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Particle-in-cell (PIC) simulation

Accurate modeling of
particle motion is
important for studying
kinetic plasma processes
(reconnection, shocks,
kinetic turbulence...)




Particle solver

* Particle solver
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Boris solver (2-step Boris solver)
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Boris 1970
Hockney & Eastwood 1981
Birdsall & Langdon 1985

Can we eliminate this error?
(Solution O: tan correction by [Boris 1970])




Boris solver: graphical interpretation
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(a) Boris solver
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Rotation by an approximate angle 2a




Our proposal: Multiple Boris solvers

5@% » We subcycle the 2-step procedure
U n=2 multiple times
ul « Originally proposed by Umeda 2018
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(b) Double Boris solver

u' =W - u,)cos(2na) + (u X 13) sin(2na) +u;

n
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Formula for arbitrary n

u' =W - u,)cos(2na) + (u” x b) sin2na) + u,

n

— Cnlu_+ Cn2 (ll_X t) + Cn3(u_° t)t

General form for an arbitrary n
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Reminder: Chebyshev polynomials

First kind |[edit]
The first few Chebyshev polynomials of the first kind are OEIS: A028297

To :L')=1
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Second kind [edit)
The first few Chebyshev polynomials of the second kind are OEIS: A053117

U()(:l)) =1

Uy(z) =2z

Us(z) = 42 — 1

Us(z) = 82° — 4z

Us(z) = 162" — 1227 +1

Us(z) = 322° — 322° + 6z

Us(z) = 642° — 80z + 242% — 1

Uz (x) = 12827 — 1922° + 802° — 8z

Us(z) = 2562° — 44825 + 240z" — 402® + 1

Uy (x) = 5122 — 1024a" + 672z° — 1602* + 10z
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The first few Chebyshev polynomials of the first kind &7
in the domain —=1 <x < 1: The flat T, T, 75, T3, 7
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X
The first few Chebyshev polynomials of the second &7
kind in the domain —=1 < x < 1: The flat Uy, U, U,,

Us, [V, and Us. Although not visible in the image,
Uy ()=n+1land Uy(-1)=(n+ )(-D"

https://en.wikipedia.org/wiki/Chebyshev

polynomials#Examples




Numerical tests (1): Errors in gyration
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Numerical tests (2): Errors in various field

10
 Errors are largely conftrolled by
the gyration part, because all 10 -
the solvers share the same
Coulomb-force solver 10‘2 ]
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Numerical tests (3): Computation time

Multiple
Boris
solvers
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A technical problem in PIC simulation for
a relativistic plasma flow

e Electromagnetic field : dispersion (numerical
Cherenkov problem)

B E e Particles : Force-free condifion

T/’ E+vxB=0

e ~ ExB drift
(DY ExB e
E x B
E+vxB#0 & v # 7

e ~ magnetic reconnection

E+vxB#0




Long-term relativistic ExB drift

Average
velocity (x/ct)

Numerical acceleration
by the Boris solver

I'=3.0; Usp/Upyik=0.1; At =n/6; typel

0.946 -
0.945 -
—— Boris

0.9447 —— Quadruple Boris

= Exact-gyration

(8Z & Umeda 2018) .

0.943{ — Higuera-Cary Exact solution

- Vay ...................
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Advantage of multiple Boris solvers

e New solvers can reduce the numerical boost fo 1/3
e Useful in a highly-magnetized (high-o) relativistic flow
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Boris solver

multiple Boris solver
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Summary

* Multiple Boris solvers

e n-times multiplication of the Boris solver
e Single-step formula with Chebyshev polynomials
* N2-times higher accuracy for the gyration part

 Numerical boost in a magnetized flow
e Numerical boost can be reduced to 1/3
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