
1
2
mv2= 1

2
(60 grams)(250km /h)≈1020 eV

Pretty Picture How ultra high is UHE?

The supernova remnant Cas A, where cosmic rays are being 
accelerated

Schematic diagram of diffusive shock acceleration

Cartoon picture of Bell’s diffusive shock acceleration, courtesy of Dr. Mark Pulupa’s space 
physics illustration: http://sprg.ssl.berkeley.edu/~pulupa/illustrations/

Milos Raonic's 250 km/h serve

Oblique Shocks

E k+1=E k

(1+v⃗k1⋅(w⃗1−w⃗2))
(1+v⃗k2⋅(w⃗1−w⃗2))

http://sprg.ssl.berkeley.edu/~pulupa/illustrations/


Maximum energy of galactic cosmic rays

E<eBRv≈5×1014eV

The great power law in the sky

Hillas Limit for typical shock conditions

For Sedov-Taylor Blastwave

Observed cosmic ray spectrum from many experiments. 
Originally published by (Swordy, 2001), and modifi ed by Dr. 
William Hanlon of the University of Utah 
(http://www.physics.utah.edu/ whan- lon/spectrum.html).

R∝ t 2/5 ; v∝ t−3/5 so Rv∝ t−1/5

Dependence on ejecta mass, ambient density, and supernova energy

ρR3≈M ; E≈Mv 2 so Rv≈(E / ρ)1/2M −1/6

Weak dependences on everything! Magnetic field amplification is necessary!

Alfven scattering

μ=cos( p⃗⋅B⃗)/(∣ p⃗∣∣B⃗∣)

dμ
dt

= Ze
pc

( v⃗×B⃗)

Calculate the force, note energy is conserved:

The B field is a cosine field with frequency Ω equal to the ion Larmor frequency and phase Ψ:

dμ
dt

=
Zev (1−μ)−1/2B

pc
cos((kvμ−Ω) t+Ψ )

Average over Ψ to get the 'step' change in pitch angle μ due to Alfven scattering:

〈 Δμ2〉=
Z 2e2v2(1−μ)B2

2 p2c2
∫ dt '∫ dt ' ' cos((kvμ−Ω)(t '−t ' ' ))

Where the integrals run from 0 to t. Note that there is a resonance when kvμ = Ω.

Bell's Spectrum

N (E )dE= μ−1
E 0

(E /E 0)
− μdE

μ=
2u 2+u1
u1−u2

+O (
u1−u2

c
)

For typical shock conditions gives μ between 2 to 2.5 

Where:

Particle energy increase

E k+1=E k

(1+vk1(u1−u2)cosθk1 /c
2)

(1+vk2(u1−u2)cosθk2 /c
2)
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