arXiv:1111.3378v1 [astro-ph.HE] 14 Nov 2011

The Impact of Fermi on the Study of Gamma-ray Bursts

Asaf Pe’er Harvard-Smithsonian Center for Astrophysics, MS-51, 60 Garden Street, Cambridge, MA 02138, USA

Recent Fermi results have focused attention on gamma-ray burst’s (GRB) prompt emission phase, which is rich in phenomenology and poorly understood. The broad band spectra observed by Fermi does not fit into any of the frameworks of existing theoretical models. Thus, Fermi results force new thinking of questions that were thought to be solved. I highlight here the basic open questions prior to the launch of Fermi, key Fermi results, and new theoretical ideas that emerged following these results. These include: (I) renewed interest in magnetized outflows as a way to understand the dynamics and composition; (II) interest in photospheric emission, in particular ways to broaden “Planck” spectrum to resemble the observed “Band” spectrum; (III) The puzzling origin of the high energy (LAT) photons, first observed in short GRBs; and (IV) new methods to estimate the Lorentz factor of the outflow.

1. Introduction

The data provided by Fermi on GRBs in the past three years since its launch, are extreme in richness and quality. Fermi new capabilities had focused attention on the prompt and early afterglow emission phases in GRBs, which show rich phenomenology. Both the quality and quantity of the data enable, for the first time, systematic study of these early emission phases.

Study of these phases is very important due to its very wide applicability: during these early phases, one studies the latest stages of the collapse and the earliest stages of the jet formation - before self-similar motion wipes the initial outflow conditions. This is also what makes this study so challenging: as no two GRBs are similar, it is very difficult to draw firm conclusions which are true to all GRBs.

Confronting Fermi data with theoretical models show the deficit of the latter. The data provided by Fermi did not fit into any of the existing theoretical models; in some cases, it was in contradiction to the theoretical expectations. This fact motivated new ideas, which are continuously being raised and discussed. With this respect, the contribution of Fermi is enormous - questions which were thought to be solved are proven not to be.

In this review, I discuss some of the key Fermi results, from a theoretician’s perspective. I start by stating in §2 what we are certain about, and then in §3 what are the basic theoretical questions which need to be answered. In §4 I highlight some of Fermi’s unexpected results, and their influence on our understanding of GRBs. I then describe in §5 the recent theoretical progress motivated by these results, and try to point towards additional observational signatures that could help resolve basic theoretical problems.

2. GRBs: basic, unquestionable facts

The field of GRBs is characterized by many uncertainties and a huge divergence within the GRB population, both in spectral and time domains. Nonetheless, after two decades of extensive research there are few basic, unquestionable facts, which are common to all GRBs and should be addressed by any theoretical model. It is firm today that GRBs are:

1. Transient in nature: no repetition was ever found. The duration of the prompt phase vary a lot from burst to burst, and can last between a fraction of a second to hundreds of seconds. During this phase, the light curve is highly variable.

2. Extragalactic objects, originating at cosmological distances.

3. Very energetic, releasing (isotropically equivalent) energy of ∼ 10^{49} −10^{55} erg in γ-rays alone.

4. The observed spectrum is non-thermal. In the vast majority of bursts, it has a broken power law shape (the “Band” function, named after the late David Band), peaking at sub-MeV, with a fairly sharp decline at higher energies (see Figure 1). In a small fraction, about ∼ 5%, photons were seen up to very high energies, ∼ 30 GeV. In few bursts there is an additional, high energy component which is not related to the original “Band” function [1].

5. Relativistic expansion: very high Lorentz factor, Γ ∼ 10^2 − 10^3 is required by observations of high energy photons. This has solid confirmation by the existence of afterglow emission, which follows the interaction of the relativistic ejecta with the ambient medium.

6. There are two populations of bursts, separated by their duration and hardness: the “short/hard” and the “long/soft” [2]. There are firm evidence that long GRBs are connected to supernovae [e.g., 3]. Indirect evidence suggest that short GRBs originate from binary mergers [4], but no conclusive evidence yet [e.g., 5, 6].

3. Open questions prior to the launch of Fermi

Based on these observational facts, a general framework, the GRB “fireball” model^1 emerged nearly two decades ago, and still serves as the main theoretical framework.

The basic phases of this model are best described in terms of the energy flow. The progenitor, which can be either a collapse of a massive star or merger of binaries, releases gravitational energy (E_G).^2 While part (or even most) of this energy is released in the form of neutrinos or magnetic flux, a significant part is eventually converted to kinetic energy (E_k): this is the jet formation episode.

At a second stage, part of the jet kinetic energy is being dissipated (say, fraction ϵ_d ≤ 1). Several mechanisms were suggested for this dissipation, such as internal shocks [7] or magnetic reconnection [8, 9]. Uncertain part of the dissipated energy (ϵ_dE_k) is used to produce population of energetic, non-thermal electrons, which emit the observed γ-rays. Other parts may be used to generate magnetic field, accelerate protons or simply heat the plasma. The remains of the kinetic energy is gradually released at later times, producing the observed afterglow.

This general framework has two strong advantages. First, it is consistent with all past and current observations. Second, the existence of the afterglow was predicted by this model, and hence its detection is a strong confirmation.

This model, however, suffers several very serious drawbacks. First, the model is heuristic in nature, and many of the details of the physics are missing. For example, the details of the jet formation which result in the very high Lorentz factor, Γ ∼ 10^2 − 10^3 as compared to AGNs, in which Γ ≤ 30 are not explained. Another example relates to the physics of particle acceleration to non-thermal distribution, which, although inferred by the observations, is not well understood. Other parts of the model have very little predictive power: for example, internal dissipation is required to explain the variable light curve, however,

1Interestingly enough, alternative scenarios, such as the “Cannonball” model, or the “fireshell” model, have similar basic ingredients.

2Another potentially significant source of energy is the spin energy of the central object.

the model does not provide any prediction of the dissipation processes, such as their radii, amount of kinetic energy that is dissipated, etc.

Thus, major theoretical tasks are to “fill the gaps” in this basic framework. Very broadly, the theoretical efforts are focused on:

1. Understanding the nature of the progenitor.

2. Understanding jet launching mechanism, and the role played by ν’s, photons and magnetic field in this process.

3. The dynamics of GRB jets: what causes these jets to have such a high Lorentz factor, as opposed to jets in other objects, which have much lower Lorentz factors ?

4. Jet composition: what is the role played by leptons, hadrons and magnetic field ?

5. Understanding the nature of the dissipation mechanism that leads to the emission of γ-rays.

6. Radiative processes, and physical explanation to the broad band spectrum observed.

In addition to these basic GRB physics questions, other questions relate to the connection between GRBs and other objects of interest, such as stellar evolution, host galaxies, binary evolution, gravitational waves, cosmic rays etc. Additional questions relate to the use of GRBs as probes of basic physics and cosmology: use of GRBs as standard candles [10], providing limits on violation of Lorentz invariance [11] etc.

In the past few years there were major theoretical efforts aiming at addressing these questions. As unfortunately I am not able to summarize all of the recent works within the page limits of the current proceedings, I will focus on works which were directly influenced by recent Fermi results. Obviously, as we are observing photons, there is no direct way to determine the answers to the questions outlined above, but these have to be deduced indirectly.

4. Fermi key results

After three years of operation, one can summarize Fermi key results as follows. The detection rate of the GBM detector is ∼ 250 bursts/year, which is about the expected rate. However, the LAT detected only ∼ 10 bursts/year, namely ≈ 5% of GBM bursts are observed in the LAT energy range (∼ 40 MeV−300 GeV; see Omodei’s talk). This fraction is significantly lower than the pre-launch expectations; however, as will be discussed below, these expectations were based on mathematical extrapolation of lower energy data, which did not carry strong physical reasoning. On the other hand, the fact that ∼ 30 GeV photons were observed can be translated, via the opacity argument [12] into a stringent constraint on the Lorentz factor of (LAT) bursts, Γ ∼ 10^3, which is higher than previously thought.

The spectral properties of the vast majority of Fermi bursts are very similar to the spectral properties of the CGRO-BATSE bursts. Most GBM bursts are well fitted with a “Band” function, peaking at sub- MeV. The low energy spectral index is, on the average, somewhat harder than that of the BATSE bursts, yet within the errors (photon index α = −0.95 ± 0.23 vs. α = −1.00 ± 0.31 for the bright bursts)[13].

LAT bursts, on the other hand, show a different behavior. Several bursts show evidence for a separate, extra high energy component, that is not part of the original “Band” fits. This was observed both in long bursts (e.g., GRB090902B) [14] and in short bursts (e.g., GRB090510) [15]. However, this was not observed in the majority of the LAT bursts [1]: for example, the spectrum of GRB080916C did not show evidence for an extra component [16]. These qualitative spectral differences are showen in Figure 1. It should be stressed that such differences could not have been seen by BATSE, due to its limited spectral coverage, 30 − 2000 keV.

In spite of the fairly low statistics, a clear trend had emerged: in most (but not all) bursts the high energy (LAT) photons arrive at a delay of few seconds with respect to the lower energy (GBM) photons. This delay is observed in both long and short GRBs: e.g., the long GRB080916C, and the short GRB090510. In addition to the delay in the onset of the high energy photons, another important result is their extension to late times: LAT photons are observed to be long-lived. High energy photons are frequently continuously observed for few seconds after the decay of the low energy (GBM) photons. Both these features are demonstrated by the temporal behavior of GRB090510 presented in Figure 2.

5. Theoretical implications

5.1. Spectral properties: hard spectral slopes

The fact that the low energy spectral index is, on the average, similar to the low energy spectral index observed by the BATSE, implies that it is too hard to be accounted for by (optically-thin) synchrotron emission [19, 20]. This serves as a strong motivation for alternative scenarios.

Recently, several works considered the effect of inverse-Compton (IC) scattering on the synchrotron spectra [21, 22, 23, 24]. Due to the Klein-Nishina suppression, energetic electrons are cooled less efficiently than low energy electrons, resulting in a hardening of the electrons distribution. The resulting synchrotron emission can be as hard as F_ν ∝ ν^0 under the appropriate conditions.

A lot of theoretical attention was given to contribution from the photosphere, which is arguably the most natural explanation to the hard slopes observed, being inherent to the “fireball” model [25, 26, 27, 28]. The basic idea is very appealing: while no combination of synchrotron spectra can produce slopes harder than F_ν ∝ ν^{1/3} (in the “slow cooling” regime) or F_ν ∝ ν^{−1/2} (in the “fast cooling” regime) , it is possible to produce the harder “Band” function by broadening Planck spectra. Thus, in recent years, theoretical research in this field was focused on mechanisms that can broaden Planck spectrum.

Spectral broadening can be achieved in two ways. First, energy dissipation below the photosphere produces a population of non-thermal electrons, which emit radiation. Such a dissipation can result from internal shocks, magnetic reconnection or collisional heating. Since the dissipation is assumed to take place in region of high optical depth, multiple Compton scattering dominates the spectra, which can be broader than Planck if the optical depth is not too high. This scenario gained broad interest recently [29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40]. Second, broadening is caused by contribution of off-axis emission [41, 42, 43, 44, 45]. While off-axis photons are sub-dominant as long as the inner engine is active, they broaden the Planck spectrum. They become dominant once the inner engine decays. Quantitative results depend on the jet geometry.

On the observational side, following pioneering works by Ryde [46, 47], in recent years there are several successful attempts to identify a thermal (Planck) component in existing broad-band spectra [17, 38, 48, 49, 50, 51, 52]. Such a “pure” Planck spectra can be expected if (I) energy dissipation occurs very deep in the flow or only outside the photosphere, and (II) the photospheric radius is close to the coasting radius, so that adiabatic energy losses are small. The clear identification of this component, albeit in only a limited number of bursts, is a strong motivation for continuous theoretical research.

5.2. High energy emission: spectral properties and delayed onset

Understanding the origin of the high energy (LAT) emission is difficult, because of the confusing results: while in many LAT bursts (e.g., GRB080916C) the high energy component smoothly connects to the low energy part, and is part of the “Band” function, in others (e.g., GRB090902B) it is spectrally separated (see Figure 1).

Clearly, emission from the photosphere cannot, by itself, explain a separated spectral component at these energies. Thus, within the context of the photospheric

Figure 1: Spectra of GRB080916C (left, taken from [1, 16]) at different times and GRB 090902B (right, taken from [14]) show a clear, “typical” broken power law shape, peaking at sub MeV, which is known as the “Band” function. There are, however, qualitative differences: In GRB090902B there is an extra, high energy power law, which cannot be fitted with the “Band” spectrum. The sub MeV peak of the emission is very hard, and can best be fitted by a (multi-color) “Planck” function [17, 18]. The spectrum of GRB080916C, on the other hand, is much flatter, and does not require an extra high energy component.

emission models, a second episode of energy dissipation above the photosphere is required in order to explain ∼GeV emission. Inclusion of this additional dissipation can provide very good fits to the data [18]. This scenario is thus consistent with a separation of the spectral component (as in GRB09092B), as well as with the observed delay of the high energy component. Alternatively, the spectral separation of this component may result from a different origin: it was suggested by several authors that while the “Band” part has a leptonic origin, the high energy part may have hadronic origin [53, 54, 55], or may originate from an expanding “Cocoon” [56].

Many LAT GRBs show high energy emission which seems to be smoothly connected to the low energy part, hinting towards common origin (e.g., GRB80916C). The temporal evolution of the decay at these energies, F_ν (t) ∝ t^{−1.5} is consistent with having external origin. Thus, it was proposed by several authors [57, 58, 59, 60, 61, 62] that the high energy component results from energy dissipation by the external shock, similar to the afterglow emission. Thus, according to this view, the high energy emission is in fact part of the afterglow emission, which naturally explains the extension of the emission to late times. On the other hand, a detailed spectral analysis showed that at least part of the GeV emission must have internal origin [63, 64]. Moreover, the smooth spectral extrapolation to the low energy part (the Sub MeV peak and below) implies that either the low energy part also has an external origin, in which case it is difficult to explain the hardness of the spectral slopes, or that both components “conspire” to smoothly match. Over all, the origin of the GeV emission is still uncertain, and more data is needed.

5.3. Jet Composition and dynamics

As photospheric emission is an inherent part of the classical, baryonic “fireball” model, the fact that it is not observed in most bursts challenges this model. The lack of observed photospheric signal in GRB080916C was used to argue in favor of magnetically-dominated outflow [65].

This idea has a firm theoretical basis. Significant developments in numerical GRMHD codes in the past few years enabled a detailed study of jet launching [66, 67, 68]. These works mark the first steps towards realization of the Blandford and Znajek [69] and Blandford and Payne [70] mechanisms, in which the magnetic field plays a crucial role as energy mediator in jet production. Thus, if indeed these are the jet launching mechanisms that work in nature, one expects highly magnetized outflow, σ ≡ u_B/ρc^2 >> 1 close to the jet-launching site. Here, u_B is the (electro- ) magnetic energy density and ρ is the baryon density.

Motivated by these results, in recent years there were numerous attempts to study the properties of magnetized outflows. While studies in this field are not new and were done prior to Fermi era (e.g., [8, 71, 72]), Fermi’s recent results stimulated a re-

Figure 2: Lightcurve of the short burst GRB090510 [15] show clear indication for lag in the onset of the high energy (LAT) photons with respect to the lower energy (GBM) photons, by ∼second. Moreover, high energy emission is long lasting: it extends several seconds after the GBM emission decayed. Both the delay and the late emission are typical for many LAT bursts.

newed interest. Research in this field is currently focused on bridging the theoretical gaps in all aspects of magnetized jet physics: (I) creation of relativistic jets in magnetars [73, 74, 75, 76]; (II) dynamics, energy dissipation and efficiency of magnetic reconnection and magnetized shock waves [77, 78, 79, 80, 81, 82]; (III) particle acceleration in magnetized outflows [83, 84], and (IV) the resulting radiative signature [32, 82, 85, 86]. While the current picture is far from being complete, this is a very active research field.

Finally, detection of high energy photons imply, using the opacity argument, high Lorentz factor, Γ ≃ 10^3 in few LAT bursts [33, 87]. These values are more than an order of magnitude higher than the typical Lorentz factor in AGNs, Γ ≤ 30, and are not theoretically understood. Several works in recent years were focused on finding new methods to determine the Lorentz factor [88], and to find better constraints on the Lorentz factor of the outflow. Indeed, a more advanced analysis using the assumption of multi-zone emission, or taking geometrical corrections showed that the Lorentz factor may not be as high, and may be limited to few hundreds [89, 90].

6. Summary

Fermi results focused attention on the prompt emission phase in GRBs, which is rich in phenomenology, and is poorly understood. While the general “fireball” framework that was constructed during the 90’s still holds, a lot of gaps in the theoretical understanding still exist.

In recent years significant theoretical progress was made in understanding the physics of the prompt emission. I highlighted here a few active research areas in which, to my opinion, Fermi results were very influential.

1. Progenitor, jet launching and composition. A renewed interest in magnetized models and magnetars as GRB progenitors had emerged, largely stimulated by recent Fermi results. Research is focused on all aspects of (relativistic) magnetized outflows, from jet launch, dynamics to the observed signal.

2. Radiative processes and spectral properties. A lot of effort was given to understanding the role played by photospheric emission, and in particular mechanisms that can be used to broaden Planck spectrum, so that it will resemble the observed “Band” spectra. Effort is given to understanding signatures of magnetized outflows.

3. Jet dynamics and origin of high energy emission. In spite of numerous efforts, the origin of high energy emission is still unclear. This is because of the confusing results, which show in many bursts smooth spectral extrapolation between the high energy and lower energy photons, while a separate component in other bursts.

4. Accurate measurement of the Lorentz factor.

The high values of Γ ∼ 10^3 inferred by the existence of high energy photons are challenging. They motivated a more careful analysis of the data, which indeed show somewhat lower values. Still, no theoretical understanding of these values exists.

Acknowledgments

I wish to thank Felix Ryde, Bing Zhang and Raffaella Margutti for many useful discussions and comments.

References

[1] B.-B. Zhang, B. Zhang, E.-W. Liang, Y.-Z. Fan, X.-F. Wu, A. Pe’er, A. Maxham, H. Gao, and Y.-M. Dong, Astrophys. J. 730, 141 (2011).

[2] C. Kouveliotou, C. A. Meegan, G. J. Fishman, N. P. Bhat, M. S. Briggs, T. M. Koshut, W. S. Paciesas, and G. N. Pendleton, Astrophys. J. 413, L101 (1993).

[3] J. Hjorth, J. Sollerman, P. Møller, J. P. U. Fynbo, S. E. Woosley, C. Kouveliotou, N. R. Tanvir, J. Greiner, M. I. Andersen, A. J. Castro-Tirado, et al., Nature 423, 847 (2003).

[4] E. Berger, P. A. Price, S. B. Cenko, A. Gal-Yam, A. M. Soderberg, M. Kasliwal, D. C. Leonard, P. B. Cameron, D. A. Frail, S. R. Kulkarni, et al., Nature 438, 988 (2005).

[5] M. Nysewander, A. S. Fruchter, and A. Pe’er, Astrophys. J. 701, 824 (2009).

[6] F. J. Virgili, B. Zhang, P. O’Brien, and E. Troja, Astrophys. J. 727, 109 (2011).

[7] M. J. Rees and P. Meszaros, Astrophys. J. 430, L93 (1994).

[8] G. Drenkhahn and H. C. Spruit, Astron. Astrophys. 391, 1141 (2002).

[9] G. Drenkhahn, Astron. Astrophys. 387, 714 (2002).

[10] L. Amati, F. Frontera, M. Tavani, J. J. M.

in’t Zand, A. Antonelli, E. Costa, M. Feroci, C. Guidorzi, J. Heise, N. Masetti, et al., Astron. Astrophys. 390, 81 (2002).

[11] A. A. Abdo, M. Ackermann, M. Ajello, K. Asano, W. B. Atwood, M. Axelsson, L. Baldini, J. Ballet, G. Barbiellini, M. G. Baring, et al., Nature 462, 331 (2009).

[12] J. H. Krolik and E. A. Pier, Astrophys. J. 373, 277 (1991).

[13] L. Nava, G. Ghirlanda, G. Ghisellini, and A. Celotti, Mon. Not. R. Astron. Soc. 415, 3153 (2011).

[14] A. A. Abdo, M. Ackermann, M. Ajello, K. Asano, W. B. Atwood, M. Axelsson, L. Baldini, J. Ballet, G. Barbiellini, M. G. Baring, et al., Astrophys. J. 706, L138 (2009).

[15] M. Ackermann, K. Asano, W. B. Atwood, M. Axelsson, L. Baldini, J. Ballet, G. Barbiellini, M. Baring, and et al., Astrophys. J. 716, 1178 (2010).

[16] A. A. Abdo, M. Ackermann, M. Arimoto, K. Asano, W. B. Atwood, M. Axelsson, L. Baldini, J. Ballet, D. L. Band, G. Barbiellini, et al., Science 323, 1688 (2009).

[17] F. Ryde, M. Axelsson, B. B. Zhang, S. McGlynn, A. Pe’er, C. Lundman, S. Larsson, M. Battelino, B. Zhang, E. Bissaldi, et al., Astrophys. J. 709, L172 (2010).

[18] A. Pe’er, B.-B. Zhang, F. Ryde, S. McGlynn, B. Zhang, R. D. Preece, and C. Kouveliotou, Mon. Not. R. Astron. Soc. in press (2011), arXiv:1007.2228.

[19] R. D. Preece, M. S. Briggs, R. S. Mallozzi, G. N.

Pendleton, W. S. Paciesas, and D. L. Band, Astrophys. J. 506, L23 (1998).

[20] G. Ghirlanda, A. Celotti, and G. Ghisellini, Astron. Astrophys. 406, 879 (2003).

[21] Ž. Bošnjak, F. Daigne, and G. Dubus, Astron. Astrophys. 498, 677 (2009).

[22] E. Nakar, S. Ando, and R. Sari, Astrophys. J.

703, 675 (2009).

[23] F. Daigne, Ž. Bošnjak, and G. Dubus, Astron. Astrophys. 526, A110+ (2011).

[24] E. V. Derishev, V. V. Kocharovsky, and V. V. Kocharovsky, Astron. Astrophys. 372, 1071 (2001).

[25] P. Mészáros and M. J. Rees, Astrophys. J. 530, 292 (2000).

[26] F. Daigne and R. Mochkovitch, Mon. Not. R. Astron. Soc. 336, 1271 (2002).

[27] M. J. Rees and P. Mészáros, Astrophys. J. 628, 847 (2005).

[28] D. Eichler and A. Levinson, Astrophys. J. 529, 146 (2000).

[29] A. Pe’er, P. Mészáros, and M. J. Rees, Astrophys. J. 635, 476 (2005).

[30] A. Pe’er, P. Mészáros, and M. J. Rees, Astrophys. J. 642, 995 (2006).

[31] D. Giannios, Astron. Astrophys. 457, 763 (2006). [32] D. Giannios, Astron. Astrophys. 480, 305 (2008). [33] K. Ioka, Progress of Theoretical Physics 124, 667 (2010).

[34] D. Lazzati and M. C. Begelman, Astrophys. J.

725, 1137 (2010).

[35] A. M. Beloborodov, Mon. Not. R. Astron. Soc.

407, 1033 (2010).

[36] Y.-Z. Fan, Mon. Not. R. Astron. Soc. 403, 483 (2010).

[37] O. Bromberg, Z. Mikolitzky, and A. Levinson, Astrophys. J. 733, 85 (2011).

[38] F. Ryde, A. Pe’er, T. Nymark, M. Axelsson, E. Moretti, C. Lundman, M. Battelino, E. Bissaldi, J. Chiang, M. S. Jackson, et al., Mon. Not. R. Astron. Soc. 415, 3693 (2011).

[39] K. Toma, X.-F. Wu, and P. Mészáros, Mon. Not. R. Astron. Soc. 415, 1663 (2011).

[40] I. Vurm, A. M. Beloborodov, and J. Poutanen, Astrophys. J. 738, 77 (2011).

[41] A. Pe’er, Astrophys. J. 682, 463 (2008). [42] A. Pe’er and F. Ryde, Astrophys. J. 732, 49 (2011).

[43] A. M. Beloborodov, Astrophys. J. 737, 68 (2011). [44] D. Lazzati, B. J. Morsony, and M. C. Begelman, Astrophys. J. 732, 34 (2011).

[45] A. Mizuta, S. Nagataki, and J. Aoi, Astrophys. J.

732, 26 (2011).

[46] F. Ryde, Astrophys. J. 614, 827 (2004). [47] F. Ryde, Astrophys. J. 625, L95 (2005). [48] F. Ryde and A. Pe’er, Astrophys. J. 702, 1211 (2009).

[49] S. McGlynn, S. Foley, B. McBreen, L. Hanlon, S. McBreen, D. J. Clark, A. J. Dean, A. Martin- Carrillo, and R. O’Connor, Astron. Astrophys.

499, 465 (2009).

[50] J. Larsson, F. Ryde, C. Lundman, S. McGlynn, S. Larsson, M. Ohno, and K. Yamaoka, Mon. Not. R. Astron. Soc. 414, 2642 (2011).

[51] S. Guiriec, V. Connaughton, M. S. Briggs, M. Burgess, F. Ryde, F. Daigne, P. Mészáros, A. Goldstein, J. McEnery, and et. al., Astrophys. J. 727, L33 (2011).

[52] J. M. Burgess, R. D. Preece, M. G. Baring, M. S.

Briggs, V. Connaughton, S. Guiriec, W. S. Paciesas, C. A. Meegan, P. N. Bhat, E. Bissaldi, et al., Astrophys. J. 741, 24 (2011).

[53] K. Asano, S. Inoue, and P. Mészáros, Astrophys. J. 699, 953 (2009).

[54] K. Asano, S. Inoue, and P. Mészáros, Astrophys. J. 725, L121 (2010).

[55] S. Razzaque, Astrophys. J. 724, L109 (2010). [56] K. Toma, X.-F. Wu, and P. Mészáros, Astrophys. J. 707, 1404 (2009).

[57] P. Kumar and R. Barniol Duran, Mon. Not. R. Astron. Soc. 400, L75 (2009).

[58] P. Kumar and R. Barniol Duran, Mon. Not. R. Astron. Soc. 409, 226 (2010).

[59] G. Ghisellini, G. Ghirlanda, L. Nava, and A. Celotti, Mon. Not. R. Astron. Soc. 403, 926 (2010).

[60] G. Ghirlanda, G. Ghisellini, and L. Nava, Astron. Astrophys. 510, L7 (2010).

[61] X.-Y. Wang, H.-N. He, Z. Li, X.-F. Wu, and Z.-G.

Dai, Astrophys. J. 712, 1232 (2010).

[62] H.-N. He, X.-F. Wu, K. Toma, X.-Y. Wang, and P. Mészáros, Astrophys. J. 733, 22 (2011).

[63] T. Piran and E. Nakar, Astrophys. J. 718, L63 (2010).

[64] A. Maxham, B.-B. Zhang, and B. Zhang, Mon. Not. R. Astron. Soc. 415, 77 (2011).

[65] B. Zhang and A. Pe’er, Astrophys. J. 700, L65 (2009).

[66] A. Tchekhovskoy, J. C. McKinney, and R. Narayan, Mon. Not. R. Astron. Soc. 388, 551 (2008).

[67] R. Narayan, A. Tchekhovskoy, and J. McKinney, in Accretion and Ejection in AGN: a Global View, edited by L. Maraschi, G. Ghisellini, R. Della Ceca, & F. Tavecchio (2010), vol. 427 of Astronomical Society of the Pacific Conference Series, pp. 127–+, arXiv:1001.1355.

[68] L. Rezzolla, B. Giacomazzo, L. Baiotti, J. Granot, C. Kouveliotou, and M. A. Aloy, Astrophys. J. 732, L6+ (2011).

[69] R. D. Blandford and R. L. Znajek, Mon. Not. R. Astron. Soc. 179, 433 (1977).

[70] R. D. Blandford and D. G. Payne, Mon. Not. R. Astron. Soc. 199, 883 (1982).

[71] C. Thompson, Mon. Not. R. Astron. Soc. 270, 480 (1994).

[72] M. Lyutikov and R. Blandford, ArXiv Astrophysics e-prints (2003), arXiv:astro-ph/0312347.

[73] N. Bucciantini, E. Quataert, B. D. Metzger, T. A. Thompson, J. Arons, and L. Del Zanna, Mon. Not. R. Astron. Soc. 396, 2038 (2009).

[74] D. Giannios, Mon. Not. R. Astron. Soc. 403, L51 (2010).

[75] B. D. Metzger, D. Giannios, T. A. Thompson, N. Bucciantini, and E. Quataert, Mon. Not. R. Astron. Soc. 413, 2031 (2011).

[76] J. Granot, S. S. Komissarov, and A. Spitkovsky, Mon. Not. R. Astron. Soc. 411, 1323 (2011).

[77] R. Narayan, P. Kumar, and A. Tchekhovskoy, Mon. Not. R. Astron. Soc. 416, 2193 (2011).

[78] J. C. McKinney and D. A. Uzdensky, Mon. Not. R. Astron. Soc. p. 1766 (2011).

[79] P. Mimica and M. A. Aloy, Mon. Not. R. Astron. Soc. 401, 525 (2010).

[80] Y. Lyubarsky, Astrophys. J. 725, L234 (2010). [81] S. S. Komissarov, N. Vlahakis, and A. Königl, Mon. Not. R. Astron. Soc. 407, 17 (2010).

[82] B. Zhang and H. Yan, Astrophys. J. 726, 90 (2011).

[83] L. Sironi and A. Spitkovsky, Astrophys. J. 707, L92 (2009).

[84] L. Sironi and A. Spitkovsky, Astrophys. J. 726, 75 (2011).

[85] P. Mészáros and M. J. Rees, Astrophys. J. 733, L40 (2011).

[86] D. Giannios and A. Spitkovsky, Mon. Not. R. Astron. Soc. 400, 330 (2009).

[87] J. L. Racusin, S. R. Oates, P. Schady, D. N. Burrows, M. de Pasquale, D. Donato, N. Gehrels, S. Koch, J. McEnery, T. Piran, et al., Astrophys. J. 738, 138 (2011).

[88] A. Pe’er, F. Ryde, R. A. M. J. Wijers, P. Mészáros, and M. J. Rees, Astrophys. J. 664, L1 (2007).

[89] Y.-C. Zou, Y.-Z. Fan, and T. Piran, Astrophys. J.

726, L2 (2011).

[90] R. Hascoët, V. Vennin, F. Daigne, and R. Mochkovitch, ArXiv e-prints (2011) arXiv:1101.3889.