The origin of cosmic rays to 10^{21} eV

Peter L. Biermann^{1,2} 1 Max-Planck Institute for Radioastronomy, and 2 Department for Physics and Astronomy, University of Bonn Bonn, Germany

plbiermann@mpifr-bonn.mpg.de http://www.mpifr-bonn.mpg.de/div/theory

May 17, 1999

Abstract To probe the innermost structure of matter we build extremely large accelerators, such as in CERN, Fermilab, or Stanford. Nature provides us with particles at much higher energy - the cosmic rays. Cosmic rays are mostly protons, electrons, nuclei of different chemical elements, photons, antiparticles, and quite possibly particles which we cannot identify yet. We have observed energetic neutrinos with the AMANDA detector, and hope to detect despite considerable uncertainty, particles of a very different nature, such as monopoles, and supersymmetric particles. The highest energy of a single particle observed to date - detected with the Fly’s Eye detector in Utah, USA - is of macroscopic energy. We still do not know for certain where cosmic ray particles come from. Supernova explosions are the best proposal for the cosmic ray energies from GeV, possibly to ∼ 10^{18} eV, and they may so account for most of the energy range observed. Ironically, the detectors at CERN (and, presumably, at other high energy laboratories) detect the products of cosmic ray interactions directly, and provide unique data to test their properties near and beyond 10^{15} eV, thus providing additional information on the energy range where the Galactic origin is likely, but not certain. At the highest energies the particles must come from outside our own Galaxy. What could the nature of these particles be? Where do these particles come from? By now the most conservative proposal to survive all tests is the notion that powerful radiogalaxies accelerate these particles as protons in their large hot spots, but if so, which radio galaxy? However, we lack certainty already from below 10^{14} eV as to their origin, and so the cosmic ray particles and their interactions offer the chance to do physics from below 10^{14} eV to 10^{21} eV.

1 Introduction - History

Cosmic rays have been a riddle since their discovery [44, 50]. Now, with energies going far above anything available in experiments, the challenge has intensified.

Here we briefly summarize some of the arguments on the origin of cosmic rays from below 10^{14} eV all the way to the maximum observed, near 10^{21} eV.

After giving some introductory concepts, we will review the various physical concepts as to get particles at these extreme energies, then we will discuss the data and possible source theories, and finally end on some speculation and give an outlook to the future.

We restrict the reference list to recent literature, and ask the reader to consult the review articles mentioned. There are several books on the subject [4, 36, 52, 91, 66, 69], and for reference I also list here review articles [16, 17, 26, 38, 45, 104, 12]. Of the older literature, only some of the more classical papers are mentioned. Recent reviews on high energy cosmic rays are [17, 12]. The literature list given below contains entries, not mentioned in the text for lack of space, but relevant to the topic.

2 Extragalactic cosmic rays

Graphs No. 1 - 15. These graphs are to ge found on the CosmoLep homepage at CERN, under “conference”.

As the Larmor motion in the Galactic magnetic field cannot contain any proton, the most common particle in cosmic rays, as far as we know, above about 3 10^{18} eV; therefore, we expect that from this energy the events we observe originate outside our Galaxy, presumably far outside. This argument was made in 1956 by Cocconi already [24].

Fittingly, there is a kink in the overall spectrum near 3 10^{18} eV; the spectrum becomes slightly flatter, from about E^{−3.1} to about E^{−2.7}. At such an energy, protons already have suffered from interaction with the microwave background, and so any injection spectrum is severely flattened. Also, there are now a variety of independent analyses which demonstrate that the chemical composition at that energy changes from heavy to light; that is, the chemical composition also shows a clear transition at that energy. Taken together, this suggests that a flatter source spectrum overtakes the steeper Galactic cosmic ray spectrum from below, and dominates from there on out.

The interaction with the microwave background should produce a cutoff near 5 10^{19} eV, the GZKcutoff.

The new AGASA data (Takeda et al., 1999 [95]) show that the spectrum continues to well beyond the GZK-cutoff. The maximum energy of any event comes from the Fly’s Eye array, and is 3 10^{20} eV. The number of events beyond 10^{20} eV, a factor of 2 beyond the GZK-cutoff, is in the new AGASA data alone 7, and beyond 6 10^{19} eV it is 17. The world set is over 14 now with energies above 10^{20} eV, albeit with different energy error bars; this uses a list of Watson [104].

Such maximum energies are a serious problem, e.g. [7], because for a cosmologically homogeneous distribution of powerful astronomical sources, that individually emit protons at any energy, even to 10^{24} eV, the GZK-bound should be observed. On the other hand, with a different type of source, smoothly distributed in space, such as could be caused by the decay of Big Bang relic particles, the GZK-cutoff could be seemingly avoided; there would be enough local, invisible sources, which contribute.

One interesting finding is that the arrival directions appear to cluster [84, 66], that is several events at different energies each seem to come from the same spot on the sky. This can be explained in two ways: 1) The arrival directions are just more likely to come from some extended region, like the supergalactic plane, and then the likelihood that some events appear to cluster along the plane, is high; but in this case the different events that appear to cluster do not relate to any particular single source. 2) Obviously, the opposite may be true, and then these events may come from a specific source, whatever that source may be. But, as shown by Cronin (Tokyo meeting, [66]), then the charge of the individual events can be limited, since a particle of higher charge would be much more bent in its path than a particle of a single charge, and hence it is likely that all these particles have the same charge.

A further possibility is that such events correlate with particular astronomical objects on the sky. Some events seem to come from close to the active galaxy M87, others seem to relate to distant quasars: The arrival direction of the Fly’s Eye event at 3 10^{20} eV sits close on the sky to several active radio galaxies, such as 3C134 and 3C147, while the most energetic AGASA event is close a PG quasar [16], and also close to several compact radio galaxies, as pointed out by Farrar & Biermann [31]. The challenge with these suggestions is that the distance to some of the proposed sources excludes protons as the possibly particles that come here.

2.1 Physical concepts

The basic physical concepts to explain very high energy particles start from the same as for Galactic cosmic rays [2], and thus from Fermi acceleration.

Intergalactic magnetic fields are there, and have a variety of strengths [49, 96, 53]. Outside the Coma cluster there is evidence [49] from extended synchrotron emission, that there magnetic fields have about 10^{−7} Gauss.

The key point is that extragalactic magnetic fields are just as clustered as galaxies are, and show the analoguous large variety of strengths.

Protons and neutrons both have strong interaction with the microwave background, losing about 20 % of their energy every time they interact. The mean free path to individual collisions is of order only 10 Mpc, and so shorter than the distance to the Virgo cluster. This leads to a cutoff in the expected spectrum, provided the sources are distributed cosmologically in a homogeneous fashion, and have a reasonable lower limit to their distance to us, the GZK-cutoff, at 5 10^{19} eV.

Other particles, given sufficient energy, will also interact, then with the Big Bang neutrino background, with the microwave background, and the background in the radio through shorter wavelengths from galaxies [70], and active galactic nuclei. This can lead to considerable cascading, nuclear spallation and degrading of the particle energy [92, 93].

3 Models and tests

Graphs 16 - 42.

There are now 14 events clearly claimed to have an energy above 10^{20} eV, and there are quite a few theories. We will discuss them in turn, and try at each instance to give a critical appraisal of the proposal.

3.1 Gamma Ray Bursts

Since 1997 Gamma Ray Bursts (GRBs) have been identified with afterglows in the optical, X-rays, and radio wavelengths [52, 69]. This progress was made possible by the Italian-Dutch satellite BeppoSax. GRBs come from cosmological redshifts, have a fluence of up to ∼ 10^{−3} erg/cm^2, peak in their photon energy somewhere in the 100 keV to MeV range, and last from fractions of a second to a few hundred seconds. In one case there was late emission in GeV photons after about one hour. With the assumption of isotropy of the emitted radiation the maximum total energy works out in some cases to more than the rest mass energy of a solar mass star, especially considering the GRBs 990123 and 971214.

Even if the energy is not isotropic, it is clear that gigantic energies are indeed involved, with the lowest estimates still of supernova scale, e.g. [72]. Almost all models use a highly relativistic explosion, that would naturally produce high energy particles, such as protons, neutrons, photons and neutrinos

[99, 100, 97, 76, 77, 78] . A tell tale sign would be a temporal and spatial correlation between a GRB and the arrival of an energetic neutrino.

3.2 Relic decay

Relic decay has many advantages [83, 10, 11, 8, 9]. This proposal has the advantage that it naturally gives 10^{24} eV protons, but a large part of the energy goes into photons and neutrinos, which cascade, and may or may not overproduce the gamma-ray background. Future Gamma Ray satelites and ground based Čerenkov telescopes will shed light on this.

As one kind of the possible relic particles monopoles are expected resulting from the Big Bang. They either short-circuit magnetic fields, given sufficient flux, or they get accelerated in existing magnetic fields [48]. In work with Weiler & Kephart (as yet unpublished) we have shown that the cosmic magnetic fields naturally lead to monopole energies above 10^{21} eV, quite possibly even to 10^{24} eV. However, there seems to be no way yet to convincingly argue that monopoles at such energies also produce air showers that look like proton-induced showers of an energy near 10^{21} eV [27].

3.3 Active Galactic Nuclei

The best tested concept is that the outer radio lobes and their hot spots of powerful radio galaxies produce in their shock waves the high energy cosmic ray particles [13]. There, the maximum energy that can be produced depends on the power of the source, and the magnetic field strength, and so, going to the most extreme sources known, and adding some factor for possible relativistic boosting, we may reach 10^{22} eV, but only for rare sources, that are far away. Nearby sources which are candidates to reach close to 10^{21} eV, are the radio galaxies M87, NGC315, and possibly 3C134 [16, 17]. Given, that magnetic fields can bend the paths of such particles, if charged, e.g. [56], this may be all that is needed. The graininess of the spatial distribution of these few candidate sources may explain the apparent lack of a GZK-cutoff should really be there.

One specific model using active galactic nuclei is the concept, that a relativisitic compact jet accelerates protons to very high energy, and then a few of these protons are converted to supersymmetric particles in a beam dump [31]. There is an attractive class of radio quasars, that may be interpreted as such, the radio sources referred to as GPS (Giga-Hertz-Peaked sources) or CSS (Compact Steep Spectrum Sources) [67]. A spatial correlation in arrival direction with radio quasars of this class would strongly hint at such a possibility, which would allow the particles to reach us from high redshift.

4 Bridging the gap: Where do cosmic rays above 10^{14} eV come from?

Graphs 43 - 55.

Sofar we have argued about the cosmic ray particles from a few 10^{18} eV, up to 10^{21} eV. However, there is little certainty even at much lower energy. We will need to understand these energies, because they provide the bridge between accelerator energies and the highest energies observed.

Fermi acceleration in shockwaves of supernova remnants in the interstellar medium has been the classical and well tested theory, and many theoretical arguments tend to confirm that they do provide particle energies to about 10^{14} eV (work by Axford and collaborators, Lagage & Cesarsky, Völk and collaborators, Ellison, Drury, Ramaty and others, see [104]). However, this energy does not even reach the knee feature at about 5 10^{15} eV, where the overall spectrum turns down.

So, where do these energies come from? What is the chemical composition of these particles? There have been several arguments in the literature:

• First of all, it has been supposed for some time, that the turn down at the knee is due to a propagation effect. However, there is no scale in the interstellar medium that would do this.

• Second, there has been the suggestion (Axford expecially), that distributed second order Fermi acceleration could extend the particles energies all the way to near 10^{18} eV. However, this argument is not quantitative; no prediction has been made, that could test this concept. Also, there is a question whether such a process is sufficiently fast, to both give a well defined powerlaw, and full isotropy.

• Finally, there is the proposal (Biermann), that the knee is due to a diminished efficiency of acceleration in a SN-shock running through a magnetic stellar wind. The process of acceleration is also Fermi-acceleration, just in a very different environment, with a much faster shock, and a much more magnetic medium, a magnetic stellar wind. This last suggestion is quantitative, and some of its predictions have been tested.

The predictions of this last picture are as follows: The spectra of all chemical elements in the cosmic rays are the same (except for the effect of spallation) from Helium all the way to Iron, with a slope of near −2.67 below the knee, and near −3.07 above the knee, and the knee itself is near 700 Z TeV, where Z is the charge of the particle under consideration. The theoretical uncertainties in the spectral indices are of order 0.03 and 0.07, respectively, and in the rigidity of the knee probably more like a factor of 2. The source is argued to be massive stars, which explode into their own stellar wind, which is highly enriched due to heavy mass loss. These predictions have been successfully tested with the earlier AGASA data [87]. The normally considered supernova explosions into the interstellar medium provide only energies up to near 100 TeV, have a spectrum near E^{−2.75}, and so Hydrogen is turning off before the knee. The knee should then be visible mostly in Helium through Iron, an energy range of a factor of about 10. The chemical abundances should then reflect the numbers of massive stars on the zero-age-main-sequence, with the normal supernovae, exploding into the interstellar medium, the most frequent but local abundances, those stars with strong winds and moderate enrichment next in frequency, with mostly Helium enrichment, and the most massive stars with extreme enrichment the least frequent, but the dominant source population in cosmic rays for the heavy elements such as Carbon and Oxygen. This latter proposal remains to be tested in detail.

The specific prediction in 1993 [15] had been that the spectrum below the knee is E^{−2.67−0.02±0.02}, and above the knee of E^{−3.07−0.07±0.07}. The theoretical error distribution had been expected to be asymmetric, with the most probable spectral slope being -2.67 and 3.07, respectively.

What is a special challenge to understand, is the relative sharpness of the knee. Just the phase space mixing in pitch angle (the angle between the local prevailing magnetic field and the path of an energetic charged particle) should give a smearing of the knee of about a factor of at least 2; this is in addition to the smearing introduced by the various “knees” of the different elements, which already is a factor of at least 10. The requirement that many sites contribute to the build up of the cosmic ray flux at the knee implies, that whatever those sites are, they must be very similar. The underlying rigidity of the knee must relate to magnetic fields, and their scales. Within the concept proposed above this means that the magnetic field in very massive stars must relate to the explosive energy (see paper [14]) rather directly, and this connection ought to be very nearly identical for all very massive stars.

It is important to realize, that the knee is smooth allowing for both the various elements and their specific “knees”, and the isotropy in the pitch angle distribution. In addition there must be a distribution of source properties, which still adds to a further smearing of the knee. What is astounding, is that this distribution of sources “knee rigidities” is not large, but apparently quite limited.

Independent of any particular theory, the concept to be tested is then as follows (inspired by the work of B. Peters in the late 1050ies, and early 1960ies): Take the airshower data of the different experiments and ask:

• What is the spectrum below the knee? Which elements dominate there? Do we have a good transition from the JACEE data?

• At lower energy do we explain successfully the abundance of positrons and anti-protons and their spectra? The gamma ray emission spectrum from the inner Galaxy, as well as the spectra of secondary nuclei?

• What is the spectrum above the knee? Which elements dominate here?

• What is the underlying rigidity of the knee?

• What underlying sharpness/smoothness of the knee is required, if any?

• Do we get a good transition towards the ankle in spectrum, flux, and chemical composition?

It is interesting to notice, that the CASA-MIA results [39, 40] nicely confirm the 1993 predictions and early checks [87, 15], with a spectrum of E^{−2.66±0.02} below the knee, and E^{−3.00±0.05} above the knee, and a smooth range of “knee”-energies likely corresponding to the various elements turning over in sequence of their nucleus charge. This is also in agreement with the EAS-TOP determination [1] of a spectrum of E^{−3.19±0.06}. CASA-MIA also confirms the trend to a composition that becomes heavier.

It will be a serious challenge to ask these questions with the new and further data sets (and further, even more careful analysis) from CASA-MIA, DICE, GRAPES, HEGRA, the TIBET array, (see paper CR VII, and [1, 23, 39, 47, 104]) and so to determine whether this simple analytical theory can be confirmed or definitively rebutted.

5 Conclusions

Graphs 56 - 58.

We have considerable difficulty discussing the physics of the particles above 10^{18} eV, as long as we cannot be certain of the origin and nature of the particles above 10^{14} eV. Here any new dataset, such as possible from the large CERN experiments, is precious, and highly welcome.

The future will bring new experiments, and new observations. Which will be most interesting to watch for?

• Is the knee at 5 10^{15} eV smooth in its properties, and does it signal the switch to another source population?

• What is the chemical composition of the cosmic rays across the knee? Are there several “knees”, one for each element?

• Is there a special component of cosmic rays, just peaking up near knee energies, but otherwise undetectable?

• Is the switch in chemical composition from heavy to light near the ankle, at 3 10^{18} eV, confirmed?

And some wonder, is there any further switch, possibly back to heavy at the top energy?

• Is there any spectral feature near the expected GZK-cutoff energy, at 5 10^{19} eV?

• What is the real maximum energy?

• Do the arrival directions on the sky correlate with any specific objects?

• Is the timing of events coincident or close to the timing of any other celestial event, such as Gamma Ray Bursts? Is it coincident or close in time to neutrino events in the AMANDA neutrino experiment at the South Pole?

• And last, but most importantly, what is the real nature of the particles at the top end in the energy range observed?

It is clearly still possible to devise models for powerful radio galaxies, their cosmic ray acceleration and the intergalactic magnetic field, that satisfy all known constraints and explain all events observed. After all, the energy of 10^{21} eV was derived in 1987 already [13], before the really high energies were discovered, using the active galaxy M87 as an example, with a distance of order 20 Mpc. On the other hand, the data bring us to a rather unsatisfactory point, where we need to stretch all the models available, and push further than we anticipated, when we made the various predictions.

Cosmic ray particles at all energies up to 10^{21} eV offer us one of the greatest challenges in astrophysics and particle physics, and the next ten years can be expected to bring decisive progress, with cosmic ray air shower arrays, and with high energy neutrino experiments.

6 Acknowledgements

Helpful discussions on the topic of high energy cosmic rays and their possible sources with Jim Cronin, Karsten Eggert, Torsten Enßlin, Heino Falcke, Glennys Farrar, Tom Gaisser, Graciela Gelmini, Karl- Heinz Kampert, Hyesung Kang, Tom Kephart, Phil Kronberg, Alex Kusenko, Richard Lovelace, Norbert Magnussen, Karl Mannheim, Sera Markoff, Jim Matthews, Gustavo Medina-Tanco, Motohiko Nagano, Angela Olinto, Hinrich Meyer, Gianni Navarra, Michal Ostrowski, Tsvi Piran, Raymond Protheroe, Giovanna Pugliese, Jörg Rachen, Wolfgang Rhode, Marina Romanova, Dongsu Ryu, Eun- Suk Seo, Maurice Shapiro, Günther Sigl, Todor Stanev, Floyd Stecker, Suresh Tonwar, Amri Wandel, Yiping Wang, Eli Waxman and Alan Watson are gratefully ackowledged. Comments on parts or all of this manuscript were kindly made by Graciela Gelmini, Jim Matthews, Hinrich Meyer, Günther Sigl, Todor Stanev, and Tom Weiler.

References

[1] Aglietta, M. et al., 1999, Astroparticle Physics 1, 1 - 9

[2] Baade, W., Zwicky, F., 1934, Proc. Nat. Acad. Science, 20, no. 5, 259 - 263.

[3] Bednarz, J., Ostrowski, M., 1998, Phys. Rev. Letters 80, 3911 - 3914.

[4] Berezinskii, V.S., et al., 1990 “Astrophysics of Cosmic Rays”, North-Holland, Amsterdam (especially chapter IV).

[5] Berezinsky V.S., GrigorUeva S.I., 1988, Astron. & Astroph. 199, 1 - 12.

[6] Berezinksy, V., et al., 1993, Astroparticle Physics 1, 281 - 287 (err. 2, 101)

[7] Berezinsky, V., Kachelriess, M., Vilenkin, A., 1997, Phys. Rev. Letters 79, 4302 - 4305, astroph/9708217

[8] Berezinsky, V.S., Kachelriess, M., 1998b, Phys. Letters B 422, 163 - 170, hep-ph/9709485

[9] Berezinsky, V.S., Blasi, P., Vilenkin, A., 1998, Phys. Rev. D (in press), astro-ph/9803271

[10] Bhattacharjee, P., Shafi, Q., Stecker, F.W., 1998, Phys. Rev. Letters 80, 3698 - 3701. [11] Bhattacharjee, P., 1998, Phys. Rev. Letters 81, 260 - 263. [12] Bhattacharjee, P., Sigl, G., 1999, Physics Reports (in press), astro-ph/9811011 [13] Biermann, P.L., Strittmatter, P.A., 1987, Astrophys. J. 322, 643. [14] Biermann, P.L., 1993, Astron. & Astroph. 271, 649, astro-ph/9301008 [15] Biermann, P.L:, 1994, in Proc. “Invited, Rapporteur and Highlight papers” ICRC 1993, Eds. D.

A. Leahy et al., World Scientific, Singapore, p. 45 [16] Biermann, P.L., 1995, “Trends in Astroparticle Physics”, Eds. L. Bergström et al., North- Holland, Nucl. Phys. B Proc. Suppl. 43, 221 - 228.

[17] Biermann, P.L., 1997, Journal of Physics G 23, 1 - 27.

[18] Blanco-Pillado, J.J., Vazquez, R.A., & Zas, E., 1999, preprint, astro-ph/9902266. [19] Blandford, R.D., Znajek, R., 1977, Month. Not. Roy. Astr. Soc. 179, 433. [20] Blasi, P., Burles, Sc., Olinto, A.V., 1998, astro-ph/9812487. [21] Blasi, P., Olinto, A.V., 1999, Phys. Rev. D 59, ms. 023001, astro-ph/9806264. [22] Boldt, E., Ghosh, P., 1999, Month. Not. Roy. Astr. Soc. (in press), astro-ph/9902342. [23] Boothby, K., et al., 1997, Astrophys. J. Letters 491, L35 [24] Cocconi, G., 1956, Nuovo Cimento, 10th ser. 3, 1433 - 1442. [25] Colgate, S., 1994, Physica Scripta, T52, 96. [26] Drury, L. O’C , 1983, Rep. Prog. Phys. 46, 973. [27] Escobar, C.O., Vázquez, R.A., 1999, Astrop. Phys. 10, 197 - 202. [28] Faber, S.M., et al., 1997, Astron. J. 114, 1771 - 1796.

[29] Falcke, H. , Biermann, P.L., 1999, Astron. & Astroph. 342, 49 - 56, astro-ph/9810226. [30] Fargion, D., Mele, B., Salis, A., 1997, astro-ph/9710029, to be published. [31] Farrar, G., Biermann, P.L., 1998, Phys. Rev. Letters 81, 3579 - 3582, see also astroph/9901315. [32] Fermi, E., 1949, Phys. Rev. 2nd ser., 75, no. 8, 1169 - 1174. [33] Fermi, E., 1954, Astrophys.J. 119, 1 - 6.

[34] Fiorentini, G., Berezinsky, V., Degl’Innocenti, S., Ricci, B., 1998, Phys. Letters B 444, 387 - 390, astro-ph/9810083 [35] Frail, D.A., Kulkarni, S.R., Bloom, J.S., 1999, Nature 398, 127 - 129, [36] Gaisser, T.K., 1990, “Cosmic Rays and Particle Physics”, Cambridge Univ. Press, [37] Gelmini, G., Kusenko, A., 1999, preprint UCLA/99/TEP/6, hep-ph/9902354, [38] Ginzburg, V.L., 1993, Phys. Usp. 36, 587 - 591.

[39] Glasmacher, M.A.K., et al., 1999, Astroparticle Physics 10, 291 - 302 [40] Glasmacher, M.A.K., et al., 1999, in press [41] Greisen, K., 1966, Phys. Rev. Lett. 16, 748.

[42] Hayashida, N., et al., 1996 Phys. Rev. Letters 77, 1000 - 1003.

[43] Hayashida, N. et al., 1999, Astroparticle Physics 10, 303 - 311 [44] Hess, V.F., 1912, Phys. Z. 13, 1084.

[45] Hillas, A.M., 1984, Ann. Rev. Astron. Astrophys. 22, 425 - 444. [46] Hurley, K., et al., 1999, Nature 397, 41 - 43. [47] Kampert, K.-H. et al., 1999, astro-ph/9902113 [48] Kephart, T.W., Weiler, T.J., 1996, Astroparticle Phys. 4, 271 - 279. [49] Kim, K.T., et al., 1989, Nature 341, 720 - 723. [50] Kohlhörster, W., 1913, Phys. Z. 14, 1153.

[51] Kormendy, J. & Richstone, D., 1995, Annual Rev. of Astron. & Astrophys. 33, 581 - 624. [52] Krizmanic, J.F., Ormes, J.F., Streitmatter, R.E., Eds., 1998, “NASA Workshop on Observing Giant Cosmic Ray Air Showers for E > 10^{20} eV Particles from Space”, AIP conf. proc. 433.

[53] Kronberg, P.P., 1994, Rep. Prog. Phys., 57, 325.

[54] Lagage, P.O., Cesarsky, C.J.: 1983 Astron. & Astroph. 118, 223 - 228. [55] Lemoine, M., et al., 1997, Astrophys. J. Letters , 486, L115 - L118, astro-ph/9704203. [56] Lemoine, M., Sigl, G., Biermann, P.L., 1999, Phys. Rev. Letters (submitted), astro-ph/9903124. [57] Lightman, A.P., Shapiro, S.L., 1978, Rev. Mod. Phys. 50, 437 - 481. [58] Lovelace, R.V.E., 1976, Nature 262, 649 - 652. [59] Magorrian, J., et al., 1998, Astron. J. 115, 2285 - 2305 [60] Medina Tanco, G.A., & Opher, R., 1993, Astrophys. J. 411, 690 - 707. [61] Medina Tanco, G.A., Dal Pino, E.M.de G., Horvath, J.E., 1998a, Astrophys. J. 492, 200. [62] Medina Tanco, G.A., 1998b, Astrophys. J. Letters 495, L71. [63] Medina Tanco, G.A., 1998c, Astrophys. J. Letters 505, L79 - L82. [64] Medina Tanco, G.A., 1999, Astrophys. J. Letters 510, L91 - L94. [65] Meyer, J.-P., Drury, L.O’C., Ellison, D.C. 1997 Astrophys. J. 487, 182 - [66] Nagano, M., Ed., 1997, Proc. “Extremely high energy cosmic rays”, Univ. of Tokyo. [67] O’Dea, C.P., 1998 PASP 110, 493 - 532 [68] Ong, R.A., 1998, Physics Reports 305, 93 - 202 [69] Panvini, B., Weiler, T., Eds., 1998, “Fundamental Particles and Interactions”, AIP Conf. Proc.

423.

[70] Protheroe, R.J., Biermann, P.L., 1996, Astrop. Ph. 6, 45 - 54 (Err. 7, 181). [71] Protheroe, R.J., Biermann, P.L., 1997, Astrop. Ph. 6, 293 - 300, astro-ph/9608052 [72] Pugliese, G., Falcke, H., Biermann, P.L., 1999, Astron. & Astrophys. Letters (in press), astroph/9903036.

[73] Ryu, D, Kang, H., Biermann, P.L., 1998, Astron. & Astroph. 335, 19. [74] Rachen, J.P., Biermann, P.L., 1993, Astron. Astrophys. 272, 161. [75] Rachen, J.P., Stanev, T., Biermann, P.L., 1993, Astron. Astrophys. 273, 377.

[76] Rachen, J.P., Mészáros, P., 1998, Phys. Rev. D 58, ms. 123005.

[77] Rachen, J.P., Mészáros, P., 1998, AIP conference No. 428 (GRBs), p. 776, astro-ph/9811266. [78] Rachen, J.P., Mannheim, K., Protheroe, R.J., 1998, Phys. Rev. D (submitted), astroph/9812398.

[79] Ramaty, R., Kozlovsky, B., Lingenfelter, R.E., Reeves, H.: 1997 Astrophys. J. 488, 730 - 748 [80] Ramaty, R., Kozlovsky, B., Lingenfelter, R.. 1998 Physics Today April, p. 30 - 35 [81] Roulet, E., 1993, Phys. Rev. D 47, 5247.

[82] Sanders, D.B., Mirabel, I.F., 1996, Annual Rev. of Astron. & Astrophys. 34, 749. [83] Sigl G., Schramm D.N., Bhattacharjee P., 1994, Astropart. Phys. 2, 401 - 414. [84] Sigl, G., Lemoine, M., Olinto, A.V., 1997, Phys. Rev. D , 56, 4470 - 4479, astro-ph/9704204. [85] Sigl, G., Lemoine, M., 1998, Astropart. Phys. 9, 65 - 78.

[86] Sigl, G., Lemoine, M., Biermann, P.L., 1999, Astrop. Phys. 10, 141 - 156, astro-ph/9806283. [87] Stanev, T., Biermann, P.L., & Gaisser, T.K., 1993 Astron. & Astroph. 274, 902, astroph/9303006 [88] Stanev, T., et al., 1995, Phys. Rev. Letters 75, 3056 - 3059. [89] Stanev, T., 1997, Astrophys. J. 479, 290. [90] Stecker, F.: 1968 Phys. Rev. Letters 21, 1016 - 1018. [91] Stecker, F.W., 1971, “Cosmic Gamma Rays”, NASA SP-249.

[92] Stecker, F.W. 1998, Phys. Rev. Letters 80, 1816 - 1817, see also Phys. Rev. Letters 81, 3296. [93] Stecker, F.W., Salamon, M.H., 1999, Astrophys. J. 512, 521. [94] Takeda, M., et al., 1998, Phys. Rev. Letters 81, 1163. [95] Takeda, M., et al., 1999, Astrophys. J. (submitted), astro-ph/9902239. [96] Vallée, J.P., 1990, Astron. J. 99, 459 - 462. [97] Vietri, M., 1998, Phys. Rev. Letters 80, 3690 - 3693.

[98] Wang, Y., Biermann, P.L., 1998, Astron. & Astroph. 334, 87 - 95, astroph/9801316. [99] Waxman, E., Bahcall, J.N., 1997, Phys. Rev. Letters 78, 2292 - 2295, astro-ph/9701231. [100] Waxman, E., Bahcall, J.N., 1999, Phys. Rev. D 59, ms. 023002, hep-ph/9807282, see also hep-ph/9902383.

[101] Weiler, T.J., 1982, Phys. Rev. Lett. 49, 234. [102] Weiler, T.J., 1984, Astrophys. J. 285, 495.

[103] Weiler, T.J., 1997, hep-ph/9710431, to be published in Astropart. Phys.. [104] Wiebel-Sooth, B., Biermann, P.L., 1999, Landolt-Börnstein, vol. VI/3c, Springer Verlag, p. 37 - 90.

[105] Yoshida, S., Sigl, G., Lee, S., 1998, Phys. Rev. Letters 81, 5505 - 5508. [106] Zatsepin, G.T., Kuzmin, V.A., 1966, Pis’ma Zh. Eksp. Teor. Fiz. 4, 114 [1966, JETP. Lett. 4, 78].

[107] Znajek, R.L., 1978, Month. Not. Roy. Astr. Soc. 185, 833