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Calculations of the cosmic-ray energy spectrum and the propagation pathlength in the energy range 1014 —
1019 eV have been performed within the framework of a combined approach based on a diffusion model and a
simulation of particle trajectories in the Galaxy. The obtained escape pathlength and the interaction probability
for nuclei in the Galaxy are discussed. The resulting spectrum for protons at Earth is compared to experimental
data.

1. Introduction

The origin of super-high energy cosmic rays (CRs) is one of the most important problems in astrophysics.
Since the spectrum at the sources is not identical to the spectrum observed at Earth, a study of sources is closely
connected to the investigation of CR propagation processes in the Galaxy. This necessitates knowledge about
the structure of the galactic magnetic fields. Unfortunately, there is no standard field configuration, different
magnetic field models are able to describe available experimental data [1, 2, 3, 4]. How CRs are accelerated
to extremely high energies is another open question. Although the popular model of CR acceleration by shock
waves in expanding shells of supernovae (for example [5, 6, 7]) is almost recognized as “’standard theory”,
there are still a number of unresolved problems in this model. Furthermore, the question about the role of other
acceleration mechanisms is not quite clear, and could lead to different CR energy spectra at the sources [1].

The validity of various concepts is verified by the calculation of the primary CR energy spectrum, making
assumptions on the density distribution of CR sources, the energy spectrum at the sources, and the configuration
of the galactic magnetic fields. The diffusion model can be used in the energy range up to 1017 eV, where the
spectrum is calculated using the diffusion equation for the density of CRs in the Galaxy. At higher energies this
model ceases to be valid, and it becomes necessary to carry out numerical calculations of particle trajectories
for the propagation in the magnetic fields. This method works best for the highest-energy particles, since the
time for the calculations required is inversely proportional to the particle energy. Therefore, the calculation of
the CR spectrum in the energy range 10'* — 10'? eV has been performed within the framework of a combined
approach, the use of a diffusion model and the numerical integration of particle trajectories.

2. Assumptions

High isotropy and a comparatively long retention of CRs in the Galaxy (~ 107 years for the disk model)
reveal the diffusion nature of particle motion in the interstellar magnetic fields. This process is described by
a corresponding diffusion tensor [1, 3, 8]. The steady-state diffusion equation for the CR density N(r) is
(neglecting nuclear interactions and energy losses)

—V;iDi;(r)V;iN(r) = Q(r), (D

with the source term ()(r) and the diffusion tensor D;;(r).


https://core.ac.uk/display/44117769?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

166 J.R. Horandel, N.N. Kalmykov and A.V. Timokhin

Under the assumption of azimuthal symmetry and taking into account the predominance of the toroidal com-
ponent of the magnetic field, eq. 1 is presented in cylindrical coordinates as

o P 300 0 DA N =0, @)
where N (r, z) is the CR density averaged over the large-scale fluctuations with the characteristic scale L ~
100 pc [3]. D o< E™ is the diffusion coefficient, where m is much less than one (m = 0.2), and D4 x E is
the Hall diffusion coefficient. Thus, the influence of Hall diffusion becomes predominant at sufficiently high
energies (> 105 eV). The sharp enhancement of the diffusion coefficient leads to the excessive leakage of
CRs from the Galaxy at energies exceeding 1017 eV. For investigations of the CR propagation at such energies
it is necessary to carry out numerical calculations of the trajectories for individual particles.

The calculation is based on the solution of the equation of motion for a charged particle in the magnetic field of
the Galaxy. In this work the calculation was carried out using a fourth order Runge-Kutta method. Trajectories
of CRs were calculated until they left the Galaxy. While testing the differential scheme that is used in the
calculation, it was found that the accuracy of the obtained trajectories for protons with an energy of 1015 eV
after passing a distance of 1 pc amounts to 5 - 10~8 pc. The retention time of a proton with such an energy
averages to about 10 million years, hence, a total error for the trajectory approximation by the differential
scheme used is about 0.5 pc.

The magnetic field of the Galaxy consists of a large-scale (regular) and a chaotic component B = Ereg +

—

Bj,r. A purely azimuthal magnetic field was assumed for the regular field B, = 0, B, = 0, By = 1 uG -
exp(—22/28 —r%/r3), where zo = 5 kpc and g = 10 kpc are constants [3]. The irregular field was constructed
according to an algorithm used in [9], that takes into account the correlation of magnetic field intensity in
adjacent cells. The radius of the Galaxy is assumed to be 15 kpc and the galactic disk had a half-thickness
of 200 pc. The position of the Solar system was defined at r = 8.5 kpc, ¢ = 0°, and z = 0 kpc. A radial
distribution of supernovae remnants along the galactic disk was considered as sources [10].

3. Results

The obtained pathlength in the Galaxy for protons as function of energy is presented in Fig. 1 (left). The
interstellar matter density was taken as ng = 1 cm™3 for the galactic disk and n; = 0.01 cm™2 for the
halo. For heavier nuclei with charge Z the pathlength scales with the rigidity, i.e. is related to the values for
protons A(E) as A(E, Z) = A(E/Z). Atthe corresponding knees, the amount of traversed material is less than
1 g/cm?. The dashed dotted line indicates a trend at lower energies according to A oc E—°. To reach values of
about 10 g/cm? as obtained around 1 GeV [11], one needs a relatively small slope 6 ~ 0.2 — much lower than
the value usually assumed (0 = 0.6).

Measurements of the ratio of secondary to primary CR nuclei at energies in the GeV regime are successfully
described using leaky box models, e.g. [11, 12]. Both examples are compared to the predictions of the diffusion
model in Fig. 1 (left). Extrapolating these relations to higher energies, the strong dependence of the pathlength
on energy (o< E°9) leads to extremely small values at PeV energies. Above 10° GeV the traversed matter
would be smaller than the pathlength accumulated on a straight line from the galactic center to the solar system
Age = 8 kpe -1 proton/cm® = 0.04 g/cm®. This value is indicated in the figure as dotted line. A similar
conclusion can be derived from anisotropy measurements. Leaky box models, with their extremely steep
decrease of the pathlength A oc E~%-6, yield relative large anisotropies even at modest energies, which seem to
be ruled out by the measurements [13].
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Figure 1. Left: Pathlength in the Galaxy for protons. The values for the diffusion model (Ag;¢) are indicated by the solid
line. They are extrapolated to lower energies by the dashed dotted line. The dashed and dotted lines indicate a leaky
box model (A;p [11]) and a residual pathlength model (A5, [12]). The dotted line indicates the matter accumulated along a
straight line from the galactic center (Agc). Right: Fraction of nuclei surviving without interaction in the Galaxy as function
of energy for different elements.

The interaction probability for different nuclei has been calculated using the obtained pathlength and inter-
action parameters according to the QGSJET model [14]. Nuclear fragmentation is taken into account in an
approximate approach [15]. It should be pointed out that a nuclear fragment conserves the trajectory direction
of its parent if Z/A in question is the same as for the primary nucleus and for most stable nuclei the ratio Z/A
is close to 1/2. The resulting fraction of nuclei which survive without an interaction is presented in Fig. 1
(right) for selected elements. It turns out that at the respective knees (~ Z - 4.5 PeV) more than ~ 50% of the
nuclei survive without interactions, even for the heaviest elements. This is an important result, since the poly
gonato model relates the contribution of ultra-heavy CRs to the second knee in the all-particle spectrum around
400 PeV [16].

The results of the calculations of the proton spectrum are shown in Fig. 2. They were obtained using the
diffusion model and numerical calculations of trajectories. Both methods give identical results up to about
3-10%6 eV. At higher energies there is a continuous decrease of the intensity in the “diffusion” spectrum, which
corresponds to the excessive increase in the diffusion coefficient that results in a large leakage of particles from
the Galaxy. An energy of 1017 eV can be accepted as the boundary for the applicability of the diffusion model.
At this energy the results obtained with the two methods differ by a factor of 2 and for higher energies the
diffusion approximation of CR propagation in the Galaxy becomes invalid.

The results from air shower experiments [18, 19] indicate a relatively pronounced knee at an energy of about
4 PeV. The spectra are compatible with the poly gonato model, see Fig. 2, with a change of the spectral index
at the knee of Ay = 2.10 £ 0.24 [16]. The observed steepening of the energy spectrum should be compared
with a value of 1 —m = 0.8 as predicted by the diffusion model [3]. It is obvious that the experimental value
of A~ is larger, hence, at least a part of the observed steepening should be related to a change of the shape of
the spectrum at the sources.

The maximum energy reached during the acceleration process and the corresponding shape of the spectrum
at these energies depend on the intensity of the magnetic fields in the acceleration zone and on assumptions
for the feedback of CRs to the shock front. The uncertainties of the parameters used yield differences in the
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Figure 2. Calculated spectra for protons for the dif-
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maximum energy attained in the order of & one decade [6, 20]. In addition, the situation is complicated by
the dependence of the escape pathlength on energy. As discussed above, the dependence A oc E~96 can not
be extrapolated to knee energies. On the other hand, a dependence &< E~°-2 requires additional assumptions
for the spectral shape at the sources to explain the observed energy spectra. Thus, there is no agreement about
a ”standard model” scenario. At present, it is difficult to draw definite conclusions from the comparison of
the observed spectra for different elemental groups with the standard model of CR acceleration at ultra high
energies.

Acknowledgment: The authors are grateful to V.N. Zirakashvili and A.I. Pavlov for useful discussions. N.N.K.
and A.V.T. acknowledge the support of the RFBR (grant 05-02-16401).

References

1] V.S. Berezinsky et al., Astrophysics of Cosmic Rays, North-Holland (1990).

2] A.A. Ruzmaikin et al., Magnetic Fields of Galaxies, Kluwer, Dordrecht (1988).

3] S.V. Ptuskin et al., Astron. & Astroph. 268, 726 (1993).

4] E.V. Gorchakov & 1.V. Kharchenko, Izv. RAN ser. phys. 64, 1457 (2000).

5] D.C. Ellison et al., Astrophys. J. 488, 197 (1997).

6]

7]
]
]
]

E.G. Berezhko & L.T. Ksenofontov, JETP 89, 391 (1999).

L.G. Sveshnikova et al., Astron. & Astroph. 409, 799 (2003).

N.N. Kalmykov & A.IL. Pavlov, Proc. 26th Int. Cosmic Ray Conf., Salt Lake City 4, 263 (1999).
V.N. Zirakashvili et al., Izv. RAN ser. phys. 59, 153 (1995).

K. Kodaira, Publ. Astron. Soc. Japan 26, 255 (1974).

[
[
[
[
[
[
[
[
[

8
9
[10
[11] N.E. Yanasak et al., Astrophys. J. 563, 768 (2001).

[12] S.P. Swordy, Proc. 24th Int. Cosmic Ray Conf., Rome 2, 697 (1995).
[13] J.R. Horandel, astro-ph/0501251 (2005).

[14] N.N. Kalmykov et al., Nucl. Phys. B (Proc. Suppl.) 52B, 17 (1997).
[15] N.N. Kalmykov & S.S. Ostapchenko, Yad. Fiz. 56, 105 (1993).

[16] J.R. Horandel, Astropart. Phys. 19, 193 (2003).

[17] J.R. Horandel, astro-ph/0407554 (2004).

[18] H. Ulrich et al., astro-ph/0505413 (2005).

[19] M. Aglietta et al., Nucl. Instr. & Meth. A 336,310 (1993).

[20] J.R. Horandel, Astropart. Phys. 21, 241 (2004).



