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'KULEUVEN Motivation: Space Weather

® Complex plasma physics
® From fluid to kinetic effects

® From electron to planetary
scales

® Highly coupled
phenomena

® Effects on human and
robotic space exploration
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Fig. 1. Density (normalized to solar wind density) as a function of X and Y during (a) northward and (b) southward IMF.
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Fully kinetic

[1] S. Baraka and L. Ben-Jaffel, Ann. Geophys., 29, 2011
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KU LEUVEN

[1] M. Matsumoto et al., Plasma and Fusion Research, 8, 2013

* Adaptative mesh refinemet.

* lon-scale simulation:
applications to spacecraft
shielding and magnetic sails

XIS,
(b) Case with Y direction IMF
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KU LEUVEN

[1] Cai et al., Earth Planets Space, 53, 2001
D. CAl et al.: THREE-DIMENSIONAL MAGNETIC FIELD TOPOLOGY
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KU LEUVEN

N. Omidi et al. | Advances in Space Research 38 (2006) 632—638

b Density (Southward IMF)

w7
g

a Density (Northward IMF)

1500 1500
1200 x 1600
ﬁ = 0.9 ’g 1000 1000
R = 30d; g
M =9 500 500
0 0 -
0 200 400 600 800 1000 1200

0 200 400 600 800 1000 1200

X (¢/wp)
Fig. 1. Density (normalized to solar wind density) as a function of X and ¥ during (a) northward and (b) southward IMF.
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* Solving above ion scales.

e Capture of wave propagation
in the foreshock and the
magnetosheat.

* Resolution in spatial (2D) and
velocity (3D) spaces.

AZB — O.lSRE
Av = 20km/s
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Tha Particle-in-Cell method
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Particles:

Fields:

Stability condition:
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Implicit equations
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CCTZY  Advantages of the iPic3D code

® Seclf-consistent.

® Implicit methods allow a wider range of time
and space scales

® Highly scalable: improves with technology
which makes it perfect for ExaScale systems

® Simple enough to port to new architectures
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CICTEY  Disadvantages of the PiC method

® Particle noise: requires higher resolution.

® Boundary conditions: requires improved
numerical methods.

® CPU cost: requires to work on new
architectures and better algorithms.

® Problem size: coupled and multi-domain
algorithms are being developed.
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Current objectives

® Simulation parametters closer to the actual physics.
® 3 types of simulations:

- A. 2D Noon-Midnight meridian plane

- B. 2D Equatorial plane

- C.3D
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CIETZY A, Noon-midnight meridian plane
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CIETZY A, Noon-midnight meridian plane

Pressure and magnetic field lines
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Particle absorbing body
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KU LEUVEN

Magnetic dipole
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KU LEUVEN

IMF
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KU LEUVEN
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B. Equatorial plane

bow shock l l l

maanetosheath

Diffusion effects at the boundary layer

[1] T. D. Phan and G. Paschmann, J. Geophys. Res., 101, 7801, (1996).
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B. Equatorial plane
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B. Equatorial plane
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'KULEUVEN B. Equatorial plane: density

Simulation initialization 15 000 cycles,/ hours,
1024 processors, |.7 Mcells, 88.5 Mparticles
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'KULEUVEN B. Equatorial plane: density

Simulation initialization 15 000 cycles,/ hours,
1024 processors, |.7 Mcells, 88.5 Mparticles
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B. simulation parametters

Ax = Ay = 0.04d;
Vsw/c = 0.003
Vine/c=3.7Tx107°
Vini/c=2.35x 101
m; /me = 250
My =5
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[1] J. Paral and R. Rankin, Nature Communications, 4 - 1645, April, 2013
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B. Across the shock

0.26:
® 4 zones:

® Interplanetary plasma

v\ ® Magnetosheat

® Diffusion zone

0.26

B (Magnitude)

. ® Magnetosphere

® Top: ion density

® Bottom: ion density and
magnitude of the
bk magnetic field
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® Density variation across
the magnetosheat

® Sharp density drop
across the
magnetopause

® Instabilities in the
plasma flow at the
magnetopause

Jorge AMAYA - ESWW10 - November 19, 2013
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C. Future work

® Higher resolution
® Bigger planet
® Fully implicit

® Computations with up to 100 000 CPU cores
® Improvement of boundary conditions

® 3D system
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'KULEUVEN Conclusions

® PiC methods are very sensitive to the thermal
velocities imposed.

® Global simulations with electron-scale
resolutions are yet computationally expensive.

® Boundary conditions are a major ISsue.

® e are pushing the code to the current
computational limits.

® However we are currently performing
simulations with parametters very close to
those measured Iin-situ.
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KU LEUVEN
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'KULEUVEN Field to particle interpolation

o Mesh

~../
Particle/.v ¢ . / \

e
T~ Cell

E, = ZEQW(XQ — Xp),

g

g
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Implicit particle transport

_ gsAt 0\ n+1/2 1/2 1/2

vt =V (Ept(xpt1/2) 4 vpti/2 x By (xp+1/2))
1/2 _ o Sn46 1/2
vitl2 = 9, + BEITO (xpH1/2)

Bs = qut/Qmp_

ol L (I—B.J xB"+ BB,

P~ 1+ (8,Bp)
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Implicit Maxwell equations

n+1 n __ n—+0
B,”" —B, =-AtV x E;",
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E"0 — (AL’ VPE™ = E" + 20At(V x B

Second order Maxwell

OAL

€0

vpn+9 . ,U,()Jn-*_1/2)

Taylor series expansion of the shape function:
S(x n+9) S(x < ) (9At)vn+9 ) VS(X . xn) 4.

Applying to the moments givgs a linear interpolation:

Jr+1/2 o 'jn { K | DR’
OAL ’
pn+9 ~ pn o gAtV ) Jn+1/2

I (x) := qung(x - Xxp) — V qu » Vo S(x —x3),
p
where Ph(x) == Y gpS(x —xI) — OALV - J”( ).
n qs P’ (I — B, x B™ + ,BTZB”B”)
W=D, 1+ (B,B")2
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CICT=Y  Final form for the E field equation

(c@At)2 [_VZEn+9 _VV. (un . En+9)] L n . g
(cHAL)?

€0

= E" + (A1) (V x B — 13" v,

e'n:I+uTL

Stability condition:
’Uth,eAt/A.CB < 1.
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