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So what is this session all about?

Shocks are a key mechanism responsible for transforming super-sonic flow energy into 
particle energization. However, most plasma in the heliosphere is sufficiently weakly 
collisional that the shocks are collisionless and must irreversibly process flow energy into 
thermal energy through means other than particle-particle collisions. These other 
processes are inherently kinetic, whether the shocks are driven by coronal mass ejections, 
the solar wind impinging on the Earth’s magnetosphere, or at the heliospheric termination 
shock. Understanding these processes and how they connect the different systems 
separated by a collisionless shock requires a coordinated community effort combining 
kinetic modeling, in situ spacecraft data, and remote observations.

How is energy dissipated/transferred at collisionless shocks through self-generated kinetic 
plasma mechanisms?

How do these kinetic mechanisms depend on the local plasma environment throughout 
the heliosphere?

How well can we address these questions with current and upcoming missions?
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• Essential idea: collective effects (left-hand side) dominate over 
individual particle-particle interactions (right-hand side)

• Individual particle-particle interactions occurring in this 
“ensemble” of particles, but number of particles is so large that
• The details of how collective behavior arises are 

unimportant (e.g., Debye shielding occurs but how particle 
one moves to shield particle two is a subdominant effect)

• The distances and time-scales for particle-particle 
interactions to affect particle trajectories are huge
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Mean-free path ~ 1 AU
(Where C[f] becomes important)

Figure adapted from 
Chen et al. PRL 2018

Artist’s rendering MMS Bow shock crossing
image credit: NASA, SwRI
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Scholer et al. JGR 2003
(Adapted from Balogh & 

Treumann 2013) 
more particles = more structure  

can even do realistic mass ratios!

Juno et al. JPP 2020  
Noise-free distribution functions 

with grid-based methods!  
See Juno et al. JCP 2018, Hakim 

& Juno Supercomputing 2020
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• Reflected particles are themselves source of instabilities

Matsukiyo & Scholer 2006  
(Adapted from Balogh & 

Treumann 2013) 

• Shock also mixes downstream (Ofman et al. 2009 JGR; Ofman & Gedalin 2013 JGR)

Figure adapted from Ofman & 
Gedalin 2013 JGR Mixing driving strong gradients in velocity space 
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Field-particle correlation (FPC): see, e.g., Klein & Howes ApJ 2016, 
Howes, Klein, Li JPP 2017, and Klein, Howes, and TenBarge JPP 2017
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The phase space 
energization 
signature of shock-
drift acceleration!
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Phase space allows for holistic view of energization 
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B • Bulk incoming 
protons being slowed 
down  

• Portion of proton 
distribution being 
accelerated by cross-
shock electric field 
back upstream!
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B

• Alfvén Mach 6 injection; 45 degrees; 
1X3V kinetic simulation 

• Energization at higher velocities corresponds to 
particles which bounced multiple times

• Diagnostic tells us how regions of phase space 
are being energized
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Analysis in phase space possible with traditional numerical methods 
• Same Alfvén Mach 6 injection; 45 degrees;  

now 3X3V kinetic simulation with dHybridR, 10k particles per cell

• What about the ripple? See Collin Brown’s 
poster! FPC can also be used to identify cause 
of ripple and contribution to energetics!
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• Distribution function structure is not just a signature of what is occurring, it is also 
affecting what instabilities and further energetics occur upstream and through the 
shock and what mixing processes occur downstream of shock. Don’t forget to check 
out Jada Walters’ (195), Emily Lichko’s (199), and Jason TenBarge’s (216) 
posters on analysis of situations where the distribution function details really 
matter!

• Phase space diagnostics applied to both simulation and spacecraft data will be 
necessary to understand the impact of this structure

Thank you for your attention!


