arXiv:astro-ph/0512438 v1 16 Dec 2005

The origin of ultra high energy cosmic rays

Pasquale Blasi

INAF/Osservatorio Astrofisico di Arcetri, Largo E. Fermi, 5 50125 Firenze (Italy)

E-mail: blasi@arcetri.astro.it

Abstract. We briefly discuss some open problems and recent developments in the investigation of the origin and propagation of ultra high energy cosmic rays (UHECRs).

1. Introduction The detection of cosmic rays with energy in excess of 10^{20} eV puzzles the scientific community, mainly for two reasons: 1) most acceleration mechanisms need to be stretched to their extreme to allow for the generation of particles with this energy; 2) Energy losses of protons with energy high enough to suffer photopion production are such that, if the source distribution is homogeneous on scales larger than the loss length, a flux suppression should be expected in the spectrum, the so-called GZK feature [1]. It is not clear yet if this feature has been observed.

The importance of these two issues is here addressed in the context of the most recent findings in the investigation of particle acceleration at shock fronts, and in the light of the up-to-date measurements of the cosmic ray flux, anisotropy and chemical composition. A more extended discussion of these topics and their connection to the physics of lower energy cosmic rays can be found in two recent reviews [2, 3].

This review is organized as follows: we discuss some developments in the theory of particle acceleration at shock waves in Sec. 2). In Sec. 3 we address the important issue of identifying the energy region in which the transition from a galactic to an extragalactic origin of cosmic rays takes place. In Sec. 4 we discuss the current measurements of the spectrum and anisotropies of UHECRs. We conclude in Sec. 5.

2. Particle Acceleration at shock fronts Diffusive particle acceleration at collisionless shock waves (hereafter Diffusive Shock Acceleration or DSA) remains one of the most promising acceleration mechanisms to energize charged particles to very high energies. Historically, the theory of DSA was first developed for the case of non relativistic shock fronts [4, 5, 6] and later for the case of relativistic shocks [24]. A full theory which describes particle acceleration at shocks of arbitrary speed and arbitrary scattering properties of the background medium was recently formulated [25, 26] and applied to a variety of cases [26, 27]. All these approaches are based on the assumption that the accelerated particles exert no dynamical reaction on the shock, the so-called test particle approximation (T P A).

Recent developments in this field are aimed at addressing the following issues: 1) Is the test particle approximation broken and if so, what are the implications? 2) What provides the scattering agents that allow particles to return to the shock front from the upstream fluid? This question, as discussed below, is intrinsically related to the determination of the maximum energy of the accelerated particles.

The two questions above, as we will find, are not independent from each other. Regrettably, most investigations trying to address these issues have been carried out for the case of non relativistic shocks, with a few exceptions.

The test particle approximation was first relaxed in the context of thermodynamical models, known as two-fluid models [11], in which the accelerated particles and the thermal plasma are described as two separate fluids interacting through the pressure exerted by the accelerated particles on the background shocked plasma. This class of models does not provide informations on the spectrum of the accelerated particles, but only on their general thermodynamical properties and their effect on the background plasma. The first attempts to gather information on the spectrum were carried out in [12, 13]. These models led to the modern kinetic models [14, 15, 16, 17, 18, 21] which provide also the spectrum of the accelerated particles. In this sense, kinetic models include two-fluid models. At the same time, several numerical approaches were developed [19]. A relatively recent up-to-date technical review of these subjects can be found in [20].

It is qualitatively easy to explain why the breaking of the T P A may play a very important role for particle acceleration: the typical spectrum of accelerated particles at a strong shock (very large Mach number) within the TPA is f(p) ∝ p^{−4}, which contains a divergent amount of energy when integrated over momentum, unless a high momentum cutoff, p_{max} is imposed. Since p_{max} is determined by environmental parameters (e.g. magnetic field, size or age of the accelerator), even with a given p_{max} and at fixed number of particles accelerated to suprathermal energies, it may happen that the pressure in the form of accelerated particles, P_{CR} = ∫_{pmax} 0 dp4πp^3v(p)f(p), exceeds the total kinetic pressure ρu^2 crossing the shock front. This is clearly unphysical and suggests that the reaction of the particles on the shock may become important. Moving towards the shock front from upstream infinity, the pressure of the accelerated particles increases, and the fluid is slowed down to form a shock precursor. The reaction of the accelerated particles implies that the total compression factor between upstream infinity and downstream can vastly exceed 4, while the compression factor at the subshock remains bound to be ≤ 4. The kinetic models have convincingly demonstrated that this situation corresponds to non power-law concave spectra of the accelerated particles: the spectrum is harder than p^{−4} at low momenta and harder than p^{−4} for high momenta. As a consequence, most pressure is exerted by the highest energy particles and this implies that the few particles with p ∼ p_{max} that can escape to upstream infinity carry enough energy to make the shock radiative and thereby more compressible, namely the spectrum tends to get harder at high energies. Moreover, if a sufficiently large amount of energy is accumulated in the accelerated particles, the adiabatic index of the fluid tends to 4/3 instead of 5/3, and again this makes the shock more compressible. This set of phenomena all point in the direction of contributing to the shock modification and to an enhancement of the acceleration efficiency. In the absence of Alfvèn heating or other processes that heat up the upstream fluid in a non-adiabatic way, very high efficiencies of acceleration can be achieved (e.g. [21]).

All the calculations developed so far assume that the diffusion coefficient that determines the efficiency of the scattering of particles in the upstream and downstream plasmas is an input to the problem. It is well known that at least for the case of supernova remnants in the interstellar medium (ISM), the level of magnetic turbulence is insufficient to allow for energization of the particles to energies of astrophysical interest. The general picture of DSA admits that local magnetic scattering is self-generated in the shock vicinity due to streaming instability [6]. The amount of turbulence that can be generated in this way determines the maximum momentum of the accelerated particles (see [7] for the case of supernova remnants). If stationarity of the acceleration process and of the generation of Alfvèn waves is assumed, the maximum level of turbulence can be shown to be [8]: δB^2 B^2

= 2M_A P_{CR} ρu^2 , (1)

where M_A is the Alfvèn Mach number. If P_{CR} ∼ ρu^2, the amplification of the magnetic field with respect to the background undisturbed field can be as high as ∼ M^{1/2}_A . Several processes can reduce the effective magnetic field to values much lower than those found through Eq. 1 [9]. On the other hand, Eq. 1 immediately shows that the linear theory that it is based upon is easily broken in the description of efficient particle acceleration at shocks (namely if P_{CR} ∼ ρu^2).

In a series of recent investigations [22, 23] the possibility was advanced that the saturation level of the turbulent magnetic field may be even higher than what found through Eq. 1. In [23], Bell discussed in detail the generation and growth of non-resonant, non-alfvenic waves induced by cosmic rays in the shock vicinity: in the reference frame of the upstream plasma, the shock moves toward the observer and carries a current of positively charged particles ⃗J_{CR}(the accelerated particles). Due to the condition of charge neutrality, a return current ⃗J_{ret} is established in the upstream plasma. In the frame of the upstream plasma, the plasma itself is subject to a force ⃗J_{ret} × ⃗B. This force vanishes at the zero order in the case of a parallel shock, but after taking into account the perturbations of the equation of motion and of Maxwell equations, this term remains in the form of a forcing term. The dispersion relation of the waves can be shown to develop a branch of non-alfvenic modes with a dominant imaginary part of the frequency, which are therefore almost purely growing. In [23] the non-linear part of the evolution of the perturbations was followed through a hybrid numerical simulation. The author of Ref. [23] reaches the conclusion that the saturation level of the unstable modes is well described by δB^2 B^2

= M^2_A u c P_{CR} ρu^2 . (2)

Whether the saturation level is correctly described by this expression or is rather determined by one of the several effects that could not be included in the calculations of [23] is still to be seen. However, if Eq. 2 is in fact correct, then the magnetic field can be amplified in the proximity of a shock to very large values δB/B ∼ M_A(u/c), if P_{CR} ∼ ρu^2, thereby opening the possibility that acceleration to very high energies may be achieved.

The implications of this result for galactic cosmic rays have been discussed in [2, 3]. It is easy to extend those conclusions to astrophysical scenarios where DSA is at work and can possibly lead to the generation of UHECRs, though at present no systematic investigation has been carried out. Due to the many physical processes involved (generation, growth and damping of non-alfvenic perturbations) the role of this mechanism of magnetic field amplification should be studied on the case-by-case basis.

3. The transition from galactic to extragalactic origin The first step towards unveiling the origin of UHECRs is to understand at which energies cosmic rays become of extragalactic origin. The transition from galactic to extragalactic cosmic rays has historically been identified with the ankle and interpreted as the intersection of a rapidly falling galactic spectral component and a flat spectrum of extragalactic cosmic rays. In [28, 29] it was pointed out that the combination of pair production energy losses and adiabatic energy losses due to the expansion of the universe generates a second knee and a dip in the spectrum of extragalactic cosmic rays, consistent with the observations (see Fig. 6 for predictions obtained following the calculations of [30, 28, 29]).

In this model the transition from galactic to extragalactic cosmic rays takes place at energies below ∼ 10^{18} eV, where the galactic cosmic ray component would be cut off. In its basic form, this scenario implies that cosmic rays are injected at extragalactic sources with an injection spectrum E^{−2.7} and no luminosity evolution (solid line in Fig. 1). Although it is a worse fit, also the case of sources with luminosity evolving with redshift as L(z) ∝ (1 + z)^4 and with injection spectrum E^{−2.4} shows a dip-like feature (dashed line in Fig. 1). In both cases, even small levels of magnetization of the intergalactic medium would induce a low energy suppression of the flux, which might in fact improve the fit to the all-particle spectrum [31, 32]. The contributions of many sources with different values of the maximum energy E_{max} was shown in [33] to mimick a steeper injection spectrum, though requiring much less energy injection as compared with the case of an injection spectrum E^{−2.7}.

Figure 1. Spectrum of cosmic rays of extragalactic origin for an injection spectrum ∝ E^{−2.7} and no luminosity evolution (solid line) and for injection spectrum ∝ E^{−2.4} and luminosity evolution L(z) ∝ (1 + z)^4 (dashed line). The data are from Akeno and AGASA.

A clear prediction of this model is that the Galactic component of cosmic rays should be vanishing at energies ≤ 10^{18} eV. The KASCADE data [10] show that above the knee the chemical composition of cosmic rays becomes increasingly more dominated by heavy elements. Moreover, these data suggest that rigidity dependent knees in the single chemical components appear, and that cosmic rays in the energy region around 10^{17} − 10^{18} eV are expected to be mainly iron nuclei. At these energies the flux is also expected to vanish, if the rigidity dependent knees observed for protons and helium nuclei [3] are assumed to be present for heavier elements as well. This observational scenario appears to provide circumstantial evidence that the spectrum of galactic cosmic rays may be terminated at 10^{17} − 10^{18} eV.

A more serious concern for the model of [28, 29] is related to the chemical composition: the dip is in fact likely to disappear if a small contamination (with solar-like abundance) of nuclei heavier than hydrogen is present at the source [29, 34]. Magnetic horizon effects related with nuclei with different charge to mass ratio might somewhat mitigate the relevance of this issue [35]. An accurate measurement of the chemical composition of cosmic rays in the transition region appears to be of crucial importance.

4. Spectrum and small scale anisotropies of UHECRs UHECRs present us with at least two questions. The first one is related to the search for an acceleration process and an acceleration site at which these particles win against energy losses or finite size of the accelerator and succeed in becoming UHECRs. The second is related to their propagation: for sources distributed homogeneously in the universe, particles for which the reaction of photopion production is kinematically allowed suffer rapid energy losses, with a loss length of ∼ 20 Mpc at 10^{20} eV. This results in a suppression of the flux at the Earth, the so-called GZK feature [1]. The shape of this feature is extremely model dependent: local overdensities of sources, the injection spectrum, local magnetic fields and source evolution all play a role in changing the shape of the GZK feature.

In this section we deal with the second point, namely the detection of the GZK feature and the role that small scale anisotropies in the directions of arrival can play in unveiling the sources of UHECRs.

The very low fluxes expected at energies around and above 10^{20} eV makes the detection of the GZK feature very problematic. Experiments that have operated so far have not been successful in either detecting the GZK feature or proving its absence with a sufficiently high statistical significance. The spectra of AGASA, HiRes and the newly released data from the Pierre Auger telescope [38] are plotted in Fig. 2 (left panel). In the right panel of the same figure we show the spectra when the AGASA energies have been shifted downwards by 25%.

Figure 2. Left Panel) Spectrum of AGASA, HiRes and Auger. Right Panel) Spectrum of AGASA, HiRes and Auger with a correction of the AGASA energy for a possible systematic error in the energy determination by −25%.

It is rather remarkable that all experiments are in substantial agreement, and that the few differences can be interpreted in terms of rather small systematic energy shifts in one or more of the experiments. Several Monte Carlo simulations (see [39, 40]) have convincingly showed that the differences in the high energy parts of these spectra have a rather low statistical significance, of the order of 2−3σ. This means that for a given statistics of events above 10^{19} eV, the number of events with energy above 10^{20} eV is low enough that is affected by statistical fluctuations.

These statistical considerations are the result of averages over large samples of realizations of source distributions, therefore one might wonder whether the individual spectra of those realizations which have a large number of events at ultra high energies are similar to the AGASA spectrum or not. In Fig. 3 (from [40]) we show the spectra of UHECRs obtained in some of the realizations that showed 11 or more events above 10^{20}eV (the error bars here are just poissonian, namely they have the same meaning as in Fig. 2). These spectra closely resemble the AGASA spectrum, namely they do not show any GZK suppression, despite the fact that in the lower energy region they all fit the data quite well. This shows that an AGASA-like spectrum is not that improbable, even if the average cosmic ray spectrum can be expected to show a GZK feature [40].

The spectrum of cosmic rays by itself does not contain enough information to determine the type of sources of UHECRs. A first hint at the type of sources can come from the identification of small clusters of events with arrival directions which differ little. Such a signal of small scale

Figure 3. Some of the simulated realizations with number of events equal to or larger than the actual number detected by AGASA [40].

anisotropies (SSA) was first claimed by the AGASA collaboration [41]. The signal was however shown to have a low statistical significance [42]. No evidence of SSA has been found so far in the HiRes data [45].

On the other hand, if astrophysical point sources are believed to accelerate UHECRs, then SSA are to be expected. It was shown in [43] that, if the AGASA results were confirmed, the number density of sources could be estimated to be around 10^{−5}Mpc^{−3}, with a quite large uncertainty due to the very limited statistics of events available (see [44] for other estimates). In [40] the authors show that the spectrum of AGASA appears to be not fully consistent with the detection of the SSA by the same experiment. The possibility of coupling the information on the spectrum and SSA to gather better information on the number of sources will probably prove useful with the upcoming data from the Pierre Auger Collaboration.

5. Summary We briefly discussed three issues related to the origin and propagation of ultra-high energy cosmic rays. In particular we summarized some recent developments in the investigation of particle acceleration at non-relativistic shock fronts, including the non linear dynamical reaction of the accelerated particles on the shock and the generation of waves by the accelerated particles. We also addressed the important issue of the transition from galactic to extragalactic origin of the observed cosmic rays. Finally we discussed the status of the measurements of spectrum and anisotropies of UHECRs.

References

[1] Greisen K 1966 Phys. Rev. Lett. 16 748;

Zatsepin G T and Kuzmin V A 1966 Sov. Phys. JETP Lett. 4, 78 [2] Hillas A M 2005 J. Phys. G: Nucl. Part. Phys. 31 R95 [3] Blasi P 2005 Modern Phys. Lett. A, in press (preprint astro-ph/0511235) [4] Krymskii G F 1977 Soviet Physics - Doklady 327 328; [5] Blandford R D and Ostriker J R 1978 Astrophys. J. 221 29

[6] Bell A R 1978 MNRAS 182 443 [7] Lagage P O and Cesarsky C J 1983 A&A 118 223;

Lagage P O and Cesarsky C J 1983 A&A 125 249 [8] McKenzie J F and Völk H J 1982 A&A 116, 191 (1982);

erratum 1984 A&A 136 378 [9] Ptuskin V S and Zirakashvili V N 2003 A&A 403 1 [10] Antoni T et al (KASCADE Collab.) 2005 Astropart. Phys. 24 1 [11] Drury L O’C and Völk H J 1980 Proc. IAU Symp. 94 363;

Drury L O’C and Völk H J 1981 Astrophys. J. 248 344; [12] Blandford R D 1980 Astrophys. J. 238 410 [13] Eichler D 1984 Astrophys. J. 277 429 [14] Malkov M A 1997 Astrophys. J. 485 638 [15] Malkov M A , Diamond P H and Völk H J 2000 Astrophys. J. Lett. 533 171 [16] Blasi P 2002 Astropart. Phys. 16 429 [17] Blasi P 2004 Astropart. Phys. 21 45 [18] Blasi P, Gabici S and Vannoni G 2005 MNRAS 361 907 [19] Jones F C and Ellison D C 1991 Space Sci. Rev. 58 259;

Bell A R 1987 MNRAS 225 615;

Ellison D C, Möbius E and Paschmann G 1990 Astrophys. J. 352 376; Ellison D C, Baring M G and Jones F C 1995 Astrophys. J. 453 873; Ellison D C, Baring M G and Jones F C 1996 Astrophys. J. 473 1029; Kang H and Jones T W 1997 Astrophys. J. 476 875; Kang H and Jones T W 2005 Astrophys. J. 620 44; Kang H, Jones T W and Gieseler U D J 2002 Astrophys. J. 579 337 [20] Malkov M A and Drury L O’C 2001 Rep. Prog. Phys. 64 429 [21] Amato E and Blasi P 2005 MNRAS Lett 364 76 [22] Lucek S G and Bell A R 2000 MNRAS 314 65;

Bell A R and Lucek S G 2001 MNRAS 321 433 [23] Bell A R 2004 MNRAS 353 550 [24] Peacock J A 1981 MNRAS 196 135 [25] Vietri M 2003 Astrophys. J. 591 954 [26] Blasi P and Vietri M 2005 Astrophys. J. 626 877 [27] Morlino G, Vietri M and Blasi P, in preparation [28] Berezinsky V S, Gazizov A and Grigorieva S, Preprint hep-ph/0204357;

Berezinsky V S, Gazizov A and Grigorieva S, Preprint astro-ph/0302483 [29] Berezinsky V S, Gazizov A and Grigorieva S 2005 Phys. Lett. B, 612 147 [30] Berezinsky V S and Grigorieva S 1988 Astron. Astroph. 199 1 [31] Lemoine M 2005 Phys. Rev. D 71 3007 [32] Aloisio R and Berezinsky V S 2005 Astrophys. J. 625 249 [33] Kachelriess M and Semikoz D preprint astro-ph/0510188 [34] Allard D, Parizot E, Olinto A V, Khan E, Goriely S, preprint astro-ph/0508465 [35] Sigl G and Armengaud E preprint astro-ph/0507656 [36] Takeda M et al (AGASA Collaboration) 2003 Astropart. Phys. 19 447 [37] Abu-Zayyad T et al (High Resolution Fly’s Eye Collaboration) 2005 Astropart. Phys. 23 157 [38] Sommers P et al (Auger Collaboration) 2005 Proceedings of the 29th International Cosmic Ray Conference, Pune, India [39] De Marco D, Blasi P and Olinto A V 2003 Astropart. Phys. 20 53 [40] De Marco D, Blasi D and Olinto A V preprint astro-ph/0507324 [41] Takeda M et al 1999 Astrophys. J. 522 225;

Uchihori Y et al 2000 Astropart. Phys. 13 151; Hayashida N et al Preprint astro-ph/0008102 [42] Finley C B and Westerhoff S 2004 Astropart. Phys. 21 359 [43] Blasi P and De Marco D 2004 Astropart. Phys. 20 559 [44] Yoshiguchi H, Nagataki S, Tsubaki S and Sato K, 2003 Astrophys. J. 586 1211;

Yoshiguchi H, Nagataki S and Sato K 2003 Astrophys. J. 592 311; Takami H, Yoshiguchi H and Sato K, Preprint astro-ph/0506203; Dubovsky S L, Tinyakov P G and Tkachev I I 2000 Phys. Rev. Lett. 85 1154; Fodor Z and Katz S D 2001 Phys. Rev. D63 023002 [45] Abbasi R U et al (HiRes Collaboration) 2004 Astrophys. J. Lett. 610 73