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Fermi mechanism (Fermi, 1949): random elastic collisions lead to energy gain

In shocks, particles gain energy at any interaction (Krymskii77; Blandford & Ostriker; Bell; Axford+78)

DSA produces power-laws , depending on the compression ratio  only.N(p) ∝ 4πp2p−α R = ρd /ρu

For strong shocks (Mach number ):   and Ms = Vsh/cs ≫ 1 R = 4 α = 4

A universal acceleration mechanism
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Ion DSA at the Earth Bow Shock
MMS confirms that DSA is efficient at quasi-parallel shocks (Johlander, Caprioli+21)
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Spectra result from balance between acceleration and 
collisional losses: heavy ions should have steeper spectra! 

dN
dE

∝ E−(1+τa/τL)
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Abundances in Cosmic Rays and Solar Energetic Particles

Different slopes

SEP abundances 
depend on shock 
inclination and 
presence of seeds 

8Tylka+05



Chemical Composition of Galactic CRs - I

 Similar to solar at low energies 

(Simpson 1983); 

 Largest anomalies (Li, Be, B, sub-
Fe elements) explained by 
spallation during propagation 
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Chemical Composition of Galactic CRs - II
Depends on volatility (refractory vs volatile elements), on 
atomic mass A, on first ionization potential…
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Biermann & Sigl, 2002

Chemical Composition of Galactic CRs - II
Depends on volatility (refractory vs volatile elements), on 
atomic mass A, on first ionization potential…

Above ~1 TeV, fluxes of H, He, CNO, and Fe are comparable

10

[H/Fe]solar>104

[H/Fe]CR<10

Dembinski+17

Heavy nuclei must be injected more efficiently than H!



Hybrid Simulations
M=10, parallel shock, with singly-ionized nuclei (DC, Yi, Spitkovsky 2017)
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Hybrid Simulations with Heavy Ions

Quasi-parallel shock, M=20 
Ion DSA when proton DSA! 
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Hybrid Simulations with Heavy Ions

Quasi-parallel shock, M=20 
Ion DSA when proton DSA! 
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Emax,i scales with Zi

The tail normalization scales with (Ai/Zi)2

Explains CR chemical enhancements!
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Helium is not test-particle!
With solar He abundance ~10% (Caprioli+25)

He acceleration efficiency ~15% (as H)

Total efficiency ~30%

Increases shock modification

He can amplify B-field as much as H

Emax ~2x larger for both species

In SEP events, the delay in nuclei 

injection may offset the measured 

cutoffs (e.g., Desai+2016a,b)
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Ion acceleration is generally efficient at strong shocks ( ) 

Q-parallel: DSA is efficient ( ) 

Efficient B amplification via Bell’s instability (DC-Spitkovsky14a,b,c) 

Slope not universal! Steeper than , depends on B (DC+20, R. Diesing+21) 

Q-perpendicular: ion SDA efficient if ; no injection problem (Orusa & DC23) 

Slope not universal! Steep, but  for 
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Ion acceleration is generally efficient at strong shocks ( ) 

Q-parallel: DSA is efficient ( ) 

Efficient B amplification via Bell’s instability (DC-Spitkovsky14a,b,c) 

Slope not universal! Steeper than , depends on B (DC+20, R. Diesing+21) 

Q-perpendicular: ion SDA efficient if ; no injection problem (Orusa & DC23) 

Slope not universal! Steep, but  for 

Ms, MA ≫ 1

≳ 10 %

E−2

MA ≳ 50

→ E−2 MA ≳ 100

Nuclei acceleration 

Efficient when protons are accelerated (requires turbulence!) 

For strong shocks, enhancement  , for , enhancement ∝ (A/Z)2 Ms ≲ 5 ∝ A/Z

TAKE-AWAY MESSAGES (+MORE INFO)


