dynamics motivated by loop quantum gravity can be removed by a different choice of canonically conjugated variables. In this note we show that such alternative is inconsistent with the choice of variables in the underlying quantum theory together with the semiclassical approximation, as long as the correspondence principle is maintained. A consistent choice will violate standard Lorentz invariance. Thus, to preserve a relativity principle in this framework, the linear realizations of Lorentz symmetry should be extended or superseded.

PACS: 04.60.Pp, 04.60.Ds, 11.30.Cp

Background independent nonperturbative quantum gravity in the form of Loop Quantum Gravity has made some progress. Black hole entropy [1], non singular cosmological models [2] and Planck corrected effective matter dynamics [3, 4, 5] are amongst the problems that recently have received a great deal of attention in this context. However, a key open problem is that of defining good semiclassical states yielding a correct semiclassical limit and yet allowing to calculate possibly new quantum gravity effects. Now, heuristic semiclassical states [3, 4] and coherent states [5] both indicate that modifications to the standard particle dynamics can appear in the effective theory for matter and possibly gravity, in the form of Planckian corrections which therefore were considered unaccessible to either experiments or observation. The situation has changed by considering high precision atomic experiments as well as detection of gamma ray bursts together with high energy cosmic rays, among other possibilities. The latter setting has been proposed to test the modified dispersion relations for particle propagation [6], that constitute the most direct implication of such modified dynamics. Up to now, such effects have been mostly interpreted as signaling the breakdown of standard particle (active) Lorentz transformations [7], through the appearance of a privileged reference frame, usually identified with that in which the cosmic radiation background looks isotropic. Although the experimental and observational bounds to such violations are very stringent [8], there is the possibility of having an extension of the relativity principle that comes to terms with the existence of Planck scale modified particle dynamics. For instance, double special relativity [9] allows for the coexistence of deformed dispersion relations and extended transformations laws relating inertial reference frames. This includes non linear or deformed realizations of the Poincare algebra. This is a possibility which deserves further investigation to elucidate its physical realization in terms of particle interactions [10].

The construction of the semiclassical approximation in Refs. [4, 5] starts from a well defined quantum Hamiltonian [11], where pairs of canonical variables are established ab initio by providing the corresponding commutation relations. Subsequently, heuristic semiclassical states are proposed to define the effective Hamiltonian and the classical limit is further achieved by using the correspondence principle to identify the associated canonically conjugated variables of the classical phase space.

In the case of the Gambini-Pullin (GP) electrodynamics [3], there are recent claims in the literature [12] that it is permissible to make a particular choice of classical canonical variables in the Planck scale modified GP Hamiltonian, which leads to the standard Lorentz covariant Maxwell equations instead of the modified ones [3, 4]. In this note we show that the quantum origin of the canonical variables, together with the standard correspondence principle,

∗ jalfaro@puc.cl † cmreyes@puc.cl ‡ Associate member of Abdus Salam International Centre for Theoretical Physics, Trieste, Italy; hugo@xanum.uam.mx

does not allow to consistently consider further redefinitions at the classical level, with the exception of canonical transformations.

To make our point clear let us consider, instead of the electromagnetic Hamiltonian written in loop quantum variables [11], the simplest case of a quantum harmonic oscillator in the usual representation.

H_{Quant} = 1 2 (P̂^2 + Q̂^2), (1) [ Q̂, P̂ ] = ı h̄. (2)

In analogy to what is done in Refs.[4, 5] we choose a semiclassical state, here given by the coherent state |z⟩ [13], â |z⟩ = z |z⟩, ⟨z| â^† = ⟨z| z^∗, z = 1 √ 2 (α + ı β), â = 1 √ 2 (Q̂ + iP̂ ) (3)

and define the classical effective Hamiltonian H_{class} as the expectation value of (1) in |z⟩, so that H_{class} = ⟨z| H_{Quant} |z⟩ (4) Then ⟨z|Q̂|z⟩ = α, ⟨z|P̂ |z⟩ = β, ⟨z|â^† â|z⟩ = |z|^2, H_{class}(α, β) = |z|^2 = 1 2 [ α^2 + β^2 ] (5) where we have neglected the zero point energy term. An arbitrary choice of canonical variables q = q(α, β), p = p(α, β) dictated by some additional criteria could lead to almost any dynamics for the variables α, β, and would be inconsistent with the idea of a classical limit descending from a specified quantum theory via the standard correspondence principle. For example, the choice of canonical variables

p = α^2 + β^2, q = β^2, {q, p} = 1 (6)

leading to {α, β} ≠ 1, (7) defines a dynamics for the variables α, β which is clearly not related by a canonical transformation to the oscillator problem.

Certainly we expect the correspondence ⟨z|Q̂|z⟩ → q, ⟨z|P̂ |z⟩ → p, 1 ıh̄ [ Q̂, P̂ ] → {q, p} , (8) to hold in order to have a sensible classical limit. Hence one cannot but identify q := α, p := β, {α, β} = 1, (9) to ensure the quantum Hamiltonian, Eq. (1), has as its semiclassical limit (5). An arbitrary choice q = f(α, β), p = g(α, β), {p, q} = 1, (10) will not yield the right semiclassical behavior unless the functions f, g provide a canonical transformation from the choice (9).

In the loop quantum gravity expression for the electromagnetic quantum Hamiltonian, the conjugated pair of electromagnetic variables defining the theory is Â_i(⃗x), Ê^j(⃗y) , satisfying [3, 4, 5, 11] [ Â_i(⃗x), Ê^j(⃗y) ] = ih̄δ^j_i δ(⃗x − ⃗y). (11) Also we have B̂_i = ϵ_{ijk}∂_j Â_k, which is equivalent to F̂ = dÂ defined on the 3-D spatial surface of the canonical formalism. In the Hamiltonian formulation, once we start with the basic commutator (11), it is inconsistent to demand Ê_i = ∂Â_i/∂t, (12) as proposed in [12]. In fact ∂Â_i/∂t arises from the equation of motion ih̄ ∂Â_i/∂t = [Â_i, Ĥ], Ĥ = ∫ (d^3x)Ĥ (13)

Moreover, the expression for F̂_{0i}, which completes the four-dimensional expression F̂ = dÂ, Â = Â_μdx^μ, μ = 0, 1, 2, 3 comes as a consequence of the equations of motions for Ê_i, together with the fact that Â^0 is the Lagrange multiplier associated with the constraint ∂_iÊ^i = 0 in the vacuum situation.

Under the semiclassical state |W, ⃗E, ⃗B⟩ we have ⟨W, ⃗E, ⃗B| . . . Ê^i . . . |W, ⃗E, ⃗B⟩ → E^i, ⟨W, ⃗E, ⃗B| . . . Â_i . . . |W, ⃗E, ⃗B⟩ → A_i, (14) which leads to the modified vacuum Hamiltonian density H_{class} = 1 2 ( ⃗E^2 + ⃗B^2 ) + α ℓ_P ( ⃗E · ∇ × ⃗E + ⃗B · ∇ × ⃗B ) + A^0 ∂_i E^i, (15)

together with the non-zero Poisson brackets { A_i(⃗x), E^j(⃗y) } = δ^j_i δ(⃗x − ⃗y), (16) obtained from (11) via the correspondence principle. The above canonical structure leads to modified Maxwell’s equations. We recover the four dimensional version of F = dA, but the equations of motion now yield

F_{0i} = ( ⃗E + α ℓ_P ∇ × ⃗E ) i , (17)

instead of the standard situation, which is recovered in the limit ℓ_P → 0. The relation (17) can also be obtained directly from the modified Maxwell’s equations.

Summarizing, we have shown that the choice (12) is inconsistent with the starting point (11) of the Hamiltonian formulation of LQG. Also, any other choice of the classical canonical variables, up to canonical transformations, looks highly artificial and it would be inconsistent with the underlying quantum theory, provided the correspondence principle is maintained.

Of course one can take the approach of Ref.[12] starting from the Gambini-Pullin Hamiltonian (15) and constructing a canonical momentum π^i = π^i(E) such that E_i = ∂A_i/∂t = −∂H/∂π^i. The problem here would be to identify the regularized quantum gravity theory corresponding to such choice. Some preliminary steps towards the construction of a manifestly Lorentz invariant loop quantization of gravity appear in Ref.[14].

Although we have clarified the differences arising when arbitrarily reassigning canonical variables to a semiclassical limit descending from a given quantum theory in the context of Lorentz violating electrodynamics, according to the proposals [12], the same line or argument can be generalized, mutatis mutandis, to the case of spin-^1_2 particles. On top of the afore mentioned problems there is the well known result that even classically equivalent theories are not necessarily equivalent at the quantum level. This latter point should not be confused with the argument of the present note.

In closing we stress that Planckian symmetry violations of the kind derived so far in Ref. [3, 4, 5] are a property of the proposed semiclassical states and, moreover, rather than indicating the existence of a privileged observer, they might be elucidating an unknown symmetry superseding the linear realization of the Lorentzian one.

Acknowledgments

LFU thanks R. Montemayor for useful comments in relation to this problem, together with support from the projects CONACYT-40745-F and DGAPA-IN11700. CMR acknowledges support from project (Apoyo de Tésis Doctoral) CONICYT (Chile), and wants to thanks professors L. F. Urrutia and H. A. Morales-Técotl for their hospitality at ICN and UAMI. The work of JA has been partially supported by Fondecyt 1010967. HMT acknowledges partial support from the project CONACYT-40745-F.

[1] C. Rovelli, Helv. Phys. Acta 69, 582 (1996); C. Rovelli, Phys. Rev. Lett.77, 3288 (1996); A. Ashtekar, J. Baez, A. Corichi and K. Krasnov, Phys. Rev. Lett. 80, 904 (1998).

[2] M. Bojowald, Phys. Rev. Lett. 86 (2001) 5227-5230 [gr-qc/0102069]. For a review see for example M. Bojowald and H. A.

Morales-Técotl, Cosmological applications of loop quantum gravity, gr-qc/0306008. [3] R. Gambini and J. Pullin, Phys. Rev. D 59, 124021 (1999);

[4] J. Alfaro, H.A. Morales-Técotl, L.F. Urrutia, Phys. Rev. Lett. 84. 2318 (2000); J. Alfaro, H.A. Morales-Técotl and L.F.

Urrutia, Phys. Rev. D 65, 103509 (2002); J. Alfaro, H.A. Morales-Técotl and L.F. Urrutia, Phys. Rev. D 66, 124006 (2002); J. Alfaro, H. Morales-Técotl and L. Urrutia, in Proceedings of the Ninth Marcel Grossmann Meeting on General Relativity, eds. R.T Jantzen, V. Gurzadyan and R. Ruffini (World Scientific, 2002); L.F. Urrutia, Mod. Phys. Lett. A17, 943 (2002); R. Gambini and J. Pullin, in Proceedings of the Second Meeting on CPT and Lorentz Symmetry, ed. V.A. Kostelecky, World Scientific, 2002; L.F.Urrutia, in Particles and Fields: Proceedings of the Tenth Mexican School on Particles and Fields eds. U. Cotti, M. Mondragón and G. Tavares-Velasco, AIP Conference Proceedings # 670, American Institute of Physics, 2003.

[5] T. Thiemann, Class. Quant. Grav. 18, 2025 (2001) ; T. Thiemann and O. Winkler, Class. Quant. Grav. 18,2561 (2001);

T. Thiemann and O. Winkler, Gauge field theory coherent states (GCS): III. Ehrenfest theorems, hep-th/0005234; Gauge field theory coherent states (GCS): IV. Infinite tensor product and thermodynamical limit, hep-th/0005235; H. Sahlmann, T. Thiemann, O. Winkler, Coherent States for Canonical Quantum General Relativity and the Infinite Tensor Product Extension, gr-qc/0102038; L. Bombelli, Statistical geometry of random weave states, gr-qc/0101080.

[6] G. Amelino-Camelia, J.R. Ellis, N.E. Mavromatos, D.V. Nanopoulos and S. Sarkar, Nature 393, 763 (1998); G. Amelino- Camelia, Nature (London) 398, 216 (1999) D.V. Ahluwalia, Nature (London) 398, 199 (1999); G. Amelino-Camelia, Lect. Notes Phys. 541, 1 (2000).

[7] D. Colladay and A. Kostelecký, Phys. Rev. D58, 116002 (1998).

[8] S.D. Biller et. al. , Phys. Rev. Lett. 83, 2108 (1999); O. Bertolami and C.S. Carvalho, Phys. Rev. D61, 103002 (2000); C.

Lämmerzhal and C. Bordé, M. P. Haugan and C. Lämmerzhal, in Gyros, Clocks, Interferometers,... : Testing Relativistic Gravity in Space, Lecture Notes in Physics 562( Springer, Heidelberg 2001); R.J. Gleiser and C. N. Kozameh, Phys. Rev. D64, 083007 (2001); R. Brustein, D. Eichler and S. Foffa, Phys. Rev. D65, 105006 (2002); J. Alfaro and G. Palma, Phys. Rev. D65, 103516 (2002); T. Jacobson, S. Liberati and D. Mattingly, Phys. Rev. D 66, 081302 (2002) T.J. Konopka and S.A. Major, New J. Phys. 4, 57 (2002); D. Sudarsky, L. Urrutia and H. Vucetich Phys. Rev. Lett. 89, 231301 (2002); J. Alfaro and G. Palma, Phys. Rev. D67,083003 (2003); D. Sudarsky, L. Urrutia and H. Vucetich, Phys. Rev. D68, 024010 (2003); T. Jacobson, S. Liberati and D. Mattingly, Nature 424, 1019 (2003); T. Jacobson, S. Liberati and D. Mattingly, Phys. Rev. D67, 124011 (2003); G. Lambiase, Class. Quant. Grav. 20, 4213 (2003); G. Lambiase and P. Singh, Phys. Letts. B565,27 (2003); F.W. Stecker, Astropart. Phys. 20, 85 (2003); F.W. Stecker, J. Phys. G29, R47 (2003); T. Jacobson, S. Liberati, D. Mattingly and F. Stecker New limits on Planck scale Lorentz violation in QED, astro-ph/0309681; R.C. Myers and M. Pospelov, Phys. Rev. Letts. 90, 211601 (2003); A. Pérez and D. Sudarsky, Phys. Rev. Lett. 91, 179101 (2003); J. Ellis et. al., Astron. Astrophys. 402, 409 (2003); J. Ellis et. al., Astropart. Phys. 20/6, 669 (2004); O. Bertolami, Threshold effects and Lorentz symmetry, hep-ph/0301191; J. Ellis et. al. , Nature(London), 428 , Brief Communications (2004); J. Collins, A. Pérez, D. Sudarsky, L. Urrutia and H. Vucetich, Lorentz invariance: an additional fine-tuning problem, gr-qc/0403053.

[9] G. Amelino-Camelia, Int. J. Mod. Phys. D11, 35 (2002); J. Magueijo and L. Smolin, Phys. Rev. Lett. 88, 190403 (2002);

J. Magueijo and L. Smolin, Phys. Rev. D67, 044017 (2003). G. Amelino-Camelia, L. Smolin and A. Starodubtsev, Quantum symmetry, the cosmological constant and Planck scale phenomenology, hep-th/0306134; G. Amelino-Camelia, Three perspectives on the quantum gravity problem and their implications for the fate of Lorentz symmetry, gr-qc/0309054.

[10] G. Amelino-Camelia, Int. J. Mod. Phys. D11,1643 (2002); G. Amelino-Camelia, Some encouraging and some cautionary remarks on doubly special relativity in quantum gravity, gr-qc/0402092.

[11] T. Thiemann, Class. Quan. Grav. 15, 1281 (1998); Class. Quant. Grav. 15, 839 (1998).

[12] G. Dotti and R.J. Gleiser, Phys. Rev. D67, 101501; R. Gleiser, C. Kozameh and F. Parisi, Class. Quant. Grav. 20, 4375 (2003); C. Kozameh and F. Parisi, Lorentz invariance and the semiclassical approximation of loop quantum gravity, gr-qc/0310014.

[13] See for example E. Merzbacher, Quantum Mechanics, third edition, John Wiley & Sons, Inc., New York, 1998. [14] S. Alexandrov, Class. Quant. Grav. 17, 4255 (2000); S. Alexandrov and D. Vassilevich, Phys. Rev. D64, 044023 (2001).