arXiv:gr-qc/0204092 v2 3 May 2002

Modern Physics Letters A,

c_{World Scientific Publishing Company}

POSSIBLE ASTROPHYSICAL PROBES OF QUANTUM GRAVITY

SUBIR SARKAR Theoretical Physics, University of Oxford, 1 Keble Road Oxford OX1 3NP, United Kingdom

Received (received date) Revised (revised date)

A satisfactory theory of quantum gravity will very likely require modification of our classical perception of space-time, perhaps by giving it a ‘foamy’ structure at scales of order the Planck length. This is expected to modify the propagation of photons and other relativistic particles such as neutrinos, such that they will experience a non-trivial refractive index even in vacuo. The implied spontaneous violation of Lorentz invariance may also result in alterations of kinematical thresholds for key astrophysical processes involving high energy cosmic radiation. We discuss experimental probes of these possible manifestations of the fundamental quantum nature of space-time using observations of distant astrophysical sources such as gamma-ray bursts and active galactic nuclei.

“We finally turn to the most daunting problem of quantum gravity, the nearly complete lack of observational and experimental evidence that could point us in the right direction or provide tests for our models. The ultimate measure of any theory is its agreement with Nature; if we do not have any such tests, how will we know whether we are right?” S. Carlip (2001)^1

1. Introduction

Quantum Mechanics, Special Relativity and General Relativity correspond to three vertices of Bronshtein’s ‘cube of theories’ constructed on axes labelled by the three dimensionful constants c, h̄ and G_N, which define the fundamental units of length, mass and time.^2 Each of these theories has been extremely successful in describing Nature, yet their union into a consistent (and comprehensible!) theory of quantum gravity still eludes us. Moreover it is often stated that the quantum effects of gravity may never be accessible to experiment because they would be manifest only on the tiny Planck length scale, l_P ≡ √ h̄ G_N/c^3 ≃ 1.6 × 10^{−33} cm (corresponding to the huge energy scale M_P ≡ √ h̄ c/G_N ≃ 2.2 × 10^{−8} g or 1.2 × 10^{19} GeV in units with c = h̄ = 1). However, gravity, being a non-renormalisable interaction in the language of quantum field theory, can perhaps leave a distinctive imprint at energies much lower than the Planck scale if it violates some fundamental symmetry of the effective low energy theory, resulting in qualitatively new phenomena (akin to the violation of parity in nuclear radioactive decay, at energies far below the true scale of the responsible weak interaction).

At present there are two main approaches to the quantisation of continuum gravity.^1 The first is the canonical programme for a non-perturbative and backgroundindependent quantisation of general relativity, viz. the loop-gravity formalism.^3 The second is superstring theory,^4 and its non-perturbative D(irichlet)-brane extension.^5 Apart from these formal mathematical approaches there have been other discussions of the likely physical manifestations of quantum gravity, e.g of the possibility that quantum space-time has a ‘foamy’ structure,^6 in which Planck-size topological fluctuations resembling black holes with microscopic event horizons appear spontaneously out of the vacuum and subsequently evaporate back into it. These black-hole horizons have been viewed as providing an ‘environment’ that might induce quantum decoherence of apparently isolated matter systems.^{7,8} In this picture Lorentz invariance (LI) would appear to be lost in the splitting between the matter system and the quantum-gravitational ‘environment’; such a breaking of LI can be considered a property of the quantum-gravitational ground state, and therefore a variety of spontaneous breaking. This also occurs in the loop-gravity formalism, as demonstrated in the semi-classical limit.^{9,10} In critical string theory there is no Planck scale space-time foam but in non-critical ‘Liouville’ string theory,^{11} the link can be made by viewing D-branes as space-time defects, giving rise to a cellular structure in the space-time manifold;^{12,13} Thus it seems not unreasonable to expect spontaneous violation of LI at high energies as a generic signature of quantum gravitational effects. Although a comprehensive theoretical framework may be lacking at present, such an exciting possibility is adequate motivation for a phenomenological approach to the question of whether such tiny violations can be observed.^{14,15}

2. Quantum gravity and possible modifications to dispersion relations

In this talk I will discuss whether astrophysical observations can test possible LI violations due to the quantum structure of space-time. We are interested in signatures that are characterised by deviations from conventional quantum field theory, which would presumably be suppressed by some power of the Planck mass.^a It appears that several such effects are at the edge of observability if the suppression is by just a single power of M_P.

This may well be the case for the possible effects of a quantum-gravitational environment on the propagation of a massless particle such as a photon. At energies small compared to the Planck scale a series expansion of the usual dispersion relation in the small parameter E/M_P is justified, i.e.^{14}

c^2p^2 = E^2 [ 1 + ξ ( E M_P ) + O ( E^2 M^2_P ) + . . . ] . (1)

Such a relation with ξ = +1 is consistent with studies^{18} of quantum deformations of space-time symmetries (viz. the Hopf extension of Poincaré algebra), if we identify the ‘deformation parameter’ κ as the inverse of the Planck length and impose rotational symmetry (i.e. invariance under the O(3) subgroup of the SO(3,1) Lorentz

aOur approach is somewhat different from identifying all possible LI violating terms which can be added to the Standard Model at the renormalisable level; the possible phenomenology of such terms and current experimental bounds on them have been discussed in detail elsewhere.^{16,17}

group).^{19b} Such a deformed dispersion relation also arises in non-critical Liouville string theory, as has been demonstrated using the picture of D-brane recoil.^{12} This is essentially because the action for such theories is proportional to the square root of the string tension (which has dimensions of the inverse of the fundamental length squared); by contrast in critical string theory the action is proportional to the string tension, consequently only corrections of O(E^2/M^2_P) would be expected.^{21c} Given however that the connection between critical string theory (in 10 dimensions) and our low energy world in 3+1 dimensions is still an open question, it would seem premature to dismiss the possibility of a dispersion term of O(E/M_P). It is more interesting to ask if we can test for such a term experimentally to obtain a constraint on theories. Somewhat unexpectedly this turns out to be possible.^{14}

2.1. Time-of-flight studies of radiation from distant objects

Assuming the usual Hamiltonian equation of motion ẋ_i = ∂ H/∂ p_i to still be valid, the above dispersion relation (1) implies an energy dependent speed of light, v = ∂E ∂p ≃ c [ 1 − ξ ( E M_P )] . (2)

We observe that the effect (2) is easy to distinguish from dispersion in any field theoretical vacuum or plasma, which always decreases with increasing energy.^{23} Thus when we study a source at distance L, we will see a quantum gravity induced time delay (for ξ +ve) in the arrival of the more energetic photons as compared to the less energetic ones (differing in energy by an amount ΔE) of order: Δt ≃ ξ L c × ΔE M_P

. (3)

An analogous effect arises in the semi-classical limit of loop gravity, if the gravitational degrees of freedom are assumed to be in a ‘weave’ state.^9

The energy-dependent refractive index (2) would induce dispersion in the arrival times of photons emitted in a short pulse by an astrophysical source. It is also possible that different photons with the same energy (frequency) might travel at different velocities, as is suggested by higher-order studies in the D-brane approach to quantum gravity.^{13} This would provide a second possible source of dispersion in a wave packet, beyond that associated with differing frequencies: δt ∼ √ ⟨σ^2⟩ L , (4)

where σ^2 denotes a quantum fluctuation about the specific classical background. Both these effects can be described in terms of quantum fluctuations in the light cone.^{24,13} Moreover if the weave states of loop quantum gravity have definite parity then one also expects different propagation velocities for left- and right-handed

bA possible astrophysical test of κ-Poincaré deformations had been suggested earlier.20 cSuch E2/M 2 P corrections are also found for the dispersion relation of transversely polarised photons due to graviton induced vacuum polarisation in 3+1 dimensions.^{22}

polarised photons, viz. bi-refringence of the vacuum.^9 This possibility is however severely constrained already by observations of distant radio galaxies which exhibit detectable linear polarisation in their emissions;^{25} the corresponding time delays for high energy photons in this model may then be too small to be observable. However a study of the propagation of spin 1/2 fermions in the semi-classical limit of loop quantum gravity shows that there would still be detectable time delays between neutrinos and photons from GRBs.^{10d}

The figure of merit for such tests is

M_{QG} ≡ ξ LE cΔt , (5)

where M_{QG} is the highest energy scale that can be probed using a source of photons of energy E at distance L which exhibits distinct structure on a time scale of order Δ t. As we emphasised,^{14} gamma-ray bursts (GRBs) have particularly large figures of merit. Some of them exhibit microstructures in their light curves of a millisecond or less, they are likely to emit γ rays in the GeV or even TeV range, and many are now definitely known to be located at cosmological distances.^{28} We estimated that GRB observations might already be sensitive to a quantum-gravity scale M_{QG} ∼ 10^{16} GeV, and suggested that atmospheric Čerenkov telescopes (ACTs) would be able to improve on this sensitivity. The Whipple ACT group has applied this idea to observations of the active galactic nucleus (AGN) Mkn 421, establishing a lower limit M_{QG} > 4×10^{16} GeV.^{29} The potential of next-generation ACTs (such as VERITAS, MAGIC and HESS) for improving such limits has been assessed.^{30} A similar lower limit has been inferred from observations of gamma-ray pulsars.^{31} A careful analysis of present data on GRBs however finds a slightly weaker limit M_{QG} > 10^{15} GeV,^{32e} but remarkably enough, space-borne experiments such as AMS and, particularly, GLAST are expected to definitively find (or rule out) the expected time delay for M_{QG} ∼ M_P. Figure 1 demonstrates that GLAST (scheduled for launch in 2005) will be able to do this in just 2 years of operation!

2.2. Modifications of relativistic kinematics due to LI violation

Among the key considerations for the above experiments is the question of just how far can one see into the universe at high energies; for example at TeV energies, γ-rays are expected to be severely attenuated through pair-production on the intervening cosmic infra-red background (CIB) radiation (above a threshold energy m^2_e/E_{CIB} ∼ 10 TeV) so that ACTs should see an exponential cutoff in AGN spectra at such energies.^{35} The absence of the expected cutoff in the spectra of the relatively nearby sources Mkn 421 (z = 0.031) and Mkn 501 (z = 0.033) was thus interpreted as setting limits on the (otherwise poorly known) intensity of the CIB.^{36} This radiation is created by stars and reprocessed by dust so its intensity is sensitive to the entire history of galaxy formation and can be estimated in specific models.^{37}

dSuch a time delay is also found 26 for the LI violating extension of the Standard Model;16 this may not however be observable if the pulses are smeared out due to the dispersive effect (4).^{27} eA more severe limit of M QG > 8.3 × 10^{16} GeV was claimed to follow from observations of GRB 930131;^{33} however this object has no measured redshift, hence a very uncertain distance.

Fig. 1. The expected sensitivity of GLAST to the quantum gravity induced dispersion in Eq.(3) using observations of gamma-ray bursts.^{34} The left panel shows the simulated composite pulse from 20 bright GRBs observed over 2 years, with energy threshold of 0.1 GeV (open histogram) and 5 GeV (cross-hatched histogram). The right panel shows the arrival time as a function of the photon energy; the expected dispersion is clearly seen above a 5 GeV threshold (horizontal line).

When the first direct measurements of the CIB were made, notably by the DIRBE instrument on COBE,^{38} the fluxes proved surprisingly to be above the limits set by the above argument. It had been pointed out however^{39,40,41} that the LI violation implicit in the dispersion relationship (1) would affect the kinematics of the attenuation process γγ → e^+e^− such that there is no physical threshold for this process, hence no attenuation of TeV energy γ-rays even from very distant sources, independently of the intensity of the CIB.^f This possibility was promoted as a solution of the ‘IR-TeV γ-ray crisis’^{45} created by the non-observation of a sharp cutoff in the spectrum of Mkn 501 upto ∼ 21 TeV by the HEGRA ACT.^{46} Their point is made in Figure 2 which shows an updated version of this argument.^{47} The left panel shows a compendium of CIB observations with 3 reference curves drawn to indicate the range of possibilities — curve 1 is a ‘nominal’ fit, curve 2 is close to the expectations from modelling of galaxy formation,^{37} while the ‘extreme’ curve 3 is drawn to match the highest CIB fluxes reported (which may have suffered contamination from zodiacal light). The right panel shows the intrinsic γ-ray spectrum of Mkn 501 reconstructed from the HEGRA observations.^{46} Although the observed spectrum does bend down, particularly after reducing the intensity in the highest energy bin (down to the starred point) at 21.45 TeV to allow for possible spillover from lower energies,^{48} making allowance for the expected attenuation by the CIB (especially at ∼ 100 μm) still requires a rather unphysical turnup in the intrinsic spectrum at ∼ 10 TeV.^{45} This is so even for the ‘nominal’ fit (curve 1), although the turnup is not as sharp as when the ‘extreme’ fit (curve 3) is used. There is no anomaly if

fThere is in fact no change in the threshold energy condition for the κ-deformed Poincaré algebra,18 but there are significant corrections to the kinematics above threshold.^{42,44}

curve 2 reflects the true CIB and this is indeed close to estimates based on galaxy evolution models.^{49,50} However such estimates are necessarily model-dependent and have many uncertainties so it seems unreasonable to conclude on this basis alone that there is no problem.^{51,52} Clearly the issue will be resolved with further observations of even more distant AGN, e.g. H1426+428 (z = 0.129); present observations are in fact consistent with attenuation by the CIB with no need for LI violation.^{53}

Fig. 2. Reconstruction^{47} of the emission spectrum of Mkn 501 from TeV γ-ray observations (right panel),^{46,48} after allowing for attenuation by the observed cosmic infrared background (left panel). The vertical line at 17 TeV indicates the point upto which the spectrum is mesured reliably.

Similarly it has been noted that photopion production of ultra high energy cosmic rays (UHECR) on the cosmic microwave background (CMB), pγ → Δ(1232) → π^+ . . ., which ought to result in a ‘GZK’ cutoff^{54} of their energy spectrum above ∼ 5 × 10^{10} GeV (if they are indeed protons of extragalactic origin), may be evaded by LI violation at high energies.^{55,56,57,58,40} This is an interesting possibility given that the UHECR spectrum is seen to extend well beyond the GZK cutoff while their sky distribution is consistent with isotropy, suggestive of cosmologically distant sources.^{59} However there are plausible alternative explanations for this, for example such UHECRs may originate locally in the halo of our Galaxy, thus evading GZK energy losses while still being quasi-isotropic.^{52,60} The ongoing Pierre Auger experiment will soon provide improved determinations of the composition, spectral shape and anisotropy of UHECRs which will critically test such explanations.

The existence of ‘threshold anomalies’ is thus rather controversial from the observational point of view. As a cautionary theoretical note, the assumption of energy conservation implicit in recent analyses of scattering kinematics^{39,40,41,42,43} may not in fact be valid — e.g. in the space-time foam picture energy is conserved only in a statistical sense.^{7,27,61} In this picture there is no connection between the TeV γ-ray and the UHECR puzzles which require e.g. very different values of the LI violating parameter.^{62} This is in contrast to the claim^{43,63} that both of these puzzles, as well as an alleged ‘anomaly’ in the development of cosmic ray air showers,^{64g} can all be traced to the same quantum gravity induced dispersion effect (1). This underlines the limitations of a purely ‘phenomenological’ approach — without explicit guidance from a theory of quantum gravity, it is difficult to be certain of the effects of possible LI violation in different experimental contexts.

Alternatively one can simply parameterise every possible LI violating term that can be added to the low energy effective theory, with LI assumed to hold in the ‘preferred’ frame identified by the (absence of a) dipole anisotropy in the CMB.^{17} In such schemes, particles in any other frame may move faster or slower than light (in contrast to the space-time foam picture where only subluminal motion is possible^{13}). This suggests other interesting astrophysical tests e.g. if the maximum attainable speed of photons c_γ exceeds the maximum attainable speed of electrons c_e then photons of high enough energy would be unstable against decay γ → e^+e^−; if the reverse were true then one can have Čerenkov radiation e → eγ in vacuo.^{66,17} Since we do observe photons of energy upto ∼ 20 TeV from distant AGN^{46} and infer the existence of electrons with energies upto ∼ 100 TeV (from observations of nonthermal X-rays and TeV γ-rays in some supernova remnants,^{67} restrictive limits can be set on such LI violating effects, in addition to those discussed earlier concerning possible ‘threshold anomalies’^{58,66,17} and pion stability.^{64} A systematic analysis of such constraints has recently been undertaken^{68,69} in the framework of the quantum gravity inspired dispersion relation (1), but allowing for a different value of ξ for photons than for other particles (the correspondance to the alternative LI violating formalism^{17} can be made^{40} by setting ξ_i E/M_P equal to c^2_γ − c^2_i ). These analyses deduce joint constraints on the LI violating parameters from a careful examination of the relativistic kinematics of all ‘forbidden’ processes (assuming energy conservation) and find that a large region of parameter space is ruled out as seen in Figure 3.^{68} This shows the allowed region in ξ − η space, where ξ is the same quantity as defined for photons in Eq.(1) but now defined with opposite sign, and η is defined similarly for electrons. Thus Eq.(1) would suggest ξ = η = −1 as has been considered in previous work.^{14,39,40,45} We see that this is not ruled out, which is unsurprising since in this case there is no ‘superluminal’ motion.

3. Conclusions

Our modest proposal^{14} that a possible effect of quantum gravity on the propagation of photons may be amenable to observation, has triggered quite a burst of activity and been generally well received by theorists.^{70} However, as already remarked, one needs a concrete formalism to do further work, in particular to study the possible effects of the associated spontaneous LI violation for relativistic kinematics. So far this has been done mainly in the framework of the Liouville string theory model of space-time foam,^{13,27} the semi-classical limit of loop quantum gravity,^{9,10,71} the

gIt is stated 63 that the observed development of cosmic ray air showers can be explained “by assuming that ultra-high-energy neutral pions are much more stable than low energy ones”. However the cited source^{64} does not claim any such anomaly; the authors simply obtain a bound on possible LI violating effects.^{17} A subsequent analysis^{65} notes on the contrary that the dispersion effect (1) would imply unacceptable changes in the development of the em cascade — however this conclusion is based on assuming energy conservation which may be invalid as noted above.

Fig. 3. Constraints^{68} on the LI violating parameters for photons (ξ) and electrons (η) (defined as in Eq.(1) but with opposite sign). The horizontally ruled region is excluded by the absence of vacuum photon decay and the vertically ruled region by the absence of vacuum Čerenkov radiation. The threshold for attenuation of cosmic γ-rays on CIB photons (of energy 0.025 eV) is raised from 10 to 20 TeV in moving from the upper diagonal line to the lower one. The dashed line is ξ = η.

deformed κ-Poincaré algebra,^{19,44h} and in a model for quantum energy-momentum uncertainties in space-time foam.^{62} As these unconventional ideas attract increasing attention in the community, new phenomenological tests are being suggested. For example it has been noted that if energetic particles can travel faster than gravitons then they would emit gravitational Čerenkov radiation at an unacceptable rate.^{75} Moreover the dispersive effects of space-time foam, if flavour dependent, would induce neutrino oscillations with parameters in conflict with experiment.^{76} The associated light cone fluctuations may also distort the observed Planckian spectrum of the CMB.^{77} The non-critical Liouville string model has been shown to escape these constraints,^{78} but the consequences for other models remain to be worked out and confronted with observations. What is clear is that there is indeed a phenomenology of quantum gravity and that this is a most exciting time for its practitioners.

Acknowledgments

I thank Dharamvir Ahluwalia and Naresh Dadhich for the invitation to participate in this meeting, all the participants for making it such a stimulating experience, and IUCAA for its generous hospitality. This talk draws on work done with (and by) Nick Mavromatos and collaborators, who I thank for many discussions. I acknowledge a travel grant from the UK Particle Physics & Astronomy Research Council.

hThe recent ‘Doubly Special Relativity’ constructions 72,73 also fall in this category.74

References

1. S. Carlip, Rep. Prog. Phys. 64, 885 (2001).

2. For a recent discussion and historical perspective, see, M.J. Duff, L.B. Okun & G.

Veneziano, JHEP 0203, 023 (2002).

3. C. Rovelli & L. Smolin, Nucl. Phys. B331, 80 (1990), Phys. Rev. D52, 5743 (1995);

A. Ashtekar & J. Lewandowski, Class. Quant. Grav. 14, A55 (1997), Adv. Theor. Math. Phys. 1, 388 (1998); C. Rovelli, Living Rev. Rel. 1, 1 (1998); T. Thiemann,

gr-qc/0110034

4. M. Green, J. Schwarz & E. Witten, Superstring Theory Vols. I & II (Cambridge University Press, 1987).

5. J. Polchinski, String Theory Vols. 1 & 2 (Cambridge University Press 1998). 6. J. Wheeler, Ann. Phys. (NY) 2, 604 (1957); S. Hawking, Comm. Math. Phys. 87, 395 (1982), S. Hawking, D. Page & C. Pope, Phys. Lett. B86, 175 (1979), L. Garay, Phys. Rev. D58, 124015 (1998), Int. J. Mod. Phys. A14, 4079 (1999).

7. J. Ellis, J.S. Hagelin, D.V. Nanopoulos & M. Srednicki, Nucl. Phys. B241, 381 (1984). 8. W. H. Zurek, Phys. Today 44, 36 (1991).

9. R. Gambini & J. Pullin, Phys. Rev. D59, 124021 (1999), Gen. Rel. Grav. 31, 1631 (1999), gr-qc/0110054.

10. J. Alfaro, H. Morales-Técotl & L. Urrutia, Phys. Rev. Lett. 84, 2318 (2000), hep-th/0108061; see also the contribution of L. Urrutia to these Proceedings.

11. F. David, Mod. Phys. Lett. A3, 1651 (1988); J. Distler & H. Kawai, Nucl. Phys. B321, 509 (1989).

12. J. Ellis, N. Mavromatos & D. Nanopoulos, Phys. Lett. B293, 37 (1992), Int. J. Mod.

Phys. A13, 1059 (1998). Phys. Rev. D62, 084019 (2000).

13. J. Ellis, N. Mavromatos & D. Nanopoulos, Gen. Rel. Grav. 32, 127 (2000), Phys. Rev.

D61, 027503 (2000); E. Graavanis & N. Mavromatos, hep-th/0108008. 14. G. Amelino-Camelia, J. Ellis, N. Mavromatos, D. Nanopoulos & S. Sarkar, Nature 393, 763 (1998), astro-ph/9810483.

15. For other reviews, see, G. Amelino-Camelia, Lect. Notes Phys. 541, 1 (2000); N. Mavromatos, in 3rd Intern. Conf. on Dark Matter in Astro and Particle Physics (World Scientific, 2000), p.209; J. Ellis, Nuovo Cim. 24C, 483 (2001).

16. D. Colladay & V. Kostelecky, Phys. Rev. D58, 116002 (1998). 17. S. Coleman & S. Glashow, Phys. Rev. D59, 116008 (1999).

18. J. Lukierski, A. Nowicki, H. Ruegg & V. Tolstoy, Phys. Lett. B264, 331 (1991); J.

Lukierski, A. Nowicki & H. Ruegg, Phys. Lett. 293, 344 (1992).

19. G. Amelino-Camelia, J. Lukierski & A. Nowicki Phys. Atom. Nucl. 61, 1811 (1998), Int. J. Mod. Phys. A14, 4575 (1999); G. Amelino-Camelia & S. Majid, Int. J. Mod. Phys. A15, 4301 (1999); Note however that a contrary result (no dispersion for massless particle propagation) is obtained by T. Tamaki, T. Harada, U. Miyamoto & T. Torii, Phys. Rev. D65, 083003 (2002).

20. G. Domokos & S. Kovesi-Domokos, J. Phys. G20, 1989 (1994). 21. I thank Sumit Das for a discussion of this point.

22. C.P. Burgess, J. Cline, E. Filotas, J. Matias & G. Moore, JHEP 0203, 43 (2002); D.

Dalvit, F. Mazzitelli & C. Molina-Paris, Phys. Rev. D63, 084023 (2001). 23. J. Latorre, P. Pascual & R. Tarrach, Nucl. Phys. B437, 60 (1995); M. Thoma, Europhys.

Lett. 52, 498 (2000).

24. L. Ford, Phys. Rev. D51, 1692 (1995).

25. R. Gleiser & C. Kozameh, Phys. Rev. D64, 083007 (2001).

26. O. Bertolami & C. Carvalho, Phys. Rev. D61, 103002 (2000).

27. J. Ellis, N. Mavromatos, D. Nanopoulos & G. Volkov, Gen. Rel. Grav. 32, 1777 (2000);

J. Ellis, N. Mavromatos & D. Nanopoulos, Phys. Rev. D63, 024024 (2001), Phys. Rev. D63, 124025 (2001).

28. For recent reviews, see, J. von Paradijs, C. Kouveliotou & A. Wijers, Ann. Rev. Astron.

Astrophys. 38, 379 (2000); P. Mészáros, astro-ph/0111170. 29. S. Biller et al, Phys. Rev. Lett. 83, 2108 (1999).

30. N. Magnussen, in 26th Intern. ICRC Salt Lake City (1999) Vol. 4, p.100; O. Blanch, J. Lopez & M. Martinez, astro-ph/0107334.

31. P. Kaaret, Astron. Astrophys. 345, L3 (1999).

32. J. Ellis, K. Farakos, N. Mavromatos, V. Mitsou & D. Nanopoulos, Astrophys. J. 535, 139 (2000).

33. B. Schaefer, Phys. Rev. Lett. 82, 4964 (1999).

34. J. Norris, J. Bonnell, G. Marani & J. Scargle, in 26th Intern. ICRC, Salt Lake City (1999) Vol. 4, p.20.

35. F. Stecker, O. de Jager & M. Salamon, Astrophys. J. 390, L49 (1992). 36. F. Stecker & O. de Jager, Astrophys. J. 415, L71 (1993), Space Sci. Rev. 75, 401 (1996). 37. J. Primack, J. Bullock, R. Somerville & D. MacMinn, Astropart. Phys. 11, 93 (1999). 38. For a review, see, M. Hauser & E. Dwek, Ann. Rev. Astron. Astrophys. 39, 249 (2001). 39. W. Kluźniak, Astropart. Phys. 11, 117 (1999), in 8th Intern. Symp. On Neutrino Telescopes, ed. M. Baldo Ceolin (Papergraf, 1999), Vol. 2, p.163 40. T. Kifune, Astrophys. J. 518, L21 (1999).

41. R. Aloisio, P. Blasi, P. Ghia & A. Grillo, Phys. Rev. D62, 053010 (2000). 42. G. Amelino-Camelia & T. Piran, Phys. Lett. B497, 265 (2001). 43. G. Amelino-Camelia & T. Piran, Phys. Rev. D64, 036005 (2001). 44. J. Lukierski & A. Nowicki, hep-th/0103227; G. Amelino-Camelia, Int. J. Mod. Phys.

D11, 35 (2002).

45. R. Protheroe & H. Meyer, Phys. Lett. B493, 1 (1996). 46. F. Aharonian et al, Astron. Astrophys. 349, 11 (1999).

47. F. Aharonian, astro-ph/0112314; see also, F. Aharonian, A. Timokhin & A.

Plyasheshnikov, astro-ph/0108419.

48. F. Aharonian et al, Astron. Astrophys. 366, 62 (2001). 49. M. Malkan & F. Stecker, Astrophys. J. 555, 641 (2001). 50. For a review, see, J. Primack, astro-ph/0201119. 51. F. Stecker & S. Glashow, Astropart. Phys. 16, 97 (2001).

52. For a review, see, V. Berezinsky, in 9th Intern. Symp. On Neutrino Telescopes, ed. M.

Baldo Ceolin (Papergraf, 2001), Vol. 1, p.13. 53. F. Aharonian et al, astro-ph/0202072.

54. K. Greisen, Phys. Rev. Lett. 16, 748 (1966); G.T. Zatsepin & V.A. Kuzmin, JETP Lett.

4, 78 (1966).

55. D. Kirzhnitz & V. Chechin, Pis’ma Zh. Eksper. Teor. Fiz. 14, 261 (1971). 56. H. Sato & T. Tati, Prog. Theor. Phys. 47, 1788 (1972); see also, H. Sato,

astro-ph/0005218.

57. L. Gonzalez-Mestres, physics/9705031. 58. S. Coleman & S. Glashow, hep-ph/9808446.

59. For reviews, see, M. Nagano & A.A. Watson, Rev. Mod. Phys. 72, 689 (2000); A.

Watson, astro-ph/0112474.

60. For a review, see, S. Sarkar, hep-ph/0202013. 61. Y. Ng & H. Van Dam, Mod. Phys. Lett. A9, 335 (1994); 62. Y. Ng, D. Lee, M. Oh & H. Van Dam, Phys. Lett. B507, 236 (2001).

63. G. Amelino-Camelia, Phys. Lett. B528, 181 (2002). 64. E. Antonov et al, JETP Lett. 73, 446 (2001) 65. H. Vankov & T. Stanev, astro-ph/0202388. 66. S. Coleman & S. Glashow, Phys. Lett. B405, 249 (1997). 67. T. Tanimori et al, Astrophys. J. 492, L33 (1998). 68. S. Liberati, T. Jacobson & D. Mattingly, hep-ph/0112207. 69. T. Konopka & S. Major, hep-ph/0201184.

70. see, e.g., A. Ashtekhar, gr-qc/9901023; L. Smolin, Phys. World 12N12, 79 (1999);

C. Rovelli, gr-qc/0006061.

71. J. Alfaro & G. Palma, hep-th/0111176 72. G. Amelino-Camelia, Phys. Lett. B510, 255 (2001), Int. J. Mod. Phys. D11, 35 (2002). 73. J. Magueijo & L. Smolin, hep-th/0112090.

74. J. Kowalski-Glikman & S. Nowak, hep-th/0203040; J. Lukierski & A. Nowicki,

hep-th/0203065.

75. G. Moore & A. Nelson, JHEP 0109, 023 (2001).

76. R. Brustein, D. Eichler & S. Foffa, Phys. Rev. D65, 105006 (2002), 77. R. Di Stefano, L. Ford & H. Yu & D. Fixsen, astro-ph/0107001. 78. J. Ellis, N. Mavromatos & D. Nanopoulos, Phys. Rev. D65, 064007 (2002).