arXiv:0902.3763v3 [gr-qc] 19 May 2009

Black hole evaporation within a momentum-dependent metric

G. Salesi and E. Di Grezia Università Statale di Bergamo, Facoltà di Ingegneria, viale Marconi 5, I-24044 Dalmine (BG), Italy; and Istituto Nazionale di Fisica Nucleare, Sezione di Milano, via Celoria 16, I-20133 Milan, Italy^∗

We investigate the black hole thermodynamics in a “deformed” relativity framework where the energy-momentum dispersion law is Lorentz-violating and the Schwarzchild-like metric is momentum-dependent with a Planckian cut-off. We obtain net deviations of the basic thermodynamical quantities from the Hawking-Bekenstein predictions: actually, the black hole evaporation is expected to quit at a nonzero critical mass value (of the order of the Planck mass), leaving a zero temperature remnant, and avoiding a spacetime singularity. Quite surprisingly, the present semiclassical corrections to black hole temperature, entropy, and heat capacity turn out to be identical to the ones obtained within some quantum approaches.

PACS numbers: 11.55.Fv; 04.70.Bw; 04.70.Dy; 97.60.-s

I. INTRODUCTION

Black holes are very peculiar physical systems since are fully described only recurring to classical theories, namely General Relativity and Thermodynamics, as well as to quantum gravity theories. The merging between the above theories is required in particular for primordial and for microscopic (“mini”) black holes rather than for stellar or galactic supermassive ones: this for the extreme smallness of the Planck scale at which classical and quantum approaches appear to carry quite different previsions.

According to semiclassical Hawking-Bekenstein theory (HB) [1], which takes into account the quantum effects due to the very strong gravitational field on the black hole surface, we have emission of radiation out from the black hole as it be a black body at a given temperature, besides a negative-energy flux from the surface towards the interior of the black hole. As a consequence the total energy decreases in time, while the temperature increases more and more. This can be inferred from the following qualitative argument based on the Heisenberg indetermination relation. The energy of a photon[32] with a wavelength equal to the black hole radius can be assumed of the order of 1/R_S, R_S being the Schwarzchild radius: we then expect a temperature of the order of 1/GM (hereafter ℏ = c = k_B = 1). Actually, the HB calculations lead to the following relation between black hole mass and temperature T = κ 2π = 1 8πGM ∼ 10^{−7} ( M_⊙ M ) [K] , (1)

where κ is the “surface gravitation” and M_⊙ ∼ 10^{54} TeV is the solar mass. In the HB picture the evaporation goes

∗Electronic address: salesi@unibg.it

on until the initial mass of the black hole is converted into radiation, and the process ends with an explosion since, as the temperature, also the mass loss rate dM/dt goes to infinity. Besides the unphysical loss rate divergence, the total evaporation predicted by the HB theory entails other serious problems and inconsistencies as the baryon and lepton number non-conservation, the “information paradox”, and the microscopical origin of the entropy [2, 3].

A complete understanding of those problems is only possible within the framework of a quantum theory of gravity. However we think that the effective quantum behavior can be (at least qualitatively) predicted as well within a semiclassical theory as the one we are going to propose in the next sections.

II. SPACETIME ENDOWED WITH A MOMENTUM-DEPENDENT METRIC

In recent times ultra-high energy Lorentz symmetry violations have been investigated, both theoretically and experimentally, by means of quite different approaches, sometimes extending, sometimes abandoning the formal and conceptual framework of Einstein’s Special Relativity. Hereafter, for simplicity, we shall use the term “violation” of the Lorentz symmetry, but in some of the below mentioned theories —e.g., in the so-called “Deformed” or “Doubly” Special Relativity (DSR), where “deformed” 4-rotation generators are considered— although Special Relativity does not hold anymore, an underlying extended Lorentz invariance does exist. The most important consequence of a Lorentz violation is the modification of the ordinary momentum-energy dipersion law E^2 = p^2 + m^2, at energy scales usually assumed of the order of the Planck energy E_P = M_Pc^2 = √ ℏc^5/G, by means of additional terms which vanish in the low momentum limit. Lorentz-breaking observable effects appear in Grand-Unification Theories[4], in String

Theories[5], in Quantum Gravity[6], in foam-like quantum spacetimes[7]; in spacetimes endowed with a nontrivial topology or with a discrete structure at the Planck length[8, 9], or with a (canonical or noncanonical) noncommutative geometry[10, 11, 12]; in the so-called “extensions” of the Standard Model incorporating breaking of Lorentz and CPT symmetries[13]; in theories with a variable speed of light or variable physical constants. In particular, the M-Theory[5], the Loop Quantum Gravity [8, 9, 14] and the Causal Dynamical Triangulation [15] lead to postulate an essentially discrete and quantized spacetime, where a fundamental mass-energy scale naturally arises, in addition to ℏ and c. An intrinsic length is directly correlated to the existence of a “cut-off” in the transferred momentum necessary to avoid the occurrence of “UV catastrophes” in Quantum Field Theories. Moreover, some authors suspect that the Lorentz symmetry breaking may play a role in extreme astrophysical phenomena as, e.g., the observation of ultra-high energy cosmic rays with energies[16] beyond the Greisen- Zatsepin-Kuzmin[17] cut-off, and of gamma rays bursts with energies beyond 20 TeV originated in distant galactic sources [18].

A natural extension of the standard dispersion law can be put in most cases under the general form

E^2 = p^2 + m^2 + p^2f(p/M) , (2)

where M indicates a (large) mass scale characterizing the Lorentz violation. By using a series expansion for f, under the assumption being M a very large quantity, we can consider only the lower order nonzero term in the expansion:

E^2 = p^2 + m^2 + αp^2 ( p M )_n . (3)

The most recurring exponent in the literature on Lorentz violation is the lowest one, i.e. n = 1 [19]:

E^2 = p^2 + m^2 + α p^3 M . (4)

An interesting theoretical approach to Lorentz simmetry violation is found in DSR [11, 12, 20] working in k-deformed Lie-algebra noncommutative (k-Minkowski) spacetimes, in which both the Planck scale and the speed of light act as characteristic scales of a 6-parameter group of spacetime 4-rotations with deformed but preserved Lorentz symmetries. In place of the ordinary constraint

E^2 − p^2 = m^2

in such theories the Lorentz-violating (LV) modified dispersion law can be put in the form

E^2f^2(E) − p^2g^2(E) = m^2 . (5)

For example in ref. [11], where the Lie algebra is given by [x_i, x_0] = iλx_i, [x_i, x_k] = 0 (λ being a very small length of the order of M^{−1}_P ), the dispersion relation

E^2 = p^2 + m^2 + λEp^2 (6) can be recovered taking

f^2(E) = 1 g^2(E) = 1 + λE . (7)

In some DSR theories [21, 22, 23, 24] a modified set of Special Relativity principles is assumed: a) the Galileian relativity principle; b) the speed of light is energydependent, but in the small energy limit goes to the universal constant c for all inertial observers; c) also the Planck energy-momentum is an absolute quantity, independent of the given inertial frame where is measured. Let us quote some typical metric form factors appearing in the literature: in [25] it is assumed f = 1, g = [1 − a(λE)^n]^{−1}; in [26] f = 1, g = [1 − a(λE)^n]; in [21, 22, 23] f = 1, g = (1 + λE)^γ , and in [24] f = 1, g = 1+(λE)^γ , with γ ∈ ℜ. The above DSR theories have been generalized to curved spacetimes: this is the case of the so-called “Doubly General Relativity”, named also as “Rainbow’s Gravity” [27]. The resulting metric depends on both probe energy and gravity field, with straightforward modifications to Einstein equations for field and matter.

Let us now propose a more symmetric form of constraint (5):

E^2f^2(E) − p^2g^2(p) = m^2 . (8)

We can easily see that if we make the most simple choice

f^2(E) = 1 g^2(p) = 1 − λp , (9)

where λ ≃ M^{−1}_P is the fundamental length scale of an underlying LV theory, we do recover the first order (n=1) LV dispersion law (4). Notice that, because of the nega-

tive term −λp, the energy vanishes when p = 1 λ ≃ M_P.

Hence quantity 1/λ, in a sense, plays the role of the “maximal momentum” corresponding to the “granular” nature of space predicted in many of the models quoted in the beginning of this section. Eq. (8) can be equivalently written as

η_{μν} p^μp^ν = m^2 (10)

with η_{μν} diagonal in flat spacetime and [33]

η_{00} = f(E) = 1 η_{ik} = −g(p) δ_{ik} = − √ 1 − λp δ_{ik} (11) Let us stress that, at variance with other metrics adopted in literature (as the ones previously quoted), metric (11) becomes singular at the Planck momentum. As we shall show, the presence of a very Planckian cut-off in the theory can overcome some of the above-mentioned problems when applying General Relativity at the Planck scale.

Just as the properties of a crystal can depend on the energy of phonons propagating in it, analogously our spacetime geometry can depend on the moving particle energy. At low energies the phonons cannot see the discrete structure of crystals and behave like ordinary photons. At high energies, on the contrary, they become highly sensitive to the medium properties and exhibit a rather exotic behavior. We therefore expect that, like phonons, also the Hawking radiation high energy photons should behave differently from the photons of the ordinary black body radiation. In the next section we shall study some consequences of metric (11) on the thermodynamical evolution of a black hole.

III. MODIFIED BLACK HOLE THERMODYNAMICS

In General Relativity the metric for a non-rotating, uncharged, spherical black hole, endowed with a mass M, is the Schwarzchild one:

ds^2 = − ( 1 − 2GM r ) dt^2 + ( 1 − 2GM r )_{−1} dr^2 +r^2dΩ^2 , (12) whilst applying Eq. (11) we have the following modified metric [27]

ds^2 = − 1 f^2(E) ( 1 − 2GM r ) dt^2+

+ 1 g^2(p) [( 1 − 2GM r )_{−1} dr^2 + r^2dΩ^2 ] . (13)

As abovesaid, according to the HB theory the black hole temperature can be taken equal to κ 2π , where κ is the surface gravity. Because of the chosen metric, the black hole surface gravity and temperature do depend on the probe energy: κ = − lim_{r→RS} √ −g^{rr} g^{tt} (g^{tt})^′ g^{rr} = g(p) f(E) 1 4GM , (14)

T = κ 2π = g(p) f(E) 1 8πGM . (15)

Hence, with our choice for f(E) and g(p), we get T = √ 1 − λp 8πGM . (16)

Let us apply the ordinary uncertainty relation to photons near the event horizon: p ≃ δp ∼ 1 δx ∼ 1 4πR_s = 1 8πGM . (17)

By inserting the previous equation in (16) we find

T = √ 1 − λp 8πGM ∼ √ 1 − λ 8πGM 8πGM . (18)

Being p ≤ 1/λ we shall consider only M ≥ M_{cr} ≡ λ 8πG .

FIG. 1: Temperature as a function of the mass (compared with the standard HB plot)

For M ≫ M_{cr} we can approximate the black hole temperature as follows T ∼ 1 8πGM [ 1 − 1 2 M_{cr} M − 1 8 ( M_{cr} M )_2 + O ( M^3_{cr} M^3 )] , (19) while, when M approaches M_{cr}, we can assume T ∼ 1 8πGM^{32}_{cr} [√ M − M_{cr} + M^{− 12}cr O(M − M_{cr}) ] . (20)

Therefore the black hole temperature, by contrast with the HB theory, does not diverge at M = 0, but has a finite maximum at M = 3 2 M_{cr} (Fig.1).

Assuming that the first principle of thermodynamics is still valid, namely dQ = dM = T dS, we can obtain the intrinsic entropy by inserting the temperature (15) into this relation, and then integrating S = ∫ dM T ∼ ∫ 8πGM √ 1 −^{Mcr}_M dM =

= 2πG √ 1 −^{Mcr}_M ( 2M^2 + MM_{cr} − 3M^2_{cr} +

+3M^2_{cr} √ 1 − M_{cr} M arcsinh √ M M_{cr} − 1 ) (21)

Of course, for λ → 0 we recover the classical HB result

lim_{λ→0} S = 1 4 A , (22)

where A indicates the horizon area 16πGM^2. The same classical behavior (quadratic in M), is obtained for very heavy black holes, i.e.for M ≫ M_{cr}. Expanding Eq. (21) for M ∼ M_{cr} we obtain (see Fig.2) S ∼ 4πGM^{3/2}_{cr} √ M − M_{cr} . (23)

FIG. 2: Entropy as a function of the mass (compared with the standard HB plot)

FIG. 3: Heat capacity as a function of the mass (compared with the standard HB plot)

Then the black hole entropy reaches its minimum (zero) together with the black hole mass, i.e. for the critical value M_{cr}.

For the sake of comparison let us recall that, still starting from modified dispersion laws and generalized Heisenberg uncertainty relations, some authors [28] obtain in the entropy formula a term logarithmically dependent on the black hole mass, a result found also in some String Theory and Loop Quantum Gravity computations.

Finally, let us calculate the black hole heat capacity. For M ∼ M_{cr} we get C = T ∂S ∂T = ( ∂T ∂M )_{−1} ∼ 16πG M^{5/2} √ M − M_{cr} 3M_{cr} − 2M

(24)

Notice (Fig.3) that the heat capacity diverges at M = 3 2 M_{cr}, corresponding to the maximum black hole temperature, and vanishes at the minimum mass M = M_{cr}.

IV. CONCLUSIONS

We have studied the black hole evaporation applying a momentum-dependent metric, corresponding to the lowest-order (∼ p^3) extension of the ordinary energymomentum law dispersion. The HB inverse proportionality relation between mass and temperature is recovered only for early stages of the evaporation process; whilst in the final stage mass and temperature decrease together so that at the end we have a cold “extremal” black hole endowed with a critical mass M = M_{cr} of the order of the Planck mass. Correspondingly the black hole entropy reaches its minimum. At variance with the standard previsions, we also find that at M =^3_2 M_{cr} the temperature reaches a finite maximum (of the order of the Planck temperature) and the heat capacity diverges.

Some recent theoretical [29, 30, 31] pictures of the black hole thermodynamics and evaporation which take into account quantum effects expected when the energy scale approaches the Planck energy (that is soon before the total collapse), result in avoiding undesired divergences and spacetime singularities. In [30] Bonanno and Reuter study the quantum gravity effects for a spherical black hole assuming a “running” Newton constant G = G(k(r)) obtained from the evolution for the effective scale-dependent gravitational action, by means of exact renormalization group equations. Using the “Einstein-Hilbert truncation method” they find an exact, non-perturbative solution to the evolution equation for G(k). Actually, the quantum computations performed by those authors and the present semiclassical analysis lead to same physical predictions. As a matter of fact, the behaviors of temperature, entropy and heat capacity as functions of the mass obtained in ref. [30] result to be (also analytically) identical to the ones found in this paper, then entailing a nonzero-mass zero-entropy T = 0 remnant as well. From direct comparison between ref. [30] and the present theory we derive, as expected, that our mass scale λ is just of the order of the Planck mass.

We can conclude that, inside a classical noncommutative spacetime scenario which, as discussed in Section II, appears physically plausible on the ground of various theoretical and experimental arguments, we have obtained a reliable picture of the black hole thermodynamics which overcomes some unphysical features of the HB theory: thus encouraging further theoretical studies in this direction.

Acknowledgments

We are glad to thank A. Bonanno and S. Esposito for useful hints and stimulating discussions.

[1] S.W.Hawking, Nature 248, 30 (1974);

Comm.Math.Phys. 43, 199 (1975); Phys.Rev. D13,

191 (1976); Phys.Rev.Lett. 26, 1344 (1971); J.D. Bekenstein, Lett.Nuovo Cim. 4, 737 (1972); Phys.Rev. D5, 1239 (1972); Phys.Rev. D5, 2403 (1972); Phys.Rev. D7 2333, (1973); Phys.Rev. D9, 3292 (1974); Phys.Rev. D12, 3077 (1975 ) [2] R.M.Wald, General relativity (University of Chicago Press; Chicago, 1984) [3] V.P. Frolov and I.D. Novikov: Black Hole Physics. Basic Concepts and new Development (Kluwer Academic; Dordrecht, 1998) [4] D. Bailey and A. Love, Supersymmetric Gauge Field Theory and String Theory, chapter 6 with references therein, (I.O.P. Publishing; Bristol, 1994) [5] V.A. Kostelecký, S. Samuel, Phys.Rev. D39, 683 (1989);

Phys.Rev.Lett. 63, 224 (1989); 66, 1811 (1991); V.A. Kostelecký and R. Potting: Nucl.Phys. B359, 545 (1991); Phys.Lett. B381, 89 (1996); Phys.Rev. D63, 046007 (2001); V.A. Kostelecký, M.J. Perry and R. Potting: Phys.Rev.Lett. 84, 4541 (2000); C.P. Burgess, JHEP 0409, 033 (2004); JHEP 0203, 043 (2002); A.R. Frey: JHEP 0304, 012 (2003); F. Lizzi and R.J. Szabo, Comm.Math.Phys. 197, 667 (1998) [6] F.R. Klinkhamer, Nucl.Phys. B578, 277 (2000); J. Alfaro, H.A. Morales-Técotl and L.F. Urrutia, Phys.Rev. D66, 124006 (2002); D. Sudarsky, L. Urrutia, and H. Vucetich, Phys.Rev.Lett. 89, 231301 (2002); Phys.Rev. D68, 024010 (2003); C. Rovelli, arXiv:gr-qc/0006061; Quantum Gravity, (Cambridge University Press; Cambridge, 2004); G. Amelino-Camelia, Nature 408, 661 (2000); C.P. Burgess, Liv.Rev.Rel. 7, 5 (2004) [7] L.J. Garay, Phys.Rev.Lett. 80, 2508 (1998); G. Amelino- Camelia, John Ellis, N.E. Mavromatos, D.V. Nanopoulos, Subir Sarkar, Nature 393, 763 (1998) [8] R. Gambini and J. Pullin, Phys.Rev. D59, 124021 (1999); Phys.Rev. D65, 103509 (2002); G. ’t Hooft, Class.Quant.Grav. 13, 1023 (1996) [9] J. Alfaro, H. A. Morales-Tecotl and L. F. Urrutia, Phys.Rev.Lett.84, 2318 (2000) [10] S.X. Chen and Z.Y. Yang, Mod.Phys.Lett. A18 (2003) 2913; arXiv:hep-ph/0312099; Z.Y. Yang and S.X. Chen, J.Phys. A35, 9731 (2002) [11] G. Amelino-Camelia and T. Piran, Phys.Rev. D64, 036005 (2001); G. Amelino-Camelia, Phys.Lett. B392, 283 (1997); Phys.Lett. B528, 181 (2002); G. Amelino- Camelia, F. D’Andrea and G. Mandanici, JCAP 0309, 006 (2003); A. Agostini, G. Amelino-Camelia and F. D’Andrea, Int.J.Mod.Phys. A19, 5187 (2004); G. Amelino-Camelia, J. Kowalski-Glikman, G. Mandanici and A. Procaccini, Int.J.Mod.Phys. A20, 6007 (2005); G. Amelino-Camelia, L. Doplicher, S. Nam and Y. Seo, Phys.Rev. D67, 085008 (2003) [12] J. Lukierski, H.Ruegg and W.J. Zakrzewski, Ann.Phys.

243, 90 (1995); Z. Guralnik, R. Jackiw, S.Y. Pi and A.P. Polychronakos, Phys.Lett. B517, 450 (2001); V. Nazaryan and C.E. Carlson, Phys.Rev. D71, 025019 (2005 ); C.E. Carlson, C.D. Carone and R.F. Lebed, Phys.Lett. B549, 337 (2002); M. Hayakawa, Phys.Lett. B478, 394 (2000); arXiv:hep-th/9912167; A. Anisimov, T. Banks, M. Dine and M. Graesser, Phys.Rev. D65, 085032 (2002); T. Kifune, Astrophys.J.Lett. 518, L21 (1999); W. Kluzniak, arXiv:astro-ph/9905308; R.J. Protheroe and H. Meyer, Phys.Lett. B493, 1 (2000); D. Bahns, S. Doplicher, K. Fredenhagen and G. Piacitelli, Phys.Rev. D71, 025022 (2005); C.K. Zachos, Mod.Phys.Lett. A19, 1483 (2004); S. Ghosh and

P. Pal, Phys.Rev. D75, 105021 (2007) [13] R. Bluhm, V.A. Kostelecký, N. Russell, Phys.Rev.

D57, 3932 (1998); D. Colladay and V.A. Kostelecký, Phys.Rev. D58, 116002 (1998); V.A. Kostelecký and C. Lane, Phys.Rev. D60, 116010 (1999); R. Bluhm, V.A. Kostelecký, and C. Lane, Phys.Rev.Lett. 84, 1098 (2000); R. Bluhm and V. A. Kostelecký, Phys.Rev.Lett. 84, 1381 (2000); D. Bear, R. E. Stoner, R. L. Walsworth, V.A. Kostelecký, C. Lane, Phys.Rev.Lett. 85, 5038 (2000); V.A. Kostelecký and M. Mewes, Phys.Rev. D66, 056005 (2002); O. Bertolami, D. Colladay, V.A. Kostelecký, R. Potting, Phys.Lett. B395, 178 (1997); D.L. Anderson, M. Sher and I. Turan: Phys.Rev. D69, 074018 (2004) [14] C. Rovelli and L. Smolin, Phys.Rev. D52, 5743 (1995);

Nucl.Phys. B442, 593 (1995); Erratum-ibid. B456, 753 (1995) [15] R. Loll, Nucl.Phys.Proc.Suppl. 94, 96 (2001); J Ambjørn, A. Dasgupta, J. Jurkiewicz and R. Loll, Nucl.Phys.Proc.Suppl. 106, 977 (2002) [16] N. Hayashida et al., (AGASA Collab.), Phys.Rev.Lett.

73, 3491 (1994); M. Takeda et al., (AGASA Collab.), Phys.Rev.Lett. 81, 1163 (1998); D.J. Bird et al., (Fly’s Eye Collab.), Phys.Rev.Lett. 71, 3401 (1993); Astrophys.J. 424, 491 (1994); 441, 144 (1995); M.A. Lawrence, R.J.O. Reid and A.A. Watson (Haverah Park Collab.), Journ.Phys. G17, 733 (1991); N.N. Efimov et al., (Yakutsk Collab.), ICRR Symposium on Astrophysical Aspects of the Most Energetic Cosmic Rays, edited by N. Nagano and F. Takahara (World Scientific; Singapore, 1991) [17] K. Greisen, Phys.Rev.Lett. 16, 748 (1966); G.T. Zatsepin, V.A. Kuzmin, Sov.Phys.JETP Lett. 4, 78 (1966) [18] Krennrich and E. Dwek, Intrinsic Spectra of the TeV Blazars MRK 421 and MRK 501, Proceedings of the 28th International Cosmic Ray Conferences (ICRC 2003), pp. 2667-2670 (Cosmic Ray; Tsukuba, 2003); F. Krennrich et al., Astrophys.J. 575, L9 (2002); F. Krennrich et al., Astrophys.J. 560, L45 (2001); F.A. Aharonian, Astropart.Phys. 11, 225 (1999); F.A. Aharonian and P.S. Coppi, Astrophys.J. 521, L33 (1999); M. Hess et al. (HEGRA Collaboration), Astropart.Phys. 11, 363 (1999); A.I. Nikishov, Sov.Phys.JETP 14, 393 (1962); J. Gould and G. Schreder, Phys.Rev. 155, 1404 (1967); F.W. Stecker, O.C. De Jager and M.H. Salmon, Astrophys.J. L390, 49 (1992) [19] E. di Grezia, S. Esposito and G. Salesi, Mod.Phys.Lett.A21 (2006) 349; Europhys.Lett. 74 (2006) 747 [20] N.R. Bruno, G. Amelino-Camelia and J. Kowalski- Glikman, Phys.Lett. B522, 133, (2001); G. Amelino- Camelia, Phys.Lett. B510, 255 (2001); Int.J.Mod.Phys. D11, 35 (2002); G. Amelino-Camelia and M. Arzano, Phys.Rev. D65, 084044 (2002); A. Ballesteros, F.J. Herranz and N.R. Bruno, Quantum (anti)de Sitter Algebras and Generalizations of the K-Minkowski Space, Proceedings of the 11-th International Conference on Symmetry Methods in Physics (SYMPHYS-11), hep-th/0409295 (JINR Publishing Department; Prague, 2004) [21] J. Magueijo and L. Smolin, Phys.Rev.Lett. 88, 190403 (2002) [22] J. Magueijo and L. Smolin, Phys.Rev. D67, 044017 (2003) [23] S. Alexander and J. Magueijo, arXiv:hep-th/0104093

[24] S. Alexander, R. Brandenberger and J. Magueijo, Phys.Rev. D67, 081301 (2003) [25] Y. Ling, B. Hu and X. Li, Phys.Rev. D73, 087702 (2006);

Y. Ling, X. Li and H. Zhang, Mod.Phys.Lett. A22, 2749 (2007) [26] A. Camacho and A. Macías, Gen.Rel.Grav. 39, 1175 (2007) [27] J. Magueijo and L. Smolin, Class.Quant.Grav. 21, 1725 (2004) [28] G. Amelino-Camelia, M. Arzano, Y. Ling and G. Mandanici, Class.Quant.Grav. 23, 2585 (2006) [29] A. Bonanno and M. Reuter, Phys.Rev. D60, 084011 (1999); M.Reuter, Phys.Rev. D57, 971 (1998)

[30] A. Bonanno and M. Reuter, Phys.Rev. D62, 043008 (2000) [31] V.P. Frolov, W. Israel and S.N. Solodukhin, Phys.Rev.

D54, 2732 (1996); K. Nozari and A. S. Sefidgar, Phys.Lett. B635,156 (2006) [32] We refer to ordinary photons: not just the ones we are going to study in this paper, for which E ≠ p.

[33] As a consequence we have also a modified commutator between space coordinates and momenta [xi, p_k] = iℏ √ 1 − λp δ_{ik} , which vanishes for p ≲ 1/λ, apparently implying an effective classical behavior in the Planckian regime.