arXiv:0903.4048v2 [astro-ph.HE] 15 Jul 2009

Cosmic ray electrons and positrons from supernova explosions of massive stars

P.L. Biermann, MPI for Radioastronomy, Bonn, Germany^∗

J.K. Becker Institution för Fysik, Göteborgs Univ., Sweden^†

A. Meli, ECAP, Physik. Inst. Friedrich-Alexander Univ. Erlangen-Nürnberg, Germany

W. Rhode, Dept. of Phys., Univ. Dortmund, Dortmund, Germany

E.-S. Seo, IPST and Dept. of Physics, Univ. of Maryland, College Park, MD, USA

T. Stanev Bartol Research Inst. and Dept. of Phys. and Astronomy, Univ. of Delaware, Newark, DE, USA

We attribute the recently discovered cosmic ray electron and cosmic ray positron excess components and their cutoffs to the acceleration in the supernova shock in the polar cap of exploding Wolf Rayet and Red Super Giant stars. Considering a spherical surface at some radius around such a star, the magnetic field is radial in the polar cap as opposed to most of 4π (the full solid angle), where the magnetic field is nearly tangential. This difference yields a flatter spectrum, and also an enhanced positron injection for the cosmic rays accelerated in the polar cap. This reasoning naturally explains the observations. Precise spectral measurements will be the test, as this predicts a simple E^{−2} spectrum for the new components in the source, steepened to E^{−3} in observations with an E^{−4} cutoff.

PACS numbers: 98.70.Sa, 96.50.sb, 97.20.Pm, 97.60.Bw

Recently an excess of both cosmic ray (CR) positrons and cosmic ray electrons has been detected by three instruments, PAMELA [1], ATIC [2], and H.E.S.S. [3]. The ATIC and H.E.S.S. results on cosmic ray electrons are consistent with a discovery of an excess, compared to the normal measured spectrum of E^{−3.26±0.06} [4]; we emphasize that also the H.E.S.S. result is above such an extrapolation. Both excesses take the form of a flatter component emerging from below a steeper, perhaps normal, component; this has been interpreted in many ways, such as, e.g., the decay of a new particle representing dark matter [5], or as evidence of a nearby special source [6]. Here we wish to point out that such spectral components are expected from particle acceleration in the explosion of stars with magnetic winds [7]: There is a small polar cap component, where the acceleration in a supernova (SN) shock proceeds with the magnetic field parallel to the shock normal, yielding an E^{−2} spectrum [8]. At the same time, over most of 4π the magnetic field is best approx-

∗Also at Dept. of Phys. & Astr., Univ. of Alabama, Tuscaloosa, AL, USA; Dept. of Phys., Univ. of Alabama at Huntsville, AL, USA; FZ Karlsruhe, and Phys. Dept., Univ. Karlsruhe, Germany †Also at Dept. of Phys.& Astron., Ruhr-Univ. Bochum, Germany

imated by an Archimedian spiral [9], implying a nearperpendicular configuration for acceleration [10]. In such a situation the curvature becomes important, and the acceleration gives a slightly steeper spectrum and is faster - once injection has been effected. This was discussed again recently by Meli & Biermann [11]. The spectrum predicted is E^{−7/3−0.02±0.02} [12, 13, 14]. The normal observed cosmic ray electron spectrum for E > 10 GeV provides a test, since it gives E^{−2.26±0.06} after correcting for losses [4, 15].

Our approach here is to adopt the following point of view [12, 16]:

a) Most of the interactions of cosmic rays happen near the sources, and the escape from the Galaxy is governed by a simple Kolmogorov description [17].

b) The bend in the spectrum, the knee at 10^{15} eV is due to spatial limitations given by a shocked shell racing through a Parker-type magnetic wind [12, 14]. c) We do invoke the physics of the stars that explode [18], and distinguish three zero age mass ranges of massive stars which explode: The stars between about 8 and 15 solar masses, which explode into the interstellar medium; the stars between 15 and about 25 solar masses which explode as Red Super Giant (RSG) stars, and the stars above about 25 solar masses, which explode as Blue Super Giant, or Wolf Rayet (WR) stars. Both RSG stars and WR stars explode into their stellar wind [13, 19], which is magnetic, and enriched from exposing the deeper layers of the star through mass ejections [20].

It was shown in Ref. [21] that such a combination of two components, a dominant E^{−7/3} spectrum, with an additional E^{−2}, injected at the level of a few percent, yields a good fit to the cosmic ray air shower data. Protons and heavier nuclei spectra are well described right through the knee of the cosmic ray spectrum (near 10^{15} eV) after accounting for transport that steepens the spectra by E^{−1/3}. At this energy the polar cap component increases the overall flux by about a factor of 2, before cutting off due to spatial constraints [12, 22]. The theoretical assumptions about acceleration in highly oblique shocks [10, 11] used in Ref. [12] were justified by the good agreement with data [23]: prediction E^{−8/3}, data E^{−2.68±0.02}. This earlier success encouraged us to apply precisely the same concept here. Additional enhancements of magnetic fields may occur also in such a situation [24].

We find, that using just the parameters of earlier papers it is possible to explain both the cosmic ray electron spectrum and the cosmic ray positron excess.

At GeV energies most of the cosmic ray (CR) electrons are accelerated in supernova (SN) shocks, running through the interstellar medium (ISM), the ISM-SN CRs. This predicts a spectrum of E^{−2.42±0.04} [25], in agreement with radio data of other galaxies, for which the leakage energy dependence modifies the predicted spectrum to E^{−2.75±0.04} [26]. Already the data beyond about 10 GeV suggest that the wind-supernovae cosmic rays may have taken over also for cosmic ray electrons [4].

Helium, Carbon and heavier nuclei give an indication [21] of what fraction of 4π the polar cap component may have. This component reaches the same flux by itself as the rest of 4π at 3 10^6 GeV/nucleus for CNO, yielding a surface fraction of about 2 percent. Since this fraction does not depend on distance from the star (see below) we assume that it defines the energy when the polar cap spectrum exceeds the E^{−7/3} component.

Electrons, however, are injected at about 30 MeV, the lowest energy at which they see the shock [27]. This number derives from the injection condition for electrons, that they must “see” the waves excited by the ions freshly injected by shocks in the assumption, that the plasma is dominated by ionized Hydrogen, and that the shock velocity is about 10,000 km/s. In a Wolf-Rayet star wind the main element is, however, not Hydrogen, but heavier nuclei, and already before the star explodes as a supernova, there are accelerated electrons: The velocity of the shocks caused by instabilities in the radiation driving is of order^>_∼ 1000 km/s [28], and so the electron energy at injection then is at about^>_∼ 6 MeV.

This immediately implies that the polar cap component of cosmic ray electrons should rise to a flux equal of the rest at^>_∼ 400 GeV, matching the uncertain observed energy of about 300 - 500 GeV. So at this energy the sum of the two components is twice the base spectral component. We interpret the ATIC data here as a E^{−3} component, rising above the base spectral component of E^{−10/3} around 30 to 100 GeV.

Cosmic ray positrons derive from collisions of nuclei, and formation of nuclei to the left of the valley of stability which decay in β^+-emission, and also from pion production and decay. However, here we have to remember, that acceleration is faster for perpendicular shocks, by a factor up to c/(3V_{sh}), probably more like 2 - 3 [11]. This implies that the polar cap component is more efficient in producing positrons because of its slower acceleration and higher interaction probability. Since the hadronic interaction cross section is almost energy independent and does not introduce a break in the spectrum, the polar cap component becomes dominant at an energy between 2^3 to 10^3 lower than for electrons, i.e. between 0.5 to 60 GeV. 30 GeV seems to be compatible with the data, suggesting that the enhancement given by perpendicular shock acceleration is about a factor of 2 - 3. However, as there is a second source of positrons at lower energy, resulting from interaction in the immediate environment of massive exploding stars and in the interstellar space [29, 30], the cross-over may be at lower energy, suggesting a possibly higher efficiency enhancement. In a CR-positron to CR-(electron+positron) ratio this results in a rise with E^{+1/3}.

From all these interaction sites here should be a corresponding neutrino-emission with a spectrum of E^{−2}. On the other hand, as the cosmic ray electrons approach a spectrum of E^{−3} themselves, in the ratio positrons to electrons we approach a constant from somewhere in the range 30 - 100 GeV, when both electron and positron components are dominated by the polar cap.

Here we discuss the second positron component at low energy, introduced above, which distorts the positron spectrum:

The wave-field in the magnetic field excited by the cosmic rays of spectrum E^{−7/3} [13] in the predecessor stellar wind naturally yields a specific spectrum of turbulence, in energy per volume and wave number I(k) ∼ k^{−13/9}, where k = 2π/r_g, and r_g = pc/(ZeB), the Larmor radius (here p is the momentum of the particle, Z its charge, c the speed of light, e the elementary charge, and B the ambient magnetic field component perpendicular to the motion of the particle). This spectrum of magnetic irregularities then governs the transport of cosmic rays and the cosmic ray interaction as a function of energy. This in turn gives rise to a secondary to primary ratio going as E^{−5/9} [26]. This prediction was confirmed in Ref. [31] which showed that the best fit of the secondary to primary ratio had an energy dependence of E^{−0.54}. However, there is also another spectral component of turbulence induced by instabilities leading to many weak shock waves I(k) ∼ k^{−2}, which is steeper. The total summed spectrum of turbulence has then a cross-over towards lower wave-numbers, corresponding to higher particle energies; this spectrum I(k) ∼ k^{−2} induces no energy dependence of the production of secondaries. For the most massive stars, exploding as WR stars, we estimate the cross-over to correspond to somewhere near 10 GeV in electron energy. For somewhat lower mass stars, those exploding as red super giant stars, we argue, that there the cross-over between the two spectral regimes of turbulence is at lower energies, or higher wavenumbers, since the winds are less powerful. The cosmic ray induced turbulence is driven by the mass flow through the supernova shock, and so a wind of lesser density produces a weaker cosmic ray induced wave field. This results in secondaries having the same spectrum as the primaries, for WR stars above about 10 GeV, and for RSG stars at much lower energy, disregarding for a moment the polar cap component.

This helps understand the diffuse gamma-ray emission of the disk of our Galaxy [32], as interaction near the RSG stars, more abundant than the WR stars. This model interprets all the secondary to primary ratios at low energy [31].

This may then explain the low energy cosmic ray positrons, seen with PAMELA [1], as argued earlier.

The acceleration time for cosmic ray particles in strong shocks is [8, 10] τ_{acc} = 8 κ/V^2_{sh}. Comparison of τ_{acc} to the synchrotron loss time τ_{syn} = 6πm_ec/σ_T γ_eB^2 gives a limit on the maximal energy of the electrons or positrons.

In the polar cap B ∼ r^{−2}, while over most of 4 π B ∼ r^{−1}. In the polar cap we assume maximal turbulence and Bohm diffusion κ = (1/3)r_Lc. In the rest of the surface we adopt the approximation [10] of κ = r_L V_{sh}. The leads to maximum γ_{e,max} = 1.5 · 10^6 B^{−1/2}_{0.5,14} V_{sh,9} (r/r_0) for the polar cap case, where B^{−1/2}_{0.5,14} is the magnetic field at radius 10^{14} cm in units of 3 Gauß, and V_{sh,9} is the SN shock velocity in units of 10^9 cm/s. For most of 4π the maximum is γ_{e,max} = 4.5 · 10^6 B^{−1/2}_{0.5,14} V^{1/2}_{sh,9} (r/r_0)^{1/2}. Using the adopted values of the magnetic field and shock velocity, at 10^{16} cm radial distance covered by the SNshock in the wind the maximal energy of the CR electrons from the polar cap will dominate. Since the expressions used for κ for both segments of the star’s surface are simplified both energies are likely to be smaller. But γ_{max} from the polar cap increases as r while for most of 4π it increases as √ r [26]. This implies that the polar cap component will quickly pass the other component in maximal energy.

Last, we check whether the angular fraction is really distance independent, as required by such a model. Combining the results derived in Refs. [10, 11, 12, 13, 19] we match the acceleration time scale in the polar cap with the acceleration time over most of 4π. In the limit of a small angular extent θ of the polar cap this gives: θ = 3 (B_{0,p.c.}/B_{0,4π}) (V_{sh}/c) suggesting for V_{sh}/c ≃ 0.03 a ratio of surface magnetic fields of B_{0,p.c.}/B_{0,4π} ≃ 0.6, very close to unity and independent of radius. It is an interesting question if for some stars this ratio might be different. Accelerated electrons have energy loss given by the synchrotron loss time τ_{syn} and they can also escape the Galaxy with τ_{leak} ∼ γ_e^{−1/3}. Then we have

N(E) ∼ E^{−7/3−1} spectrum in the limit τ_{syn} < τ_{leak} and N(E) ∼ E^{−7/3−1/3}, in the opposite limit. We can estimate from observations, radio measurements as well as direct data, that the switch-over is near 10 - 20 GeV.

CR electrons reach us in a random walk, in which the distance actually travelled is given by r ≃ Δr √ N, where Δr(E) is the diffusion scattering mean free path, the step, and N is the number of uncorrelated steps. The time this takes is given by t ≃ (Δr/c) N, while Δr ∼ E^{1/3} and the timescale t is ∼ 1/E. Therefore r ∼ E^{−1/3}. The region from which we obtain CR electrons is the volume for which this time is less than the synchrotron time τ_{syn}. The source volume is proportional to r^3 ∼ E^{−1}. Adopting the viewpoint that at high energies the polar cap component of the CR contribution of the the wind-SNe dominates implies then a combined spectrum of ≃ E^{−3−1}. So the CR electron spectrum is predicted in this approximation to be E^{−10/3}, then E^{−3}, and thereafter E^{−4} which is consistent with the H.E.S.S. data [3]. Nearby massive stars exist [33] and the associated supernovae [34] may have provided a large fraction of the cosmic rays we observe. A test for our predictions would be a measurement of the exact spectrum of both cosmic ray electrons as well as cosmic ray positrons. This model simply predicts that their spectrum is a simple additional E^{−2} component at source.

The positron fraction should reach a plateau, the exact number depending on the dominant path to produce positrons, decay from isotopes pushed by photodissociation and spallation off the valley of stability in a N, Z plot, or just simply pion decay.

Ion collisions produce very few if any anti-protons and contributions from WR star explosions will be negligible. The RSG explosions will produce anti-protons [35], and their polar cap contribution should come up at some higher energy, perhaps above 30 - 100 GeV.

Obviously, both cosmic ray electrons as well cosmic ray positrons are in their respective loss limit [15] at such energies, above about 10 - 20 GeV, where losses overpower diffusion and steepen the spectrum by unity; the limited spatial reach gives a further steepening by E^{−1}. Therefore there must be some yet higher energy where the losses from the nearest most recent source cut everything completely off; the ATIC and H.E.S.S. data suggest that this happens beyond energies of several TeV. It would be very interesting to measure the positron component to this energy.

We have proposed a simple explanation for the cosmic ray electron and cosmic ray positron components, in terms of the magnetic field topology in a magnetic wind [9], and SN-induced shock acceleration in such a topology [10, 11]. The new component is just that population of energetic particles accelerated in the polar cap of massive magnetic stars with winds, when they explode. We attempted to explain a) the low energy PAMELA data, b) the higher energy PAMELA data, c) the ATIC data, and d) the H.E.S.S. data, all in the context of a basic picture proposed and worked out earlier [12, 21],

FIG. 1: Model prediction with ATIC and H.E.S.S data for cosmic ray electrons: E^{−10/3}, E^{−3}, and E^{−4} (upper panel), and for PAMELA data on the positron/electron ratio: E^{−5/9} and E^{1/3}(lower panel). See Ref. [36] for charge dependent solar modulation arguments.

and consistent with other measurements.

In the cosmic rays produced by a shock running through such a wind there is always a polar cap component, of a few percent strength at injection, but with a flatter spectrum.

The explosions of Wolf Rayet stars and their cousins, the Red Super Giant stars, into their respective magnetic wind, may play a key role in allowing us to understand the physics of cosmic rays.

Acknowledgments Discussions with B. Harms, S. Casanova, L. Clavelli, C. Escobar, F. Halzen, A. Karle, U. Katz, M. Roth, V. de Souza, Ch. Stegmann, F. Tabatabaei, L. Trache, and St. Westerhoff are gratefully acknowledged. We would like to thank especially Ramin Sina for much effort on the anti-proton spectra resulting from this approach, and Sabrina Casanova for corresponding work for the γ-ray emission. JKB and WR would like to thank the MAGIC-collaboration for discussions. Support for work of PLB has come from the AUGER membership and theory grant 05 CU 5PD 1/2 via DESY/BMBF and VIHKOS. Support for JKB comes from the DFG grant BE-3714/3-1. WR is supported by the IceCube grant BMBF (05 A08PE1). Support for ESS comes from NASA grant NNX09AC14G and for TS comes from DOE grant UD-FG02-91ER40626.

[1] O. Adriani et al., for the PAMELA Coll., Nature 458:607 (2008); arXiv:0810.4995 [2] J. Chang et al. Nature 456:362 (2008) [3] F. Aharonian et al., the H.E.S.S. Collaboration, Phys.

Rev. Letters 101:261104 (2008); arXiv:0811.3894 [4] B. Wiebel-Sooth & P.L. Biermann, in Landolt-Börnstein, Handbook of Physics, Springer Publ. Comp., p. 37 (1999) [5] L. Bergström, T. Bringmann & J. Edsjö;

Phys.Rev.D78:103520 (2008); arXiv:0808.3725; [6] H. Yüksel, M.D. Kistler & T. Stanev; arXiv:0810.2784 [7] D.C. Abbott, J.H. Bieging & E. Churchwell, Astrophys.

J. 280:671 (1984) [8] L. O’C Drury, Rep Progr. Phys. 46:973 (1983) [9] E.N. Parker, Astrophys. J. 128:664 (1958) [10] J.R. Jokipii, Astrophys. J. 313:842 (1987) [11] A. Meli & P.L. Biermann, Astron. & Astroph. 454:687 (2006); astro-ph/0602308 [12] P.L. Biermann, Astron. & Astroph. 271:649 (1993);

astro-ph/9301008 [13] P.L. Biermann & J.P. Cassinelli, Astron. & Astroph.

277:691 (1993); astro-ph/9305003;

[14] P.L. Biermann, review at the spring Aspen meeting 2005, Ed. John Matthews, IOP Journ. of Phys.: Conf. Ser., 47:78 (2006) [15] N.N. Kardashev, Astronomicheskii Zhurnal 39:393 (1962); translated in Soviet Astronomy 6:317 (1962) [16] P.L. Biermann et al., Astron. & Astroph. 369:269 (2001) [17] B.J. Rickett, Annual Rev. of Astron. & Astrophys. 15:479 (1977) [18] A. Heger et al., Astrophys. J. 591:288 (2003) [19] H.-J. Völk & P.L. Biermann, Astrophys. J. Letters 333:L65 (1988) [20] N. Langer & A. Heger, in Proc. Wolf-Rayet Phenomena in Massive Stars and Starburst Galaxies, 193rd IAU symposium. Eds. K. A. van der Hucht, G. Koenigsberger, &

Ph. R. J. Eenens, ASP, p.187 (1999).

[21] T. Stanev, P.L. Biermann & T.K. Gaisser, Astron. & Astroph. 274:902 (1993); astro-ph/9303006 [22] A.M. Hillas, Annual Rev. of Astron. & Astrophys. 22:425 (1984) [23] B. Wiebel-Sooth, H. Meyer & P.L. Biermann, Astron. & Astroph. 330:389 (1998); astro-ph/9709253 [24] A.R. Bell & S.G. Lucek, Month. Not. Roy. Astr. Soc.

321:433 (2001) [25] P.L. Biermann & R.G. Strom, Astron. & Astroph.

275:659 (1993); astro-ph/9303013 [26] P.L. Biermann, in “Cosmic winds and the Heliosphere”, Eds. J. R. Jokipii et al., Univ. of Arizona press, 1997, p. 887; astro-ph/9501030 [27] R.J. Protheroe & P.L. Biermann, Astropart. Phys. 6:45 (1996) [28] S.P. Owocki et al., Astrophys. J. 335:914 (1988) [29] R.J. Protheroe, Astrophys. J. 254:391 (1982) [30] I.V. Moskalenko & A.W. Strong, Astrophys. J. 493:694 (1998) [31] V. Ptuskin et al., ICRC Salt Lake City, vol. 4, p. 291 (1999) [32] S. Casanova et al., in Proc. INTEGRAL workshop 2004 in Munich, ESA SP-552, München, Germany, p. 521 (2004); astro-ph/0403661 [33] Elias, F., Alfaro, E. J., & Cabrera-Cano, J., Month. Not.

Roy. Astr. Soc. (in press) 2009; arXiv:0903.0596 [34] S. Popov et al., Astrophys. Space Sci. 299:117 (2005) [35] R. Sina, P.L. Biermann & E.-S. Seo, Proc. ICRC2001 (Hamburg), p. 1916 (2001) [36] J. Clem & P.A. Evenson, Journ. of Geophys. Res.

109:A07107 (2004)