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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

e Particle solver
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Boris solver (2-step Boris solver)

56 = 9<i92 _ i94 4. ) * Second-order
12 80 accuracy in angle
;%9 jj’i
i J L QAt B

2mry~

I} ~.
/
/
e,
7
4&.‘“
(3

u =u +u Xt

+ — /
u"=u —+ u Xt

1+ ¢2

Boris 1970
Hockney & Eastwood 1981
Birdsall & Langdon 1985

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




Solution 1: From a different angle...
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(a) Boris solver
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= u” cos2a + (u” X b)sin2a + (1 - cos 2a)u;

=(u - ui)cos 2+ (U X 13) sin 2« + u,,

Rotation by an approximate angle 2a




Solution 1: Multiple Boris solvers

s&s N * We repeat Boris procedure
n=2 multiple fimes (Inspired by
ut Umeda 2018)
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(b) Double Boris solver

u' =W - u,)cos(2na) + (u X 13) sin(2na) +u;
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Solution 1: Multiple Boris solvers

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

n

— Cnlu_+ Cn2 (u_>< 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 YL MRS ASASAS MALASALAS MALASASAS RAALA AL
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Second kind | edit]

The first few Chebyshev polynomials of the second kind are OEIS: A053117 s - /,,Tf
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https://en.wikipedia.org/wiki/Chebyshev polynomials#Examples




Solution 2: Exact-gyration solver

e Rotation angle
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e Equivalent to the Boris
solver with a gyro-
phase correction
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Stability: Volume preservation

e Stable scheme preserves a volume in the phase space
during the temporal evolution (Qin et al. 2013).

» We have formally proved this property in our paper.
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Stability: Volume preservation

Exact/Zenitani: volume-preserving
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Qin et al. 2013




Constraint to the timestep

e Because of a numerical Larmor radius,
{ n2/(2+n2) }95 times larger At is allowed
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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
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Summary

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

e Exact-gyration solver

* Based on the rotation formula
e Exact accuracy for the gyration part

e Both solvers are computationally affordable
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