astro-ph/9902138 9 Feb 1999

A&A manuscript no. (will be inserted by hand later) Your thesaurus codes are:

(02.01.1; 09.03.2; 10.08.1 11.10.1; 13.07.1)

ASTRONOMY AND ASTROPHYSICS

February 9, 1999

Galactic Gamma-Ray Bursters - The Cosmic-Ray Sources at all Energies

Arnon Dar^{1,2} and Rainer Plaga^2

1 Department of Physics and Space Research Institute, Technion, Haifa 32000, Israel 2 Max-Planck-Institut für Physik, Föhringer Ring 6, D-80805 München, Germany

Abstract. We propose a new paradigm for the origin of nonsolar hadronic cosmic rays (CRs) at all energies: Highly relativistic, narrowly collimated jets from the birth or collapse of neutron stars (NSs) in our Galaxy accelerate ambient disk and halo matter to CR energies and disperse it in hot spots which they form when they stop in the Galactic halo. Such events, seen as cosmological gammaray bursts (GRBs) in other galaxies when their beamed radiation happens to point towards Earth, account for many observed properties of the main hadronic component of CRs in a more natural way than all previously discussed CR sources.

Key words: Acceleration of particles - cosmic rays - Galaxy: halo - Galaxies: jets - Gamma rays: bursts

The origin of nonsolar cosmic rays, discovered in 1912, is a major unsolved puzzle in physics. Recent observations, in particular the absence of the “GZK cutoff” in the CR intensity at energies above ∼ 10^{20} eV (Takeda et al. 1998) due to interactions with the cosmic microwave radiation, as predicted by Greisen (1966) and by Zatsepin and Kuz’min (1996) have put into question (Hillas 1998) the current paradigm where cosmic-ray nuclei with energies below 3 × 10^{15} eV (the “knee”) are accelerated in Galactic supernova remnants (SNRs) (Ginzburg 1957), and those above 3 × 10^{18} eV (the “ankle”), for which a disk origin is unlikely due to their isotropy, in sources far beyond our Galaxy (Burbidge 1962).

Gamma-ray bursts (GRBs) are short and intense bursts of γ-rays from distant galaxies that are detected by space satellites at a rate of R_{GRB} ∼ 10^3 per year (Fishman & Hartmann 1997). Their origin is still unknown, but various observations suggest an association with the birth or collapse of neutron stars (NSs) due to mass accretion or phase transition, in close binaries or alone. If the true rate of GRBs is similar to the birth rate of NSs, R_{NS} ≃ 0.02 year�^1 in galaxies like our own (van den Bergh & Tamman 1991), the radiation emitted in GRBs must be narrowly beamed into a solid angle

Send offprint requests to: plaga@mppmu.mpg.de

ΔΩ ≃ π × 10�^6 in order to explain their inferred rate (Wijers et al. 1997) in such galaxies:

R_{GRB}(MW) ≃ 2R_{NS}(ΔΩ/4π) ∼ 10�^8 year�^1. (1)

Various authors have suggested that GRBs are produced by highly relativistic, narrowly collimated jets with bulk motion Lorentz factors Γ = 1/p1 − v^2/c^2 ∼ 10^3 (Shaviv & Dar 1995; Blackman et al. 1996; Mészáros & Rees 1997; Dar 1998a). Recent redshift measurements of some GRBs and their host galaxies (e.g. Kulkarni et al. 1998) seem to require this. For instance, the assumption of isotropic emission implies that a hardly conceiveable ≥ 4 × 10^{54} erg was emitted by GRB 990123 in ∼ 60 seconds as γ-rays (Djorgovski et al 1999; Kippen et al. 1999 ), while a more palatable ∼ 10^{48} erg was emitted if the emission was narrowly beamed into a solid angle ΔΩ ∼ π × 10�^6. Emission from narrow jets with bulk motion Lorentz factors Γ ∼ 10^3, which were inferred from GRB observations,(see, e.g., Baring & Harding 1997), is indeed beamed into a solid angle ΔΩ ∼ π/Γ^2 ≃ π × 10�^6 consistent with eq. 1. Such strong beaming implies that we observe only a very small fraction of a large rate of the events that can produce GRBs. We call these events “Galactic (if they occur in our Milky Way (MW) galaxy) and Cosmological (if they occur in distant galaxies) gamma-ray bursts” (GGRBs and CGRBs), respectively.

Gamma-ray bursters have been proposed as efficient accelerators of ambient material to CR energies, but GGRBs with isotropic CR emission (Dar et al. 1992; Vietri 1995; Waxman 1995; Milgrom & Usov 1996; Böttcher & Dermer 1998) can neither supply the bulk of the Galactic cosmic rays (Dar 1998b), nor explain the absence of the GZK cutoff. Here we show that the effects of strong beaming make GGRBs plausible sources of the hadronic cosmic rays at all energies observed near earth. The ejection of highly relativistic jets from accreting or collapsing compact objects is not well understood. Therefore, instead of relying on theoretical models, we have inferred the properties of jets that may produce the GRBs and cosmic rays directly from observations and from general considerations:

Fig. 1. A highly schematic sketch of our paradigm. The birth or collapse of NSs in the disk of our Galaxy leads to an ejection of two opposite jets that produce “hot spots” when they stop in an extended Galactic halo.

If the ejection of relativistic jets in the birth or collapse of NSs is responsible for their observed large mean velocity (Lyne & Lorimer 1994), v ≈ 450 ± 90 km s�^1, then momentum conservation implies that the kinetic energy of the jets is

E_K ≈ cP ∼ vM_{NS} c ∼ 4 × 10^{51} erg, (2)

where we used the typical observed NS mass, M_{NS} = 1.4Mfi. If two antiparallel jets are ejected, then the above estimate becomes a lower limit for the jet kinetic energy, that may be of the order of E_k ∼ 10^{52} erg. Thus, already a modest fraction f ≃ 0.01 of the total energy injected into the MW in jets from GGRBs, at a rate R ∼ 0.02 year�^1, similar to the NS birth/collapse rate, can supply the estimated Galactic CR luminosity L_{MW} [CR] ∼ 1.5×10^{41} erg (e.g., Drury, Markiewicz & Völk 1989).

Highly relativistic jets are emitted by all astrophysical systems where mass is accreted at a high rate from a disk onto a central black hole (BH). They are observed in galactic superluminal sources, such as the microquasar GRS 1915+105 (Rodriguez & Mirabel 1994), where mass is accreted onto a stellar BH, and in many active galactic nuclei (AGN), where mass is accreted onto a supermassive BH. Mildly relativistic jets from mass accretion were seen both in AGN and in star binaries containing NSs such as SS433 and Sco X-1. High-resolution radio observation resolved the narrowly collimated relativistic jets into clouds of plasma (plasmoids) that are emitted in injection episodes which are correlated with sudden removal of the accretion disk material. In GRS 1915+105 these plasmoids appear to expand freely in the plasmoid rest frame, (i.e., with the speed of sound in a relativistic gas, c_s ∼ c/ √ 3, corresponding to vertical expansion speed of ∼ c/Γ √ 3 in the lab frame), up to a radius (Rodriguez & Mirabel 1994) R_p ∼ 2 × 10^{15} cm (∼ 0.001 pc), and retain a constant or slowly expanding radius afterwards, probably, due to magnetic confinement. Likewise jets from quasars retain a constant radius after initial expansion. Jets slow down by sweeping up the ionized interstellar medium in front of them. Their internal kinetic pressure and dissipation of their internal magnetic energy lead finally to their expansion and stopping in “hot spots”, where most of their initial kinetic energy is released in highly relativistic particles, as observed in extragalactic double-lobe radio galaxies like Cyg-A (Begelman & Blandford 1984). The latter objects have been identified as prolific CR accelerators (Burbidge 1962), in particular their hot spots (Biermann & Rachen 1993). It seems likely that jets from the birth/collapse of NSs function in a similar way. Because the accretion rates and magnetic fields involved in such events are larger than in all other discussed systems, an initial kinetic energy and a bulk motion Lorentz factor of E_k ∼ 10^{52} erg and Γ ∼ 10^3, respectively, as required by GRBs observations is plausible. The initial equipartition magnetic fields in such plasmoids may be, typically, B > 100 G. Such highly magnetized relativistic plasmoids are both efficient CR accelerators (Chiang & Dermer 1997; Dar 1998b) (through Fermi acceleration) and strong emitters of beamed γ-rays through synchrotron emission, inverse Compton scattering and resonance scattering of interstellar light. When they point in (or precess into) our direction from external galaxies, they produce the observed GRBs and their afterglows. For our discussion, we adopt an extremely simplified picture of our Galaxy, namely, a Galactic thin disk surrounded by a spherical halo with an approximate radius of R_h ∼ 50 kpc ( V_h ∼ 1.5×10^{70} cm^3) and a mean gas density of n_h ∼ 10�^3 cm�^3. The highly relativistic jets which are emitted with E_k ∼ 10^{52} erg perpendicular to the Galactic disk, stop only in the Galactic halo, when the rest mass energy of the swept up ambient material is equal to their initial kinetic energy: The column density of gas required to stop jets with a radius smaller than R_p ∼ 0.01 pc is

N_c ≥ 2.2[(E_k/10^{52} erg)/(R_p/0.01 pc)^2)] × 10^{21} cm�^2. (3)

The mean column density of gas (mainly molecular, atomic and ionized hydrogen) perpendicular to the Galactic disk, is N_c < 10^{21} cm�^2 (Berezinskii et al. 1990). The jets stop in the Galactic halo when their radius reaches there R_p ∼ 0.1pc (if n ≥ 10�^4 cm�^3) and form hot spots. This is illustrated in Fig 1. The typical equipartition magnetic fields in such hot spots may reach B ∼ (3E_k/R^3_p)^{1/2} ∼ 1 G. Synchrotron losses cut off Fermi acceleration of CR nuclei with mass number A at E ∼ ΓA^2Z�^{3/2}(B/G)�^{1/2} × 10^{20} eV. Particle-escape cuts off Fermi acceleration when the Larmor radius of the accelerated particles in the plasmoid rest frame becomes comparable to the radius of the plasmoid, i.e., above E ≃ ΓZ(B/G)(R_p/0.1 pc) × 10^{20} eV. In the hot spots, R_p ∼ 0.1pc, Γ ∼ 1 and B ∼ 1 G. Consequently, CR with E > Z × 10^{20} eV can no longer be isotropized by acceleration or deflection in the hot spots. Thus, CR with energies above 10^{20} eV are probably heavy nuclei.

Fermi acceleration in or by the highly relativistic jets from GRBs could produce a broken power-law spectrum, dn/dE ∼ E�^β, with β ∼ 2.2 below a knee around E_{knee} ∼ A PeV and β ∼ 2.5 above this energy (Dar 1998b). Spectral indices β ∼ 2-3 are expected in relativistic shock acceleration with tangled magnetic fields (Ballard & Heavens 1992). Galactic magnetic confinement increases the density of Galactic CR by the ratio cτ_h/R_G where τ_h(E), is the mean residence time in the halo of Galactic CR with energy E and R_G is the radius of the Galactic magnetic-confinement region. With the standard choice for the energy dependence of the diffusion constant (observed e.g in solar-system plasmas (Berezinskii et al. 1990)) one gets: τ_h ∝ (E/Z)�^{0.5}. Consequently, the energy spectrum of CR is predicted to be dn/dE ∼ C(E/E_{knee})�^α (4) with α ≃ β + 0.5 ≃ 2.7 (≃ 3) below (above) the knee. The normalization constant cannot yet be predicted, but is universal for all energies. This power-law continues as long as the Galactic magnetic field confines the CRs. Part

Fig. 2. The observed flux of cosmic rays (thin line) as a function of primary energy E is well described by a power law that changes its slope sharply at only two energies the “knee” and the “ankle”. At energies below the ankle it is enhanced (by a factor (E/E_{ankle})�^{0.5}) over the GGRB source spectrum (thick line, a power law with differential power law index of -2.2 below the knee and ≃ -2.5 above it) by way of trapping in the Galactic halo magnetic fields

of the kinetic energy released by GGRBs is transported into the Galactic halo by the jets. Assuming equipartition of this energy, without large losses, between CR, gas and magnetic fields in the halo during the residence time of CR there, the magnetic field strength B_h in the halo is expected to be comparable to that of the disk B_h ∼ (2L_{MW}[CR]τ_h/R^3_h)^{1/2} ≃ 3 μG where τ_h ∼ 5 × 10^9 years is the mean residence time of the bulk of the CR in the Galaxy (see later). Cosmic rays with Larmor radius larger than the coherence length λ of the halo magnetic fields, i.e., with energy above

E_{ankle} ∼ 3 × 10^{18}(ZB_h/3μG)(λ/kpc) eV, (5)

escape Galactic trapping. Thus, the CR ankle is explained as the energy where the mean residence time τ_h(E) of CR becomes comparable to the free escape time from the halo τ_{free} ∼ 1.6(R_h/50 kpc) × 10^5 years (Plaga 1998). Therefore, the spectrum of CR with energies above the ankle, that do not suffer Galactic magnetic trapping, is the CR spectrum produced by the jet, i.e.,

dn/dE ∼ C(E_{ankle}/E_{knee})�^3(E/E_{ankle})�^{2.5}; E > E_{ankle}. (6)

If UHE CRs have an extragalactic origin, then the position of the ankle at just the energy where Galactic magnetic fields can no longer confine CRs, remains unexplained. The knee in the CR source spectrum still lacks a complete explanation (see however Dar (1998b)), but we think that a single source population over the whole CR energy range offers a more natural framework to understand the CR spectrum than the prevailing one where a “fine tuning” in the intensity of different source components is often required at the knee. The “concentration factor” over the GGRB source spectrum reaches 3 × 10^4 at GeV energies, corresponding to a confinement time in the Galactic halo of about 5 × 10^9 years. We interpret the experimentally measured “lifetime” of low-energy CR, of the order 2 × 10^7 years (Berezinskii et al. 1990; Connel et al. 1998), as the residence time in the Galactic disk, in which we are located as observers, rather than the time since acceleration, as in most other models. The mean residence time τ_d of low-energy particles in the disk is given as:

τ_d ≃ τ_h · (d_d/d_h)^2(D_h/D_d). (7)

If the diffusion coefficient D_d in the disk is smaller than that in the halo (D_h) by about a factor 10^3, due to a stronger turbulence in the disk induced by SN explosions, then τ_d is of the observed order of magnitude. Small deflections of UHECR by turbulent magnetic fields along their arrival trajectory, with a length d, spread their arrival times over

Δt ∼ 750(d/50 kpc)^2(λ/kpc) × (8) (ZB/3μG)^2(E/100 EeV)�^2 years. (9)

The nearly isotropic release of CR in the halo by GGRBs and the spread in their arrival times, during which many GGRBs occur, accounts for the nearly isotropic sky distribution of the UHECR.

Recent data from the Akeno Giant Air Shower Array (AGASA) (Hayashida et al. 1996) suggests clustering in the arrival directions of the UHECR. These directions do not coincide with any known nearby extragalactical objects which can accelerate the UHECR; this is consistent with an origin Galactic halo. Such clustering is predicted if the UHECR are produced/released in hot spots in the Galactic halo. Their accumulated r.m.s. deviation angle over a distance d by random walk in the turbulent magnetic field is

θ ∼ 5.4^0(d/50 kpc)^{1/2}(λ/kpc)^{1/2}(ZB/3μG) × (E/100 EeV)�^1. (10)

Therefore, if the origin of UHECR is ∼ 0.1 pc-sized hot spots in the halo, the arrival direction of CR with energies around 100 EeV is predicted to cluster around ∼ 30 fixed hot spot positions in the sky whose number and spread around them decrease with increasing energy. The CR spectrum which is predicted by our proposed paradigm, and displayed in Fig. 2 agrees well with the measured spectrum. The GZK cutoff does not take place because of the small distance to the sources (O(50 kpc)), over which absorption of UHE nucleons in the microwavebackground radiation is negligible. Neglecting fragmentation and attenuation due to collisions with background photons and gas particles, which become important above 10^{17.5} eV, the abundances of CR nuclei is enhanced by a factor Z^{0.5} compared to that of swept up ISM, due to Galactic magnetic trapping. The density of hadronic CR as a function of galactocentric radius is predicted to fall on a halo scale (i.e., tens of kpc) in agreement with observations (Strong & Moskalenko 1998), rather than the ∼ 5 kpc scale height of SNRs, as expected in the current paradigm. Moreover, the large-scale anisotropy of CR must be very small due to the near isotropy of their sources - under the usual assumption of diffusive propagation CR origin in SNRs yields anisotropies at an energy of about 100 TeV in excess of the observed value by more than an order of magnitude (Ptuskin et al. 1997).

Electrons suffer large energy losses by synchrotron emission and inverse Compton scattering while diffusing out of their jet acceleration sites. Thus, CR electrons in the Galactic disk could have their origin mainly in Galactic SNRs (Ginzburg 1957); this theory has recently been received experimental support from X-ray (Allen et al. 1997) and TeV γ (Tanimori et al. 1998) observations of the remnant of SN 1006. In the hot spots - under conditions where a large fraction of all ambient particles is accelerated - protons are probably accelerated with an efficiency a factor “(proton mass/electron mass)” larger than electrons. Taking this into account - and assuming hot spots accelerate particles on a time scale of 100 years - the resulting radio luminosity of a typical hot spot due to electron synchrotron radiation is roughly estimated to be on the order of tens of mJy. The hot spots are thus not expected to be particularly conspicious radio sources. The detailed observational consequences of hot spot remnants in the halo of the Milky Way and other nearby galaxies will be discussed elsewhere.

Acknowledgements. We are grateful to P. Gondolo for many helpful discussions and thank him and C. Beck, E. Lorenz, S. Pezzoni and L. Stodolsky for valuable comments on the manuscript. RP is a Heisenberg fellow of the Deutsche Forschungsgemeinschaft.

References

Allen,G.E. et al.,1997, ApJ 487,L97 Ballard, K. F. & Heavens, A. F., 1992, MNRAS 259,89 Baring M. G. & Harding A. K., 1997, ApJ 491,663 Begelman M. C. & Blandford R. D.,1984, Rev.Mod.Phys.

56,255 Berezinskii V. S. et al., 1990 Astrophysics of cosmic rays (North Holland, Amsterdam, 1990) Biermann P. & Rachen J.,1993, A & A 272,161 Blackman E. G., Yi I. & Field G.B.,1996, ApJ 479,L79 Bloom J.S. et al., 1998, preprint astro-ph/9808319 Böttcher M., Dermer C.D., 1998, ApJ 499,L131 Burbidge G.,1962, Prog. Theoret. Phys. 27,999 Chiang J. & Dermer C. F.,1997, ApJ (in the press); Preprint astro-ph/9708035 Connel J.J., Vernois M.A., Simpson J.A., 1998, ApJ 509,L97 Dar A. et al.,1992, ApJ 388,164 Dar, A.,1998a, ApJ 500,L93 Dar A.,1998b, Phys. Rev. Lett. (submitted); Preprint astroph/9897193 (1998).

Djorgovski S. G. et al., 1999, GCN Circ. No.224 Drury, L. O’C., Markiewicz, W. J. & Völk, H. J.,1989, A & A 225,179 Fishman G. J. & Hartmann D. H. Sci. Am. July 1997,34 Ginzburg V. L.,1957, Prog. Elem. Particle Cosm. Ray Phys.

4,339 Greisen K., 1966, Phys. Rev. Lett. 16,748 Hayashida N. et al., 1996, Phys. Rev. Lett. 77,1000 Hillas M.,1998, Nat 395,15 Kippen R. M. et al., 1999, GCN Circ. No.216 Kulkarni S. R. et al., 1998, Nat 393,35 Lyne A. G. & Lorimer D. R.,1994, Nat 369,127 Mészáros P. & Rees M.,1997, ApJ 482,L29 Milgrom M. & Usov V.,1996, Astropart. Phys. 4,365 Plaga R.,1998, A & A 330,833 Ptuskin V. S., Völk H. J., Zirakashvili V. N. & Breitschwerdt D.,1997, A & A 321,434 Rodriguez L. F. & Mirabel I. F.,1994, Nat 371,46 Shaviv N. J. & Dar A.,1995, ApJ 447,863 Strong A. W. & Moskalenko I.V,1998, ApJ (in the press);

Preprint astro-ph/9807150 Takeda M. et al.,1998, Phys. Rev. Lett. 81,1163 Tanimori T., et al.,1998, ApJ 497,L25 van den Bergh S.,Tamman G. A ,1991 ,ARA&A 29,363 Vietri M.,1995, ApJ 453,883 Waxman E.,1995, Phys. Rev. Lett. 75,386 Wijers R. A. M. J., Bloom J. S., Bagla J. S. & Natarajan P.,1997, MNRAS 294,L13 Zatsepin G. T. & Kuz’min V. A.,1966, JETP Lett. 4,78