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Cosmic Rays

3 30. Cosmic Rays

Galactic cosmic rays from the inner solar system. There is a significant anti-correlation between
solar activity (which has an alternating eleven-year cycle) and the intensity of the cosmic rays
with rigidities below about 10 GV. In addition, the lower-energy cosmic rays are affected by the
geomagnetic field, which they must penetrate to reach the top of the atmosphere. Thus the intensity
of any component of the cosmic radiation in the GeV range depends both on the location and time.

The intensity of primary nucleons in the energy range from several GeV to somewhat beyond
100 TeV is given approximately by

IN (E) ≈ 1.8× 104 (E/1 GeV)−α nucleons
m2 s sr GeV , (30.2)

where E is the energy-per-nucleon (including rest mass energy), α (≡ γ+1) ≈ 2.7 is the differential
spectral index of the cosmic-ray flux, and γ is the integral spectral index. About 74% of the
primary nucleons are free protons and about 70% of the rest are nucleons bound in helium nuclei.
The fractions of the primary nuclei are nearly constant over this energy range. Fractions of both
primary and secondary incident nuclei are listed in Table 30.1. Figure 30.1 shows the major
nuclear components for kinetic energies greater than 0.22 GeV/nucleus. Figure 30.2 shows the
relative abundances of low-energy (0̃.2 GeV/nucleon) cosmic rays compared to the present-day
solar system. Secondary cosmic rays contribute to increased abundances of rare elements and a
reduced even-odd effect. A useful compendium of experimental data for cosmic-ray nuclei and
electrons is described in [16].
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Figure 30.2: Cosmic ray elemental abundances compared to abundances in present-day solar
system material. Abundances are normalised to Si=103. Cosmic ray abundances are from AMS-02
(H,He) [3,17], ACE/CRIS (Li-Ni) [18,19], and TIGER/SuperTIGER (Cu-Zr) [20,21]. Solar system
abundances are from Table 6 of Ref. [22].
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• Galaxy:
→ thin disk ρISM ≈ 1 mp/cm3

→ turbulent magnetic fields
• local CR energy density
→ uCR ≈ 1 eV/cm3

→ duCR/dR ∝ R−γ

• secondary/primary ratios:
→ CR “grammage” λ =

∫
ρ(l)dl

→ λ(R) ∝ R−δ, δ ∼ 1/3 . . . 1/2

• cosmic clocks:
→ CR escape time τesc

⇒ CR diffusion in Galactic halo
⇒ injection spectrum Q ∝ R−α

⇒ α = γ − δ = 2.1 . . . 2.4
⇒ QCR ≈ 1041erg/s ∼ 0.1QSN
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Figure 30.1: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-nucleus
are plotted vs energy-per-nucleus using data from Refs. [1–15] The inset shows the H/He ratio as
a function of rigidity [1, 3].
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• origin of power laws? (Φ ∝ R−α−δ)
• value of spectral index? (α ∼ 2.1 . . . 2.4)
• maximum rigidity?
• features? (knee, 2nd knee,...)14 30. Cosmic Rays
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Figure 30.9: The all-particle spectrum as a function of E (energy-per-nucleus) from air shower
measurements [106–119]

where Γ is the gamma function. The number density of charged particles is

ρe = C1(s, d, C2)x(s−2)(1 + x)(s−4.5)(1 + C2x
d) . (30.10)

Here s, d, and C2 are parameters in terms of which the overall normalization constant C1(s, d, C2)
is given by

C1(s, d, C2) = Ne

2πr2
1

[B(s, 4.5− 2s)C2B(s+ d, 4.5− d− 2s)]−1 , (30.11)

where B(m,n) is the beta function. The values of the parameters depend on shower size (Ne),
depth in the atmosphere, identity of the primary nucleus, etc. For showers with Ne ≈ 106 at sea
level, Greisen uses s = 1.25, d = 1, and C2 = 0.088. For showers with average Ne ≈ 6× 107 at the
Akeno array [109], d = 1.3, C2 = 0.2 and s is fitted for each shower with typical values between 0.95
and 1.15. Finally, x is r/r1, where r1 is the Molier̀e radius, which depends on the density of the
atmosphere and hence on the altitude at which showers are detected. At sea level r1 ≈ 78 m, and
it increases with altitude as the air density decreases. (See the section on electromagnetic cascades
in the article on the passage of particles through matter in this Review).

The lateral spread of a shower is determined largely by Coulomb scattering of the many low-
energy electrons and is characterized by the Molière radius, which depends on density and thus
on temperature and pressure. The lateral spread of the muons (ρµ) is larger and depends on the
transverse momenta of the muons at production as well as multiple scattering.

There are large fluctuations in development from shower to shower, even for showers initiated
by primaries of the same energy and mass—especially for small showers, which are usually well
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Fermi-Acceleration

www.aip.org

www.symmetrymagazine.org

see also popularization in Frank Capra’s “The Strange Case of Cosmic Rays” (1957) www.youtube.com/watch?v=k_wt5AFjRQo at around 00:45:00

www.aip.org
www.youtube.com/watch?v=k_wt5AFjRQo








Shock Waves

American Scientist 94 (2006) 22

wikipedia

bbc.co.uk

M.S. Longair, “High Energy Astrophysics”

wikipedia



Shock Waves in Astrophysics
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