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P1: Sample of the physical problems tackled with the Implicit
Moment Method (IMM) code iPic3D
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P1: Sample of the physical problems tackled with the Implicit
Moment Method (IMM) code IPic3D

What do these simulations have in common?
computational cost~10°-1(P core hours, a signibcant fraction of a standard PRACE Tier 0 alloca
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P1:Which are the OexpensiveO phases of an iPic3D simulatic

schematics of an iPic3D simulations
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~ " operations on grid points
- operations on particles

Np >> Ng
Oparticle dominatedO
regimes
Np: particle #
NQ: grid points #

Percentage Execution Time
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Scalasca proPling with different input parameters:
most of the simulation time is spent in particle- related operatior

Why is the number of particles high?

¥ numerical noise proportional to 1/ Np # minimum number of
particles per cell to be kept
¥ large domains to be simulated with high spatial resolutibns
high Ng# high Np
¥ Np is proportional to (m¥me)P2 , with m/me mass ratio and D
problem dimensionality (with bxed ion scale domain size, bx
electron scale resolution and increasing mass ratio betweer
particle species)



P1:Which are the OexpensiveO phases of an iPic3D simulatic

schematics of an iPic3D simulations Percentage Execution Time
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. even If the Implicit Moment Method Is used,
advanced techniques are needed to further reduce simulation costs
# adaptive mesh technigues ters:

most of the simulation time Is spent Iin particle- related operatior
~ " operations on grid points
B operations on particles Why is the number of particles high?

¥ numerical noise proportional to 1/ Np # minimum number of
particles per cell to be kept

Np >> Ng ¥ large domains to be simulated with high spatial resolutibns
Oparticle dominatedO high Ng# high Np
¥ Np is proportional to (myme)®’2 , with m/me mass ratio and D

regimes

Np: particle # problem dimensionality (with Pxed ion scale domain size, Px
Ng: grid points # electron scale resolution and increasing mass ratio betweer

particle species)




P1:Adaptive techniques for Particle In Cell (PIC) simulations

Moving Mesh Adaptation (MMA) Adaptive Mesh RebPnement (AMR)

bxed number of grid points; points are attracted in the changing number of grid points; cells are split or
OinterestingO part of the domain, according to a coalesced, according to a monitor quantity;
monitor quantity all existing AMR codes are explicit

Multi-Level Multi-Domain (MLMD)

different grid levels are simulated with different spatial and temporal resolution; the IMM method is use
# the advantages of the IMM and of adaptivity are harnessed together



P2The Multi-Level Multi-Domain (MLMD) method:
a semi-implicit adaptive methddr Particle In Cell plasma simulations

1 ¥ the dfferent levelsare simulated fully with belds and
particleswith different spatial and temporal resolutions
H— # the highest resolution is used only when needed
Level 0 / / # ion and (when resolved) electron processes are correctly
' k resolved, at a much lower computational cost

‘ / £ ¥ realistic mass ratios are cheaply handled: ion scale
2 1 resolution on one level, electron scale resolution on
1 the other

Level 1

¥ the IMM grants more freedom in the choice of the local
resolutions, in the limits of the stability constraint
2 0.1 < whedt/dx <1
(explicit algorithms have to resolve inverse electron
plasma frequency, Debye length, smaller, for stability
reasons)

reached RF=14,TR=10




P2:The stability constraint of the IMM and the MLMD system

Implicit Moment Method (IMM) stability constraint

/ 0.1 < \hedt/dx <1 \

OlargeO d# Finite Grid Instability (FGI) Vine dt > dx #
sampling is not frequent enough; spurious high frequencies,aie hiion for Taylor expansion used in the IMM broken
non-physical electric Peld oscillations and particle heating inaccurate results

AN

pntl = > p @hS(x — x"t0) =2, dh [S(x —x™) + (x" T —x")VS(x — x")+
/JL\ %(Xn—l_e —x")2VVS(x —x") + O(x — X”)g]

: B of+B [-B B i / (Xn+9 _ Xn) — f(En+9)

Harris Peld in magnetic reconnection with FGI FGI can be S(x | xN*! e shabe funct of o1
suppressed with (X! X ) particle shape function at OfutureO time
beld Smoothing! S(x! x”) particle shape function at current time

_4'-;-—' - _’_{-
- FGI suppressed with beld smoothing
—‘\ /
i / \
dx/di=0.078
with Pxed time step across the MLMD system, with Pxed time step across the MLMD system,
the Coarse Grid risks falling into this regime the Rebned Grid risks falling into this regime

different time steps have to be used at the different le¥elsemporal sub-stepping



Coarse Grid iteration

P2. A MLMD coarse grid iteration with sub-stepping

Coarse grid to Refined grid
/ B°
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Sub-cycling allows both grids to
work in an OhealthierO
Vih,e dt/dx regime and to save
execution time and resources;
the time ratio TR i1s chosen from
Input-Ple



P2: Gid interlocking operations

1. Boundary condition interpolation (C2R) 2. Rebned Pbeld projection (R2C)

Epg = %(EN,g| + PY9i+! 9 (EN,g.+1 )

! |’g|+1 — of I N,g|Wg| (Xgl ' Xg|+1) ENg| Wg|(X9|" Xgl )
, +1 +1

ng (Xgl " Xg)41 )

Pg I g — g
I+ | (EN,g|+1) S
g1 +1

W: OnormalO interpolation

tunction from PIC 3. Boundary rebned particle repopulation (C2R)

Coarse Level Particle Particles sitting at the boundaries of the Rebn
Grid are generated according to the velocities
and positions of corresponding Coarse Grid
particles for consistent particle motion betweel
CG and RG at the grid boundaries

Grid0, o t=92
pe

tO+dt tO+dt
Vv =V
Pgi41 Pg;

tO+dt tO+dt 2

Qpy,,, = Up,, /BF

the aim is to preserve the combined partic -0.5
shape function and the distribution function
the boundaries

e
electron hole merging phase in a 1D3V MLMD two stream instability with



P2: Gid interlocking operations

1. Boundary condition interpolation (C2R) 2. Rebned Pbeld projection (R2C)
7 EP,g| — %(EN,g| + Pg|+1! gi (EN,g|+1 ))
L = ' N Wo (Xg ! Xgiy )
" LO 1+ g - N.91 TR \rg Ji+1 E W, (Xg, " X )
Pg'+1! o (E ): 9141 N.g |+1 g \ g 91 +1
NG+t g1 Vo (X" Xg4y )
W:OnormalO interpolation
function from PIC
Rebned Level Particles Particles sitting at the boundaries of the Rebn

Grid are generated according to the velocities
and positions of corresponding Coarse Grid
particles for consistent particle motion betweel
CG and RG at the grid boundaries

Superimposed, wpet= 92

0.5 a
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L H
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the aim is to preserve the combined partic -0.5" 2 2
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shape function and the distribution functior

. e
the boundaries electron hole merging phase in a 1D3V MLMD two stream instability with



P2: Computing resource saving

Comparing the computing cost of MLMD simulations with single level simulations, reso
everywhere with the highest MLMD resolution

10°

-©-vi, MLMD

O o) Computing
£ [ "O'vi,FullRes o TR=1 resources are
4 thi ution o 0 o ' massivelpaved with
| we ne}e e IS refstcr)] u (ljon . - S O respect to single
only In a fraction ot the domain = ok o | level simulations

—o— —©
6 10 14
RF
E but this is a lower boundayfurther speed-up can be achieved
with higher Time Ratios and, more importantly, with better code
\ architecture

single level, MLMD
highest resolution

Execution Time [s]




P2: Computing resource saving

Comparing the computing cost of MLMD simulations with single level simulations, reso
everywhere with the highest MLMD resolution
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6 10 14
RF
but this is a lower boundarfurther speed-up can be achieved

with higher Time Ratios and, more importantly, with better code
architecture
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# notable computating resources saved for OsuitableC
problems i.e. when it makes physical sense to use highe
resolution only in a smaller fraction of the entire domain
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P3: Collisionless magnetic reconnection: the essential facts

Magnetic reconnection is a change in the magnetic beld line connectivity
associated tgast energy releasé# stored magnetic Peld energy is converted into kinetic energy
heat

Miagnetic reconnection is a key process in astrophysical and space plasmas
# e.g.Sun-Earth connection and space weather

v

Sweet-Parker vs Petschek vs fast kinetic reconnection under which conditions does reconnection happ

the Sun-Earth connection and the open magnetosphere
Credits: NASA

Onon idealO effects bre
magnetic beld lines



P3: Collisionless magnetic reconnection: the essential facts

@)
g . ko)) In collisionless magnetic reconnection (without guide peld), fast
A5 ' o reconnection is given by species separation - Hall term:
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< . . .
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P3: Energetically relevant regions in magnetic reconnection

The J.E metric [Goldman15] highlights the areas where the electric beld does work on particles in mag

reconnection# areas relevant under the energetic point of view*
* verify during Hands on

Dipolarization

Separatrices . - Yo
: g fronts

lons

~ |

5

Electron Diffusioqw\[w‘, ‘
Region (EDR) e

%pr~ di (ion skin depth) %&pr~ de (electron skin depth)*li /de=" (mi/me)
Also, in IDR electrons are still magnetisgdprocesses of interest at the ion scale
In EDR, electrons are unmagnetised t& processes of interest at the electron scale
# MLMD to retain the signibcant physical processes in the different regions, at a very low computationa
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P3: Energetically relevant regions in magnetic reconnection

The J.E metric [Goldman15] highlights the areas where the electric beld does work on particles in mag

reconnection# areas relevant under the energetic point of view*
* verify during Hands on
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P4: MLMD simulations of magnetic reconnection

lon scale processes are resolved by both grdsgtron scale processde.g., speed of electron jets*) &
simulated by both grids but fully resolved on the rebned grid onlthe coarse grid, selective dampi

and spectral compressiare at work

Lx: Ly: 20 d - 860 da
m;/me=1836
RF=12 very cheap
TR=1# 6 realistic mass \ "

dxce= 0.078 d= 3.35 ¢ ratio .
dxre= 0.28 @ simulations!!! s
' ' .’

dtcc=0.0%¢ 0.3& pit
— 16d# 72 & T—

dtre=0.05& pi':L

Rec Rate

large scale processes reproduced by both grids:
reconnection rate, Harris Peld, quadrupolar Bz structure




P4: MLMD simulations of magnetic reconnection

lon scale processes are resolved by both grdsgtron scale processde.g., speed of electron jets*) &
simulated by both grids but fully resolved on the rebned grid onlthe coarse grid, selective dampi

>
.

44 46 W8 150 152 154 156 156

"2

and spectral compressiaare at work

Electron scale processes are reproduced by the rebned grid
e.g.: formation of jets at the X point with velocity v

107

calculation of the ion Alfven speed:
identibcation of the Electron

|'* Diffusion Region with the J.E metho

The B,up used in the calculation of

10 the Alfven speed

vai = By up/ Homin;

1-15 is obtained averaging the Balues

on the upper and lower EDR
boundaries

| electron jet velocity, normalized to the
ion Alfven

7 as expected from Drake08,
[Ve dVa,i = Va oV i~/ (Mi/Me) ~43
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P5: MLMD simulations of turbulence generated by the Lower
Hybrid Drift Instability (LHDI)

Other belds of application of the MLMD method: cases when multiple stadesst self-similarly in a
large domain
# a representative part of the large domain is simulated with higher resolution

e.g.: simulations of Lower Hybrid Drift Instability.

The LHDI:
1) is driven by a density gradient in presence of a perpendicular bPeld
2) I1s unstable over a large range of wavenumber and frequencies;
fast branch with ~! |y, k~1/( ¢, ES, slow branch atk1/! (( (i), EM
3) breaks large scale belds in smaller and smaller structurasts as aOturbulence generatorO

electron density B, beld component

-0.007701

Time: 13.60 Omega_ci

the rebned grid is driven by the coarse grid in the low wavenumber range; the rebned grid cascades to the small scales which t
grid averages out Daughton 200




P5: MLMD simulations of turbulence generated by the Lower
Hybrid Drift Instability (LHDI)

Other belds of application of the MLMD method: cases when multiple scaéeast self-similarly in a
large domain
# a representative part of the large domain is simulated with higher resolution

e.g.: simulations of Lower Hybrid Drift Instability.

The LHDI:
1) is driven by a density gradient in presence of a perpendicular bPeld
2) I1s unstable over a large range of wavenumber and frequencies;
fast branch with ~! |1, k~1/( ¢, ES, slow branch atk1/! (( «()~20, EM
3) breaks large scale belds in smaller and smaller structurasts as aOturbulence generatorO

electron density B, bPeld component
N )/di~0.66, kdi~40
-

the rebned grid is driven by the coarse grid in the low wavenumber range; the rebned grid cascades to the small scales which t
grid averages out



P5: simulations of turbulence: challenges and MLMD solutions

A i .
In turbulent environment, energy is transported from the large to

small scales over several wavenumber decades (inertial range)
turbulent cascade is often broken by wave- particle interaction
processes
e.g.: candidate for the solar wind: interaction of protons with kine
T Alfven wave, proton cyclotron damping, electron or ion Landau
damping

power spectra
>

| >

k

large scales of energy injection small scales of energy dissipation
high computational cost! Also, the number of particle has to be very high to reduce the numerical noise

— and grid effects (when using a PIC code) have to be taken into consideration
single level simulation MLMD simulation
E, Q t= 544

10 . . 10 ey ——— t PP R e

an Spectra connect seamiessry” =
f—o0.27 : P E.CG

! 10 ¢ — -

o, uf| 272 o __3B_RG
£ 10 fH—544 T — .

7 816 WM “310.M_E'RG I
—10.88 ,

o 1380 W 0" . iy

10 10’ 10°

kd
/ / E # part of the spectra affected by grid effect and unrelié

grid effects start here~kma{4 the particle noise plateau is pushed to higher k and lowe
power levels (more particles per unit volume)
particle noise plateau
the RG extends the k range of a factor RF with respect to th
coarse grid; the computational cost is *2 rather than 2RF



P5: MLMD simulations of turbulence generated by the LHDI

Norgren 2012observes coupling between the perpendicular electric Peld and magnetic beld oscillations in the magnetotail in pre
LHDI waves at wavenumbers corresponding to the electrostatic LHDI branch with the perpendicular electron current as mediat:
conbrm their observations and extend the study to lower wavenumber (electromagnetic LHDI branch, kink instability)

Q t= 027

ES LHDI branch time scales and wavenumber} B2x
coupling observed, electron current as mediator
(Norgrenl2)# break in the) Bz power spectra at lower
non coupled (k d~30) wavenumbers

coupling extends to LHDI EM wavenumber with the on
of LHDI EM branch; mediator is still electron current, b
structures at the centre of the current sheet

Q1= 10388

this analysis is
T done on the
WA e et — B 7 v “ e rebned grid of the
| \ I -, RF=8 MLMD
simulation

) ‘




P5: Cluster observations conbrming our Pndings

the study done in Norgren
2012 for the fast ES LHDI
branch is extended to the slow
EM one

Bz, E perp coupling at both
slow and fast LHDI branch as
expected from our study
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Conclusions

¥ The Multi-Level Multi-Domain method is a fully kinetic, semi-implicit

adaptive method to reduce the cost of Particle In Cell Implicit Moment

Method plasma simulations; we target in particular realistic mass ratio
simulations

¥ the MLMD method has been demonstrated in two kinds of scenarios:
1.problems where small scale, high frequency processes are conbned In ¢
small portion of the entire domain e.g.: magnetic reconnection
2. self-similar processes where only a representative part of the domain
IS simulated with higher resolution e.g.: Lower Hybrid Drift Instability

¥ in both cases, the physical processes of interest are correctly reproduced,
at a lower computational cost

¥  during theHands On: verify the multi scale nature of collisionless
magnetic reconnection, as simulated with iPic3D



