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Astrophysical CollisionlessShocks and Current Sheet Instabilities: 
Results of Particle Modeling and Laboratory Study



Physics of Collisionless Shocks

Shock: sudden change in density, 
temperate, pressure that decelerates 
supersonic flow.
On earth: most of shocks are mediated 
by collision.

Collisionless:
Shocks must be mediated without direct collision, 
but through interaction with collective fields

Collisionlessshocks are common in Astrophysics

Sources of particle acceleration, non-thermal                                                 
emission, and magnetic fields amplification  



PIC Simulation: A Powerful Tool for Studying CollisionlessShocks
Tristan-MP PIC code [Buneman1991; Spitkovsky2005]

Field Solver:

ᶯ ║
τ“

ὧ
╙
ρ

ὧ

╔

ὸ

ᶯ ╔
ρ

ὧ

║

ὸ

╔ȟ║ Field Interpolation:

╕ ή╔ὶ
ρ

ὧ
○ ║

Particle Push:

Non-relativistic: Boris Scheme
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Relativistic: VayScheme
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Current Deposition:

╙ ɫή○S(► ►)
Charge Conservation: Zigzag/Esikepov
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Tristan-MP is parallelized by MPI 



Tristan-MP optimization: Multi-threads and Vectorization  
80% computing time spend on particles, current deposition costs 60%. 

Improve performance of current deposition is key! 
Parallelize particles by OpenMP 

Vectorize Current Array Elements

curx(i, j) curx(i, j+1)

curx(i+1, j) curx(i+1, j)

Data writing conflicts

use ATOMIC to prevent

Good scaling 
for 2, 4, 8, 12 
threads.

curx(i, j) curx(i+1, j)

curx(i, j+1) curx(i+1, j+1)

curx(j*ix+i+1) curx(j*ix+i+2) curx(j*ix+i+3) curx(j*ix+i+4)

Reorder and vectorize the array elements

Vec

No-Vec

3.5x speed up 
in current deposition

[Z. Wang, A. Spitkovsky]

then using SIMD



How CollisionlessShocks Work

For low initial B field,  particles 
are deflected by self-
generated magnetic fields 
(filamentation/Weibel 
instability)

Experiment by laser: Fox et. al 2013, 
Huntington et. al 2015

For large initial B field, 
particles are deflected by 
compressed pre-existing fields

measurement of density compression 
through shadowgraphy(Schaeffer et. al 
2017)
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PIC Simulation of Unmagnetized Shock
[Spitkovsky, 2007]


