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Future goals and ideas for 
collisionless shock research with 
MMS and beyond



Shocks in Space Plasmas – A Universal Process
• Collisionless shocks are observed 

throughout our Universe
• Shocks are a fundamental energy 

conversion mechanism in space 
plasmas
- heating and deflection of bulk flows to 
- acceleration of cosmic rays

• Energy conversion and resulting energy 
partitioning at/across collisionless
shocks are not well understood, 
parameterized, or constrained

• Investigation of this fundamental plasma 
physics process is relevant and vital to the 
goals of Heliophysics Decadal Survey
- KSG3: Determine the interaction of the Sun 

with the solar system and the interstellar 
medium.

- KSG4. Discover and characterize fundamental 
processes that occur both within the 
heliosphere and throughout the universe.
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Collisionless Shocks
An intriguing and dynamic plasma regime

• Supercritical shocks: Mfast ≥ Mc, (Mc ~ 1 to 2 for SW) resistivity 
alone cannot account for shock jump conditions; shock “foot”, 
overshoot, and reflected particles (accounting for the additional 
dissipation required!) [e.g., see: Gosling and Robson, GeoMono
1985]

• Shock geometries: 
– Quasi-parallel (θBn < ~45 deg)
– Quasi-perpendicular (θBn > ~45 deg)

• Foreshock upstream of quasi-para shocks characterized by: 
– Suprathermal, specularly reflected [e.g., Meziane et al., AnGeo 2004] 

ions and electrons back-streaming from the bow shock
– Plasma instabilities [e.g., Le and Russell, PSS 1992a, b]
– Wave activity (several different characteristic frequencies: e.g., ~1sec, 

~3sec, ~30sec) [e.g., Russell and Hoppe, SSR 1983]

• A foreshock region shifts locations based on upstream B-field 
orientation compared to shock normal

• A variety of transient kinetic phenomena are self-generated (i.e., 
autogenously) within the ion foreshock

• See foreshock review by Eastwood et al. [SSR, 2005]

• Key question: how is the bulk flow energy converted and how 
does the energy portioning/conversion change with shock 
geometry???

Image courtesy of: 
Prof. Minna Palmroth, 

Finnish Meteorological Institute
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Collisionless Shocks: Quasi-Perpendicular vs. Quasi-Parallel
Reflected Ions

Images courtesy of: 
Prof. Damiano Caprioli, 

University of Chicago

Quasi-Perp.

Quasi-Para.

Quasi-Perp.

Quasi-Para.

• Unlike collisional fluid shocks, 
collisionless shocks can and do 
provide information back into the 
upstream medium

• de Hoffman-Teller frame: only particles 
with V||→ ∞ can “outrun” an ideal 
perpendicular shock, but particles with 
V|| > Vup can outrun an ideal parallel 
shock; any acceleration and reflection 
at a parallel shock enables particle 
backstreaming into incident flow!

• Particles accelerated at a collisionless
shock via a combination of diffusive 
shock acceleration (DSA; 2nd order 
Fermi-type) and shock-drift 
acceleration (SDA; gyro-kinetic effect)

• In simplest model: reflected particles 
are analogous to elastic collisions of 
infinitesimal balls bouncing off of an 
infinite moving wall (i.e., the shock is 
the wall moving at Vsw, so ΔVparticle = 
2Vsw and ΔEparticle = 2m(Vsw

2 + viVsw)

• Solar wind core proton (vi = Vsw) gains 
a factor of 9 in energy with a perfectly 
elastic collision (e.g., mirroring off of 
ramp); that excludes any additional 
gain from SDA or DSA!

SDA
DSA

Reflected ions

UpstreamDownstream

Energy flux spectrum, just downstream
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New Insights on Collisionless Shocks 
Observed by MMS
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Interplanetary Shocks
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The Bow Shock: Quasi-Perpendicular vs. Quasi-Parallel
Overview and Examples

• Key point: MMS burst 
data and multipoint 
capabilities are a 
marvelous thing!

• Critical angle between 
IMF and BS normal

• Quasi-perp. shock is 
clean
– No upstream info beyond 

1 rci
– Incident plasma is pristine 

SW
– Coherent mirror-mode 

waves in sheath

• Quasi-para. shock is 
messy

– Lots of upstream 
information… ion 
foreshock!

– Incident plasma is 
already highly modified

– Shock can have multiple 
fronts/ structure

Quasi-Perp. Quasi-Para.

UpstreamDownstream Upstream Downstream

MAlfvén = 8.2
MFast = 5.5

MAlfvén = 7.5
MFast = 5.6

2.75 min2 min

Pristine
Solar Wind

Ion
Foreshock

Magnetosheath Magnetosheath



Foreshock Transients
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MS

Shocklets/SLAMS

BS?Ion Foreshock

• Key point: Foreshock transients are large-scale (~1000 km 
to 10 RE) cross-scale, ion-kinetic into MHD, phenomena 
that form naturally out of the interaction between the 
incident solar wind plasma and the hot, diffuse ions 
counter-streaming in the ion foreshock

• Those magnetic structures are not stationary with respect to 
the shock, they are moving relative to it… (think about 
Fermi acceleration!)

• They also provide feedback to the surrounding plasma; 
nonlinear interactions

Quasi-Parallel Shocks
Reflected Ions and the Ion Foreshock



23 Mar 2021 9

SLAMS and Shocklets and ULF Waves

Content from L-J. Chen et al. [GRL 2021]
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Foreshock Transients

• Key point: Foreshock transients like FBs and HFAs 
form from ion kinetic physics but essentially become 
MHD-scale explosions expanding into the surrounding 
plasma; they also:

– impact the bow shock and magnetopause, resulting in 
globally observable magnetospheric activity 

– result in particle acceleration…
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Foreshock Transients
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Particle Acceleration at 
Shocks
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Reconnection at Shocks



Quasi-Perpendicular Shocks
Reflected Ions and cross-shock potential
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Quasi-Perpendicular Shocks
Reflected Ions and cross-shock potential

drew.turner@jhuapl.edu

Schwartz et al.:
Elec. Liouville mapping and ambipolar fields agree 

well, but it may be impossible to accurately 
estimate the HT cross-shock potential 

“Future work will need to assemble all parts of 
this puzzle, which lies at the heart of the dynamics 

and energy partition at collisionless shocks.”
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Shock Surface Ripples
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Waves at Shocks

Figure from L. B. Wilson III

• Evidence of magnetosonic-whistlers 
affecting incident and reflected ions

• Note: better resolution is necessary to 
actually resolve the net effect on the ions!
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Waves at Shocks
Large amplitude electrostatic fluctuations:
• Vasko et al. [Frontiers 2020]
• Wang et al. [ApJL 2020]

Figures from Turner+ [ApJL 2021]
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Collisionless Shock Reformation
Figures from Turner et al. [ApJL 2021]

• MMS in string-of-pearls configuration, offering unique 
perspective of spatiotemporal evolution at ion kinetic 
scales!!!

• Time history indicates new structure developing along the 
shock ramp

• Turner+ [ApJL 2021] à

• T. Z. Liu+ [GRL 2020]
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Looking to the Future

• Multipoint analysis at ion-kinetic scale separations allows for mapping time 
series into physical space and examining key spatiotemporal features of shock

• Ideally, we could have cross-scale configuration from ion-kinetic to MHD scales 
on either side of the shock simultaneously with optimized instrumentation 
explicitly designed for shock energy budget and partitioning physics

• MMS in the string-of-pearls configuration for 
the 2019 turbulence campaign gave us a 
wonderful glimpse into what was possible 
with such configurations…

• Alongside MMS, we should also ideally 
instrument and design a mission with the 
exclusive science objective of determining 
the nature of energy conversion and 
partitioning at collisionless shocks
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Looking to the Future
• MMS has and will continue to give us tremendous, new insights on the nature of collisionless

shocks, despite the instrument designs being optimized for Rx at the magnetopause and in the 
magnetotail (!!!)

• MMS has provided a diamond mine of burst mode shock crossings to keep us busy for some 
time… and hopefully many more to come (especially more interplanetary shocks!!!)

• The ion-kinetic scale separations during the 2019 turbulence campaign were immensely fruitful 
for shock physics; another turbulence campaign like that or the “kite” 2x electron-kinetic and 3x 
ion-kinetic configuration would be highly valuable in the future

• MMS cannot do it all though, in particular, a future 
dedicated shock mission should carry particle 
instruments specifically designed to resolve (angular 
and energy) the solar wind core ions (incl. 
composition and suprathermals) and electron 
distributions and improved E-fields for very short 
wavelength (electron scale) wave modes



MAKOS – Multipoint Assessment of the Kinematics Of Shocks

1. What is the energy budget on either side of a collisionless shock?
- Measure all dominant forms of energy upstream and downstream of the bow shock

- Upstream and downstream measurements taken simultaneously from ≥ two spacecraft

2. What are the processes governing energy conversion at & within collisionless shocks?
- Observe electromagnetic and electrostatic waves within the shock layer
- Observe other signatures of various instabilities

3. How & why do these processes vary with shock orientation and driving conditions?
- Measure multiple crossings over a two year mission period
- Collect a statistically relevant number of crossings 

22

MAKOS will bridge the wide gap between the macroscale and microscale observations. It will measure energy 
conversion mechanisms within the shock and provide context to the energy partition process over the entire 

shock layer.

Science Questions:

Looking to the Future
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Slide courtesy of Katy Goodrich


