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Examples of involved environments
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Flavors of particle acceleration in space/astrophysics

Astro context

- Solar flares / CMEs

Measured in-situ as
impulsive event
(acceleration in
the small flare region)

Measured in-situ as
gradual event
(acceleration in
the large CME region)

3



Flavors of Fermi acceleration in space/astrophysics

Astro context

- Solar flares / CMEs:
2020-11-29 event

Times delays : evolving magnetic connectivity of the expanding shock to remote probes
Max intensity: history of shock strength & local plasma density ?
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Flavors of Fermi acceleration in space/astrophysics

Astro context Slide by Martin Lemoine, IAP
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Flavors of Fermi acceleration in space/astrophysics

Astro context Slide by Martin Lemoine, IAP
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Flavors of Fermi acceleration in space/astrophysics

Astro context Slide by Martin Lemoine, IAP
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Why numerical simulations?
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Goal: understand non-linear plasma physics of particle acceleration



Beyond standard DSA: non-linearities

Density bg fluid

Density particlesFeedback Feedback
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If no strong feedback -> test-particle DSA is valid.
BUT, in general, we do expect strong feedback from accelerated particles…



Different plasma simulation approaches
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Types of numerical simulations
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1. Fully kinetic: Particle-In-Cell or Vlasov codes

2. Hybrid-PIC or hybrid-Vlasov: electrons are fluid, ions are macro-particles

3. Hybrid-MHD: either supra-thermals are test-particles (not very interesting…) 
or coupled through PIC algorithm to the background fluid (MHD+CR as 
particles from supra-thermals).

See, e.g., review by Marcowith et al, LRCA, 2020



Full-PIC and Hybrid-PIC



Full-PIC and Hybrid-PIC techniques

Method

Credits: D. Caprioli

Classical textbooks: Birdsall & Langdon (PIC)
Lipatov (Hybrid-PIC)



First ab-initio demonstration of Fermi I process

Relativistic shocks simulations

Spitkovsky, ApJL, 2008



First ab-initio demonstration of Fermi I process

Relativistic shocks simulations

Credits: A. Spitkovsky,
L. Sironi



Fermi I process: dependence on magnetization

Relativistic shocks simulations

Sironi, Sptikovsky, Arons, ApJ, 2013
Plotnikov, Grassi, Grech, MNRAS, 2018
-> Dependence on upstream plasma
magnetization

DSA (Fermi I)

SDA



Global view: MA = 20

Hybrid-PIC simulation of shock

Caprioli & Spitkovsky 2014b
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Amplification in the 
precursor
-> Main non-linearity



Particle accleration properties

Caprioli & Spitkovsky 2014a,b,c; 
Haggerty et al, 2020; Caprioli et al, 2020

As particles are accelerated, they escape 
upstream of the shock.
Leads to efficient B-field amplification.

Hybrid-PIC simulation of shock



Related question: Magnetic field amplification at shocks

Quasi-perp shocks studied by PIC simulations (Bohdan et al, PRL, 2021)
Evidence of the role of Weibel instability even in non-relativistic shocks.
(Here compared to Saturn’s bow shock crossings)

Shocks plasma physics: Not only particle accelearion.



MHD-PIC
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Bai et al, 2015 ; van Marle, Casse & Marcowith, 2018; 
Mignone et al. 2018, Amano 2018

MHD-PIC summary: MHD with CR particles



Bai et al, 2015 ; van Marle, Casse & Marcowith, 2018; 
Mignone et al. 2018, Amano 2018

CR-induced Hall effect



Credits: X.-N. Bai



MHD-PIC simulation: oblique shock, no particle injection

Density

log(T)

log(CR density)

Bx

By

Bz

The shock is a jump between two fluid states, consistent with RH conditions



MHD-PIC simulation: injection at front (MA=30 and ηinj =2 10-3) 

Modified shock: wave amplification upstream, modified jump conditions…
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Shock modification by particle acceleration
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If efficient acceleration, density compression ratio is enhanced, front slows down



Particle acceleration: power-law build-up

Slope predicted
by DSA
(v<c regime)

Prominent power-law build up, but no sign of spectrum concavity.



Post-shock F(p): dependence on injection recipe

CR quantities

Low injection:
in good agreement with
standrad DSA dN/dp ∝ p-4, 
see Caprioli & Spitkovsky
2014a, Bai et al. 2015

Steeper spectrum in the 
High injection run. 
dN/dp ∝ p-5 roughly, at late
times. 

MHD-PIC: High injection

MHD-PIC: Low injection



Compression ratio: MHD-PIC runs

Fluid quantities

• Y-averaged Gas number density
at different simulation times
(see colorbar in units of 
cyclotron)

• Low injection here (𝛈inj = 1e-3): 
Far downstream : ratio 4 
conserved as in standard picture.
Close downstream: starts to 
increase at late times (t > 3000)

• High injection (bottom panel, 
𝛈inj = 2e-2). 
Far downstream : increase to 5.
Close downstream : strong
modification leads to poor
definition of the shock front

MHD-PIC: 𝛈inj =2E-2

MHD-PIC: 𝛈inj =1E-3



Phase space evolution of CRs

• Injected behind the front with E = 10*E0
• Movie below
• CRs escape upstrame and produce waves
• Self-confinement at late times

CR quantities



Summary and open questions
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Micro and multi-scale simulations of particle acceleration

Summary

• Micro scale: powerful ab-initio plasma simulation techniques. 
Important to study intial stages but fail to bridge the gap with
astrophysical scales.

• MHD-PIC: aims to bridge the gap in almost self-consistent 
way. The difficulty consists in a few prescriptions.

• A lot of open questions to be investigated.

• Marcowith et al, 2020, LRCA, 6, 1
« Multi-scale simulations of particle acceleration
in astrophysical systems »

Review on multi-scale
simulations

Further reading:



Some links to public PIC codes

PIC codes

• TRISTAN-MP (Princeton group)
https://ntoles.github.io/tristan-mp-pitp/

• SMILEI (French, Polytechnique + Maison de la Simulation)
https://smileipic.github.io/Smilei/

• ZELTRON (B. Cerutti)
https://ipag.osug.fr/~ceruttbe/Zeltron/

• EPOCH (UK)
https://github.com/Warwick-Plasma/epoch

• OSIRIS (not open-source…)
https://picksc.idre.ucla.edu/software/software-production-codes/osiris/
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