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The challenge in modeling space plasmas:

multiple scales
Solar wind at 1AU

 Macroscopic scales are best
treated by fluid models

millions km

hours

System scales

* Microscopic ion scales are best

treated by hybrid methods L=10000 km 1m
(particle ions and fluid electrons)
p. d.=80 km Q, = 0.09Hz
* Microscopic electron scales are ion scales
best treated by fully kinetic w, = 0.55kHz
methods (electrons and ions are Pe de=2 km Q, =0.16kHz
particles)

electron scales
A.=8 m

w, = 24kHz




Explicit and Implicit PIC EXPLICIT

Operations:

1. Solve Newton equations in
previous electromagnetic
fields

2. Solve Maxwell equations
with previous particle
positions

IMPLICIT

Operations:

Over each time step,
iteratively solve the two
coupled equations until

convergence
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The challenge in modeling space plasmas:
multiple scales

* Explicit methods need to resolve

Solar wind at 1AU

all temporal and spatial scales: millions km h
. e ours
a) Explicit Maxwell solver:
c At < Ax System scales
b) Explicit mover : 10000 ke -
Wpe At < 2
c) Explicit Particle- Grid
ling: p. d.=80 km Q, = 0.09Hz
coupling. ion scales
Ax < e w, = 0.55kHz
Pe de=2 km Q, = 0.16kHz
* Implicit methods can resolve any
range of scales electron scales
A.=8 m w, = 24kHz




Critical innovation of implicit PIC:
Exact Energy conservation
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Implicit PIC development
heterogeneous

///DEE computing

Heterogeneous Computing Projects

Space Weather é”D)

New
direction

Lapenta, Energy_
JCP, 2017 Conserving

Semi-implicit

Heliospheric Grand
Challenge

Distributed
computing

GMRES
method

Markidis, Lapenta,
MCS, 2010

Numerlcal Tokamak

Vector ‘ Y Celeste IIS?)I%egtg(,)SRICCI’ Brackbill,

computers

Implicit Moment

< Los Alamos Brackbill, Forslund, JCP, 1985 Method
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3D PIC simulation :
spawned from a global -
MHD model

UCLAMHD 1/

Details of the approach: Walker, R. J., Lapenta,
G., Berchem, J., El-Alaoui, M., & Schriver, D.
(2019). Embedding particle-in-cell simulations
in global magnetohydrodynamic simulations of
the magnetosphere. Journal of Plasma

0150 0 150 300 Physics, 85(1).
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Mercury Global PIC model — lon Temperature

Hybrid model Full PIC

Lapenta, et al., JGR 127, e2021JA030241 (2022). | kuLeuven




Current interfaces

Current along y: ions Current along y: electrons

nAlm?
5.0

-150.0

XIRH XIRy
d) Jyi t=3.8s e) Jyi t=3.8s f) Jyi t=3.8s

nAg/% 3

nA/m?3
50.0

-150.0




What would have been the ™=/
cost with other methods ~ *|

= ecsim

Processors scale like (Ax * Ay * Az) 031

CPU Time scales like (Ax * Ay * Az * At) 0.2

Energy RT

Explicit: 30 billion procs
Wallclock: 48hrs
CPU time: 150 trillion hours

iIPic3D: 30 million processors
Wallclock: 48hrs
CPU time: 15 billion hours

Ecsim: 30,000 processors
Wallclock: 48hrs
CPU time: 1.5 million hours
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Agyrotropy
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Lapenta, et al., JGR 127, e2021JA030241 (2022).
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From Mercury to Earth

GPU

Particle mover
Fp -> Xp

Particle -> Grid
Xp -> Ng, Jg

Grid -> Particle
Eg,Bg->Fp
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EXTREME
SCALE
BOOSTER

SCALABLE

STORAGE ANALYTICS
SERVICE MODULE
MODULE

HDEEP

SIMPLE CPU VERSUS HETEROGENEOUS

ECPUonly mCPU+GPU

FIELD SOLVER I 4

22.5
PARTICLE MOVER 3.6

MOMENTS GATHERING _ 296

14
INPUT/OUTPUT 14
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