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Shock Acceleration: From Helio to Cosmological Scales
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A universal acceleration mechanism
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@ Fermi mechanism (Fermi, 1949): random elastic collisions lead to energy gain
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On the Origin of the Cosmic Radiation

ENRICO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving magf#&=
metic fields. One of the features of the theory is that it yields naturally an inverse power law for thei
spectral distribution of the cosmic rays. The chief diffiiculty is that it fails to explain in a straight-g
forward way the heavy nuclei observed in the primary radiation.
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A universal acceleration mechanism
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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)
Diffusive Shock Acceleration (DSA)
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A universal acceleration mechanism
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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)
Diffusive Shock Acceleration (DSA)

C A ~ ) - . > : . ; e L~ .
. . 'y s g . [/
JRRY RS - e t lest-particle

squeezec
between

converging

flows

Downstream (post-shock) Upstream (pre-shock)




A universal acceleratlon mechanlsm
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@ Fermi mechanism (Fermi, 1949): random elastlc coH|S|ons \ead to energy gain

@ In shocks, particles gain energy at any interaction (Krymskii77; Blandford & Ostriker; Bell; Axford+78)
D|ﬁuswe Shock Acceleratlon (DSA)
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@ DSA produces power-laws N(p) o 4ap*p~¢, depending on the compression ratio R = p,/p, only.



A umversal acceleratlon mechanism
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@ Fermi mechanism (Fermi, 1949): random elastlc collisions lead to energy gain

@ In shocks, particles gain energy at any interaction (Krymskii77; Blandford & Ostriker; Bell; Axford+78)
D|ﬁuswe Shock Acceleratlon (DSA)
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@ DSA produces power-laws N(p) o 4ap*p~¢, depending on the compression ratio R = p,/p,, only.

@ For strong shocks (Mach numbe‘rM V'h/c 4>> 1): ” =.4 and a = 4



Hybrid Simulations of Collisionless Shocks
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Parallel vs Oblique shocks
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Parallel vs Oblique shocks
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lon DSA at the EarthBko Shock

@ MMS confirms that DSA is efticient at quasi-parallel shocks (Johlander, Caprioli+21)
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lon DSA at the Earth Bow S_Ij.ock

@ MMS confirms that DSA is efticient at quasi-parallel shocks (Johlander, Caprioli+21)
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On the Origin of the Cosmic Radiation

ENRICO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are orlgmated
and accelerated prlmanly in the interstellar space of the galaxy by colllsnons against movmg mag~
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i 'spectral dlStI’lbuthll of the cosmic rays ‘The chlef dlﬂiculty is that it falls to explam in a stralght- i
¢ forward way the heavy nuclei observed in the primary radiation '
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Spectra result from balance between acceleration ana dN o F-(147/7)

collisional losses: heavy ions should have steeper spectral dE
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Abundances in Cosmic Rays and Solar Energetic Particles
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@ Similar to solar at low energies
(Simpson 1983);
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Chemical Composition ot Galactic CRs - |

® Depends on volatility (refractory vs volatile elements), on
atomic mass A, on first ionization potential...

® REFRACTORIES > 1250 K
P SEMI-VOLATILES 1250 - 875 K
® VOLATILES 875 - 400 K
O HIGHLY-VOLATILES <400 K
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® Depends on volatility (refractory vs volatile elements), on
atomic mass A, on first ionization potential...
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Chemical Composition of Galac_t‘ig CRs - ||

® Depends on volatility (refractory vs volatile elements), on
atomic mass A, on first ionization potential... e
Solar System

O Cosmic Ray flux ot 1 TeV

[H/Fe]solar> 104

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

® Solar System
O Cosmic Ray flux ot 1 TeV

[H/Fe]solar> 104

Biermann & Sigl, 2002
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® Depends on volatility (refractory vs volatile elements), on

atomic mass A, on first ionization potential...
® Solar System

O Cosmic Ray flux ot 1 TeV

[H/Fe]solar> 104

@ Above ~1 TeV, fluxes of H, He, CNO, and Fe are comparable
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® Depends on volatility (refractory vs volatile elements), on

atomic mass A, on first ionization potential...
® Solar System

O Cosmic Ray flux ot 1 TeV

[H/Fe]solar> 104

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

Heavy nuclei must be injected more efficiently than H!
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Hybrid Simulations
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o M= 10 paraHe\ shock with singly- onized nuclei (DC, Vi, Spltkovsky 2017)
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@ Quasi-parallel shock, M=20
lon DSA when proton DSA

DC, Yi & Spitkovsky, 2017
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® Post-shock T:scales with A
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@ Quasi-parallel shock, M=20
lon DSA when proton DSA

DC, Yi & Spitkovsky, 2017

® Post-shock T:scales with A
@ Enaxiscales with Z;

® The tail normalization scales with (A//Z;)?
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Hybrid Simulations with Heavy lons

@ Quasi-parallel shock, M=20
lon DSA when proton DSA
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® Post-shock T:scales with A

@ Enaxiscales with Z;

@ The tail normalization scales with (A;/Z;)?

@ Explains CR chemical enhancements!

DC, Yi & Spitkovsky, 2017










Helium is not test-particle!

@ With solar He abundance ~10% (Caprioli+25)
@ He acceleration efficiency ~15% (as H)
@ Total efticiency ~30%

@ Increases shock modification

CNO === H4+He+CNO
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Helium is not test-particlel
@ With solar He abundance ~10% (Caprioli+25)
@ He acceleration efficiency ~15% (as H)
@ Total efticiency ~30%
@ Increases shock moditication

@ He can amplify B-field as much as H

@ Enax ~2x larger tor both species

CNO === H4+He+CNO

@ In SEP events, the delay in nuclei

injection may offset the measured

cutofts (e.g., Desai+2016a,b)

53
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TAKE-AWAY MESSAGES (+MORE INFO)

@ lon acceleration is generally efticient at strong shocks (M, M, >.1)

@ Q-parallel: DSA is efficient ( 2 10 %)

@ Efticient B amplification via Bell's instability (DC-Spitkovsky14a,b,c)

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

@ Q-perpendicular: ion SDA efticient it M, 2 50; no injection problem (Orusa & DC23)

@ Slope not universal! Steep, but — E~* for M, > 100



TAKE-AWAY MESSAGES (+MORE INFO)

@ |lon acceleration is generally efticient at strong shocks (M, M, > 1)

o Q—paraHé\: DSA is efficient ( 2 10 %))

@ Efticient B amplification via Bell's instability (DC-Spitkovsky14a,b,c)

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

@ Q-perpendicular: ion SDA efticient it M, 2 50; no injection problem (Orusa & DC23)

@ Slope not universal! Steep, but — E~* for M, > 100

@ Nuclei acceleration

@ Efficient when protons are accelerated (requires turbulence!)

@ For strong shocks, enhancement « (A/Z)*, for M, < 5, enhancement «x A/Z



