N
N

N

HAL

open science

Sparse grid reconstructions for Particle-In-Cell methods
Fabrice Deluzet, Gwenael Fubiani, Laurent Garrigues, Clément Guillet, Jacek
Narski

» To cite this version:

Fabrice Deluzet, Gwenael Fubiani, Laurent Garrigues, Clément Guillet, Jacek Narski. Sparse grid re-
constructions for Particle-In-Cell methods. ESAIM: Mathematical Modelling and Numerical Analysis,

2022, 56 (5), pp.1809-1841. 10.1051/m2an/2022055 . hal-03355720

HAL Id: hal-03355720
https://hal.science/hal-03355720
Submitted on 5 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03355720
https://hal.archives-ouvertes.fr

SPARSE GRID RECONSTRUCTIONS FOR PARTICLE-IN-CELL
METHODS

F. DELUZET', G. FUBIANI}, L. GARRIGUES!, C. GUILLETt#* AND J. NARSKI'

ABSTRACT. In this article, we propose and analyse Particle-In-Cell (PIC)
methods embedding sparse grid reconstruction as those introduced in [1, 2].
The sparse grid reconstructions offer a significant improvement on the sta-
tistical error of PIC schemes as well as a reduction in the complexity of the
problem providing the electric field. Main results on the convergence of the
electric field interpolant and conservation properties are provided in this pa-
per. Besides, tailored sparse grid reconstructions, in the frame of the offset
combination technique, are proposed to introduce PIC methods with improved
efficiency. The methods are assessed numerically and compared to existing PIC
schemes thanks to classical benchmarks with remarkable prospects for three
dimensional computations.

Keywords. Plasma physics, Particle-In-Cell (PIC), sparse grids, combination tech-
nique

1. INTRODUCTION

Particle-In-Cell (PIC) discretizations have been among the most used numerical
methods in the simulation of kinetic plasmas for years [3, 4, 5, 6] and is still topical
[7, 8, 9, 10]. The method consists in a coupling between a Lagrangian method
for the Vlasov equation, based on the integration of numerical particle trajectories
and, a mesh-based discretization of Poisson’s equation (or Maxwell’s system) for the
computation of the self-consistent field. Despite their simplicity, ease of paralleliza-
tion and robustness, Particle-In-Cell schemes still contain a significant drawback:
the statistical error originating from the sampling of the distribution function by
numerical particles. This numerical noise decreases slowly with the increase of the
average number of particles per cell. Therefore, a large number of particles may be
required, necessitating tremendous computational resources, specifically for three
dimensional simulations for which the desire precision may impose a number of cells
as large as 10%, the number of particles exceeding 10'2. Noise reduction strategies
aim at maintaining the accuracy of computations with a reduced set of particles,
they have therefore received a lot of attention with, for instance, variance reduction
methods such as the ¢ f method [11] or the quiet start initialization procedure [6]
as well as filtering methods in either Fourier [12] or wavelet domain [13].
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2 SPARSE GRID RECONSTRUCTIONS FOR PARTICLE-IN-CELL METHODS

Sparse grid methods [14, 15], originally developed for the interpolation of high
dimensional functions, then extended to the approximation of partial differential
equations [16, 17, 18, 19], have recently been applied, in the framework of the so-
called combination technique [20, 21], to Particle-In-Cell schemes [1, 2, 22, 23, 24].
The aim here is to improve the properties of PIC methods with respect to the
statistical error resulting from the particle sampling. In the sparse grid reconstruc-
tions, the numerical approximation are recomposed from partial representations
carried out on a hierarchy of sparse grids with coarse resolutions. Compared to a
regular Cartesian grid, the mean number of particles per cell is larger for any of
the sparse grids. This crucial feature offers either a mitigation of the statistical
noise or a decrease of the total number of numerical particles for a precision com-
parable to standard PIC discretizations. Besides, considering the thorough studies
conducted during recent years to apply the combination technique to the resolution
of PDEs, promising improvements in the computational efficiency are expected for
the resolution of Poisson’s equation (see [25, 21, 26]) providing the electric field in
the Particle-In-Cell framework. These gains are specifically substantial for three
dimensional applications.

The objective of the present paper is to provide an overview of the existing
Particle-In-Cell discretizations implementing the sparse grid combination technique,
to conduct a formal analysis to explain their merits and weaknesses and support
the development of new methods with improved efficiency. The results provided
herein are limited to two dimensional geometries. Nonetheless, they are readily
extendibles to an arbitrary number of dimensions, using the same tools, however
with an additional complexity of notation avoided within the present document.

The analyses of standard as well as sparse grid PIC discretizations unravel that,
for both methods, the approximation error may be decomposed into three contri-
butions. The precision of the methods is characterized by the accuracy of the most
probable value of the statistics associated to the particle sampling, this component
being referred to as the bias. This is a grid-based error related to both the mesh
size (h) and the smoothness of the solution with a component, denoted Q,HZ, depend-
ing on the solution non-cross derivatives and, another contribution, G, depending
on cross derivatives. The last error component, P, n, is the so-called numerical
noise or particle sampling error, providing the magnitude of the dispersion of the
values attached to a sample of particles. The introduction of sparse grid reconstruc-
tions within PIC discretizations entails an increase of the grid error, specifically G
together with a significant mitigation of the statistical noise. This outlines the po-
tential of these approaches: sparse grid reconstructions may be tailored to define
different trades-off between the components of the error and finally mitigate the
most detrimental one for the precision of PIC numerical approximations (the statis-
tical noise). This leads to the derivation of the new sparse-grid methods introduced
herein, with an improved numerical efficiency. The analyses conducted in this pa-
per are also aimed at demonstrating the convergence of the electric field sparse
grid interpolant. This is a major contribution of the paper since no convergence
properties have already been proposed so far for this quantity.

The paper is organized as follows. In section 2, the Particle-In-Cell scheme is
outlined in its conventional framework with the definition of the grid-based and the
particle sampling errors. In section 3.1, sparse grids approximations are introduced



SPARSE GRID RECONSTRUCTIONS FOR PARTICLE-IN-CELL METHODS 3

in the specific framework of the combination technique before being merged with
Particle-In-Cell methods in section 3.2. In section 3.3, a generalization of the
combination technique, referred to as offset combination technique, is proposed
in order to tune the trade-off between the different components of the sparse grid
approximation error of the distribution function moment interpolant. Section 3.4
is devoted to the introduction of two enhanced sparse PIC methods to improve
the efficiency of the electric field computation. In section 4, the merits of the
different methods are investigated thanks to two dimensional computations relating
classical plasma physics test cases: the linear and non linear Landau damping as
well as the diocotron instability. The conclusions are drawn in section 5, with an
emphasize of the remarkable prospects of sparse grid Particle-In-Cell methods for
three dimensional computations.

2. PARTICLE-IN-CELL (PIC)

2.1. Notations. Let us introduce some notations and functional spaces. For a
multi-index o = (aq, ..., q) € N¢, a function u defined on © an open set of RY,
we denote by 9;"u the partial derivative of u with respect to z; and order «; for
te{l,..,d}. Let D*u = 07"... 05"u and consider also the notations 0%u := 0fu,
Oy u := 05w, 0fu = 05'u. We introduce the following functional spaces:

(1) Xo={u:Q—>R|DPueC(Q), V8 <a},

(2) Xao(k) ={u: Q- R| DPu e Cy(Q), || DPullso < K, VB < a}

where k € R, k > 0, C(£2) denotes the space of continuous functions on Q, Cy(Q2)
denotes the space of continuous functions vanishing on the boundary and the no-

tation B < a stands for 8; < ay for all ¢ € {1,...,d}. We introduce the L? norm
and supremum norm for a function u € LP(Q):

3) full o= ([ |u<x>p|dx>1/p, lulloo := suplu(x)],

xeN

and the discrete [' norm, [*° norm, minimum notation for a vector u € R%
d

4) lul; := E Uty |U|oo := max wu;, min(u):= min u,.
e} ted{l,...,d} te{1,...,d}

2.2. Standard Particle-In-Cell (STD scheme). In this section, the non-relativistic
system of Vlassov-Poisson with fixed magnetic field B is considered:

85 S
L v Vot BBV xB) VoS, =0,
(5) ot ms

V.E=" E=_vo,

€0

In this problem, fs(x,v,t) is the phase-space distribution attached to the species
s; qs, mg are the corresponding charge and mass, E is the electric field and p is the
charge density obtained from the phase-space distribution of each species:

(6) px.t) = Yt = . [ v,

The standard Particle-In-Cell scheme (STD) consists of four steps repeated at each
iteration in time:
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(STD1) The particle distribution fs is represented by a collection of N numerical
particles. The position and velocity of the particles, denoted (x,,v,), p =
1,..., N, are evolved following Newton equations:

dx dv

(7) L=, Ef:%?E+VXE&ﬂV

(STD2) The charge density of each type of particle is projected onto a grid with a
numerical convolution kernel, named shape function and denoted S, and a
sum over the particles (see details in the following).

(STD3) The electric field is obtained by resolving the Poisson equation from the
density on the grid and differenciating the potential:

> ps

(8) AP=-22_ E=-VO
€0

(STD4) The electric field is then evaluated at the particles positions by interpola-
tion.

Considering a leap frog scheme and a second order finite difference scheme, the
time discretization error is O(A?) and the field solver error is O(h?) (see proposition
3.10), where A; is the time step, h is the grid discretization corresponding to the
cell size of the grid. The remaining error in the scheme results from the second step
where the density is projected onto the grid.

2.3. Projection of the density onto the grid. The charge density of any species
is approximated on a grid from a collection of numerical particles with a certain
error that we shall explicit here. For ease of presentation in the following, we
consider one type of particle and ommit the subscript s denoting the particle species.
We consider a Monte-carlo approach to estimate the density like in [27]. Starting
from the defintion, the density is recast into:

(9) p(x) = g / f(x,v)dv = Q / 5(% — x) f (%, v)didv,

where f = f/N is the probability density function associated to the phase-space
distribution, N' = Q/q is the total number of physical particles and Q is the
total charge of the particles. The rewriting in equation (9) allow us to define
an numerical approximation of the density in the following. We consider a grid
with a discretization h (corresponding to the cell width) and, as an ersatz of the
convolution kernel, a d-dimensional shape function, denoted S;, constructed by
tensor products of one dimensional shape functions:

1 1— |z, if |z <1,
(10)  Sa(x) = —S(x1) - ... - S(za), sug:{& |”d¥ﬂ

hd
S is generally a piecewise polynomial, named B-spline. In this paper, the shape
functions Sy considered are Bl-splines (of degree 1). Then, substituting the convo-
lution kernel with the shape function, we define the approximation of the density
with:

(1) =2 [[ s (X;*) F(%, v)dvix.
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Let X be a random variable with probability density function / f -, v)dv and

expected value IE / XdP, where P is a probability measure. The local

charge density Sy ( ) being a random variable and & — Sy (x 5) a mesurable
function of R™, owing to Transfer theorem [27], we have:

12)  pulx Q//Sd (X X) F(%,v)dvdx = OF |8 (thﬂ ,

Since the collection of numerical particle positions (xj), is considered as a sequence

of independent realizations of the random variable X, one can introduce a statistical
estimator for the density based on the particle positions:

(13) pr.N(X) : std( )

pn.n (x) is an estimator for the value p(x) = QE[§(x —X)] considered as a statistical
quantity that can be computed as a function of the random variable X. To estimate
the error introduced by approximating the density on the grid with this estimator,
we will evaluate the root-mean-square-error which is the classical L? error of the
estimator as a function of X.

Proposition 2.1. Assuming enough smoothness on the probability density f(, v) €
X4, the root-mean square-error is magjorated by:

(14) ( / <ph,N<w>—p<m>>2dwp) < Vionw(@)]} + Bias(pn v (),

where the bias and the square root variance are given by:

(15) Bias(pn,n)(x) : = E[pn,n(@)] — pn, N(w)
h2 & .
- Et 36028”

Il
n

h4

tig 2. OL0hp(x) +O(h°).
tl,tQE{l,.u,d}
t1#ta

Proof of proposition 2.1. See [27].
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Remark 2.2. The root-mean-square-error is composed of two parts. First, the
error stemming from the variance of the sample with a finite number of particles
Vpn,n], referred to as the particle sampling error and denoted Py, v in the following.
Second, the bias of the sampling Bias(py n), the error between the expected value
of the estimator and that of the the random variable 6(x — X) This is a grid-based
error proportional to both the mesh size and the solution smoothness with two
components denoted Qﬂ and G depending respectively on the non-cross and cross
derivatives of the solution.

3. MERGING PARTICLE-IN-CELL WITH SPARSE GRIDS
3.1. Introduction to sparse grids.

3.1.1. Sparse grid notations. In this section, the sparse grid notations will be in-
troduced for the specific framework of the so-called combination technique [20, 21].
The domain is Q = [0, 1]¢, with d € N. We consider a sequence of anisotropic grids
parametrized by an index 1 = (I1,...,l5) € N corresponding to the level of a grid
that we shall name sub-grid and denote €2;. The designation ”sub-grid” is chosen
because a sub-grid of level 1 is a subset of the Cartesian grid of level n (defined in
equation (18)) for |l|sc < n. The sub-grids are composed of the nodes:

X1j ‘= (]1 : hl17 "'7jd . hld)7

where hy = (hy,,...,hy,), by, = 274 for t = 1,...,d is the grid discretization and
j € T, with

A={jeN|j,=0,.,2" t=1,.,d},
Jn=1{jeN|j,=0,..,2" t=1,...d},

the index set of the nodes of the sub-grid of level 1 and uniform level n. Let us
introduce a regular cartesian grid, which is typically the underlying grid in PIC

methods or in standard interpolation, corresponding to a grid of uniform level
1= (n,...,n), denoted Q,, and composed of the nodes:

(18) Xn’j = (]1 . hn, ...,jd . hn),

where h,, = 27" is the grid discretization and j € J,,. For any grid (sub-grid or
cartesian grid), we define a basis {¢13 | j € Ji}, composed by tensor products of
unidimensional B-spline functions of degree m and denoted ¢}’;:

(17)

d
(19) o (x) = [ [ o, (@0).

The unidimensional B-spline functions are defined recursively starting from the B0-
spline of degree 0 that we shall denoted gb?’ j and higher order B-splines of degree
m, for m € N* defined by:

1 ap lz—ghi] 1 ac+%’
0 _ ) o B <, : _ 1 m—1
@) d={ p IS = [ e
It yiels the following definition for the Bl-spline
L le—dhl = Gh]

(21) ¢ 4(x) = hy hy
0 else.

<1,
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Proposition 3.1. The B-spline functions verify the following properties:

d
H%/gf)ﬁ-(m)dm: 1 (Unit mean), Zqﬁ?}(m} = 1(Partition of unit),
t=1 "l

JjeT
o15(m 5 — x) = ¢5(xj + x) (Parity).
Proof of proposition 3.1. It follows from the definition. [J

3.1.2. Combination technique. The so-called combination technique [20, 21] is a
method of interpolation using evaluations of the function on the nodes of sub-grids.
The interpolant is obtained by a linear combination of partial representations of
the function on the sub-grids. Considering the sub-grids ) with 1 € L(n, o), where
(22) Ln,o):={1eN |y =n+d—1—-0,1>(1,..,1)},

is the level set of the sub-grids considered in the combination for ¢ = 0, ...,d — 1,
the degree m interpolant of the function on each sub-grid, denoted f", is defined
as:

(23) A (x) = Zal,j¢ﬁ(x),

JeEN
where the coefficients y ; are determined by the resolution of a linear system with
unknowns (o j)jes to meet the interpolation conditions on the sub-grid nodes:

(24) VieJi, fMGag) =D azepixg) = fx)
jen

The sparse grid interpolant, denoted f*, is then defined on the entire domain as:

d—1
m o d—1 m
(25) o= (1) 5w,
0=0 leL(n,o)
-1 — 1!
where d = L is the notation for the binomial coefficient.
o ol(d—1-0)!

Proposition 3.2. Let f be a smooth function with a pointwise error expression of
the form:

d
(26) f@) — @) =) > Ty (€5 gy oy by R, B

m=1 {1,....m}C{1,....d}
with bounded |71, m(-s Ry, hiy,)]loo < K, 6 € R, k > 0. The sparse grid inter-

polant of the function converges to the exact solution in LP norm when the grid
discretization tends towards zero:

(27) £ = fllp = OClogy(hy )= "h3), 1< p < oo,
Proof of proposition 3.2. See [20].

The combination technique is motivated by the reduction of the number of in-
terpolation nodes (from O(h;; %) to O(logy(h;;1)?~1h1)) while achieving nearly the
same precision (O(logy(h,;1)?"1h2)) than the standard interpolation (O(h2)).

Remark 3.3. Assuming that Vx € Q, f(x) > 0, the sparse grid interpolant f;* is
not nonnegative in the general case.
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3.2. Application to Particle-In-Cell discretizations. In this section, two ap-
plications of the combination technique to Particle-In-Cell methods are presented.
In the regular PIC approximation, the main drawback is the statistical error de-
creasing with the number of particles per cell. Indeed, the particle sampling and
the grid based errors scale respectively as O(1/1/Nh&) and O(h2), h,, being the
mesh size of the Cartesian grid defined by equation (18) and N the total num-
ber of particles. These two error estimates together lead to the following onerous
conditions of convergence of the scheme h? < 1, Nh¢ >> 1 which can require an
extremely large number of particles, specifically for three dimensional simulations.
The combination technique achieves a representation of a function using a sequence
of sparse grids coarser than the standard Cartesian mesh. This ends up in a re-
duced number of interpolation nodes and, accordingly an increased mean number
of particle per cell. This feature motivates the application of sparse grid techniques
to PIC methods.

Let us introduce the hierarchical shape function of level 1 = (ly, ..., ;) constructed
by tensor products of the unidimensional shape functions introduced in equation
(10):

(28) Saa(x tht ( ),

with support, magnitude depending on the discretization of the sub-grid €2 (see
figure 1) and whose role is to approximate the convolution kernel d(x) on this
sub-grid. From this, recalling section 2.3, one is then able to define a hierarchical
estimator for the density at each node of the sub-grid €; and denoted pyj n:

. Q¢
(29) Vvieh, pnN= std,l(xl,j - Xp),

This estimator corresponds to the projection of the density onto the sub-grid. The
error between the hierarchical estimator and the density can be estimated by the
bias and the square root variance of the estimator. Recalling proposition 2.1:

(30) B1as pl,J, Z Z 7‘17.__,m(X17j ;hll, veny hlm)hi ...hl2m,
m=1 {1,....m}C{1,...,d}

(31) (Vo nD)® = Croa(x1 5 hay s oo Bty ) (N by, by, )2,
where

1

(32) T (e oy hy,)) = <12> .. 0%p+ O}, ... hi ),

(33) Closd (5 gy hyy) = ((;)d Qp) ’ +0 <N75> .

The dependances of hy, , ..., hy,,, hiy, ..., by, for the functions 71, (1, ... mean that
the functions are evaluated at the nodes of a grid with discretization h;.
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S2.(1,1) S2,(3,2)

Figure 1. Examples of hierarchical shape function Sy 1(x — %) in
the two dimensional case.

Lemma 3.4. Let f be a smooth function with a pointwise error expression of the
form:

Nl

(34) f(:l:) — flm(:c) = (jl,_,,,d(w;hll, -~-7hld)(Nhll---hld)_

with bounded ||C1,.. a(:;hiys ooy huy)lloo < k. The sparse grid interpolant of the func-
tion converges to the exact solution in LP norm with:

(35) 113 = £l = Ology () (Nha)™2), 1< p < oo
Proof of lemma 3.4. The proof is given in appendix A.

Remark 3.5. The bias of the hierarchical estimator on a sub-grid verifies the
assumption of equation (26) and the square root variance verifies the assumption
of equation (34). Therefore, an ingenious combination of these projections of the
density (see details in the following sections) shall lead to cancellations and an error
scaling with O(logy(h;Y)* 1 (h2 + (Nh,)~2)). This feature, resulting from the
tensor product form of the shape function S, is the motivation for the application
of sparse grid combination to PIC.

3.2.1. Discretization on hybrid grids (HG scheme). In this section, a first sparse
grid application to PIC methods [2], is presented. In order to take advantage of
the cancellations exposed in the precedent section, a sparse grid interpolant of
the density is constructed. The density is projected onto each sub-grid, achieving
a reduction of the statistical error thanks to the large cells of the sub-grids, then
evaluated onto the Cartesian grid with the combination technique. Let us introduce
the corresponding scheme, that we shall name the Hybrid Grid Particle-In-Cell
(HG) scheme (owing to the Cartesian grid and sub-grids considered within the
scheme):

(HG1) Similar to (STD1)

(HG2) On each sub-grid, the hierarchical estimator defined in equation (29) pro-
vides a partial representation of the density; and, using the combination
technique we define a sparse grid interpolant of the density on the entire
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(HG3)

(38)

(HG4)

(41)

SPARSE GRID RECONSTRUCTIONS FOR PARTICLE-IN-CELL METHODS

domain with basis functions defined in equation (19), denoted pj'

d—1
0 =307 (1) X e
1

=0 €L(n,0) JEN
=p["(x)

where p" is the sparse grid interpolant of the density on the sub-grid,
L(n,0), J are defined in equation (22), (17) and the coefficients oy j are
determined by the interpolation conditions in equations (24).
On the Cartesian grid, an approximation of the electric field, denoted E,, ;,
is obtained by resolving the Poisson equation from the sparse grid inter-
polant of the density and differenciating the potential with a finite difference
scheme:
m .

VieTn, Enj=-Vn,®nj Ap ®nj= —pm\;(:w,
where V), and Ay, are the second order discrete finite difference operators
defined on the Cartesian grid by:

d
A, ®rj =Y (0 805 )Pugs Vi, o= (005, Pug) ey 4

yeeey
t=1

O p s 6? h, are left-sided, right-sided differences and 5gh is centered dif-
shy shiy STy

ference:
+ gy Pui — Py o Dy Py,
thy, LI T hi v Oy, T LI T I )
t t
50 Py = Pritie — Prji,
t,hlt 17.] s

2hy, ’

tth

and i, € N? is the index whose value is 1 along the coordinate and 0

elsewhere.
The electric field is evaluated at particle positions with standard interpo-
lation on the Cartesian grid:

Ey (xp) = Zanyj(ﬁmj(xp)v
JETn

where coefficients «, j are determined by the following interpolation condi-
tions:

Vj € '-771’ E:Ln(xn,.]) = Z a"j(b:tj(xn}j) = En;j'
jed,

and E,, ; is defined by equation (37).

Proposition 3.6. The sparse grid interpolant conserves the total charge:

(43)

[ int@ide= [ plajde =0

Remark 3.7. The positivity of the charge density is not preserved by the sparse
grid interpolation (see remark 3.3).
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Proposition 3.8. Assuming p € Xa(k), the sparse grid interpolant of the density
converges to the exact solution in LP norm, 1 < p < oo when the grid discretization
tends towards zero and the mean number of particles per cell tends towards +oo:

(@4) g = plp = O | i +logy(h )7 13 + logy (hyy )~ (N hy) ™2
~—~
i g Prnv

For two dimensional computations carried out with B1-splines, the following esti-
mation holds true for the sparse grid interpolants of the density:

5 13 (/5
4 m_ <[ = 2 o 2 o —~ (Zn=1 202 o h2
(1)l = ol = (51020l + 1030l + o (31 ) 02020 ) 2

2 Qllpll \ ®
+3((V2+1)n—1) <Nhn> :

Remark 3.9. The benefit of the combination technique as a noise reduction strat-
egy is pointed out by the equation (44). Owing to the projection of the den-
sity onto the sub-grids, the particle sampling error is reduced from O((Nhd)=1/2)
to O(logy(h; )4~ (Nh,)~1/2). The profit is significant for refined grids as well
as three dimensional problems. Conversely, an increase of the grid-based error
results from the combination; the grid-based error is increased from O(h2) to
O(logy (h;1)4=1h2). Though h? ~ log,(h;, 1) 1h2, the loss may appears negligi-
ble, however the dominant component of the error becomes G,¢ (with dependences
on 2d*™® order derivatives). As a comparison, the grid-based error of regular PIC

methods is dominated by the QTHL component (with dependences on 2"? order deriva-
tives). This feature indicates a drawback of the combination technique and may
limit the efficiency of the method when the solution develops strong gradients not
aligned with the Cartesian grid.

Proposition 3.10. Assuming enough smoothness on p so that ® € X5 9(7y), p €
X3 (k), the sparse grid interpolant of the electric field converges to the exact solution
in LP norm, 1 < p < oo when the grid discretization tends towards zero and the
number of particles tends towards +00:

(46)  ||BT — El, = O | B +logy(hy )" 7 4 logy (') (Nha) 2 |
—~—
i G PN
where E = —V®, A® = —p/eg. For two dimensional computations carried out

with B1-splines, the following estimations hold true for the sparse grid interpolants
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of the electric field:
5 _

47 B} — Bl < ( o7 185 oIV plloc + VI plloo + IV @l
24

1/ 20l \ 1 /0o i
Oyll) + 3 5 2 VO, ®||o At
9o + 5 (ol )+ (9%l + 19500
13 (5
— (-n—-1)4a;} 252 2
+ o (50 1) 182 1 (192202010) ) 2

2 . 0 \? s
+ 324 00 - D18 (5 ) 191,

where A;l 1s the inverse matriz of the Laplacian problem.

Proof of proposition 3.6.

/pﬁN(x)dx:/Z( Z Z stl X1,j — Xp) P (x)dx

leL(n,o) JGJ] p=1

S ¥ zzSdlxw—xp/qb i

o=0 leﬁ(na p=1ljen
d
th_ :tl;ll !
t=1 't
=2 9- > 9
1€£(n,0) leL(n,1)
—_——— —\—
n terms n-1 terms
=0.0

Proof of proposition 3.8. The proof is given with Bl-splines (i.e m = 1 in the
following). Let 1 = (I1,l2) be a level such that 1 € £(n,0) for 0 = 0,1. Owing to
the partition of unit property of the basis functions, the local error between the
density and its partial representation on the sub-grid € is recast into:

(48) PP (%) = p(x) = > (v — p(xag) + p(x5) — p(x))5 ().
JEN
Let x1j —x = (61,02)”. Assuming p € X4, a Taylor expansion of the density at the
sub-grid nodes in z-direction and y-direction gives us:
(49) p(x13) = p(x) = Op(x)61 + Oy p(x)d2 + 5 (32 (x)7 + 95 p(x)03
1
+20,0,p(x)6102) + g(aﬁp(xm” + 3070, p(x)87 52

1
+ 30,0,p(%)8103 + 0,p(x)03) + 5 (92p(x)d]
+ 4020, p(x)5352 + 6020, p(x)5765 + 0y p(x)53).
Owing to the support of the degree Bl-splines, for the orders py,ps € N:

5101 5172 )
(50) 6;171652¢im(x) — hll h2l (hll - |61|)(h12 - |52D if |61| < hl17 |52| < hlw
5J 1'%2

0 else.
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Introducing the notation for t = 1, 2:

_ Oy if §; > 0,
(51) 6t T { ]’th + 5t if 5,5 <0,

where 0 < 67 < hy,, we deduce from equation (50):

67 (ha, —07) if (p1,p2) = (2,0),
5*(hl — (5*) lf (pl,pg) (07 2)
52 5P 5Pz pm — z 2 2 . N )
62 D OB =3 s, — o), — 58 i (51, o) = (2,2),
jen
0 if py =1orpy, =1.

Note that the quantity 67 (hy, — 6;) implicitly depends on the grid discretization h}
and is actually upper bounded by hIZt /4). Let us introduce the interpolation error
functions &1, &2, 1,2 such that:

1 * * 1 * *
(53) W3&ixin,) = 501 (h, = 51)02(x),  BEax; u,) = 503 (he, — 8302 p(x),
1
B8 0206 Py ) = 16105, — 67) (e, — 85)020p(x)

From this, with the bias, variance expressions, stated in equations (30),(31), and
owing to the partition of unit property of basis functions:

(54)  p"(x) — p(x) = (Fi(xs hey) + &1 (x5 by )7, + (Fa (x5 huy) 4 Ea (x5 hay ) )hi,
+ (Fr2(x3 hay s huy) + &1,2(%5 hayy hay ) )R, 13
+ Cra(x; hlahQ)(Nhllhlg)i%a

where for a function wy .., the notation @; .. ., stands for:

(55) D1 eem (K5 Py e ) =Y w1 (X s e By, )1 (),

Jjen

and the functions 7y, 72,71 2,(1,2 are explicited in equations (32-33). Assuming
p € Xa(k), the coeflicients are bounded by |[|€(+; hi, ) |0 < /8,
||7:t(';hlt)||00 < K/127 for t = 1,2, ||§1,2('§hl17hl2)||00 < F‘;/647 H7~—1,2(';hl1’h12)”00 <

k144, [|Cr2(5 huyy hiy)lloo < (4Qk/9)2 and using proposition 3.2, lemma 3.4:

m 5 13 5 ) o) 1
(56) IIPn,N—p|p§n< +576<n—1)>h2+3((\/§+ 1)n_1)(;hn>_m

Idea of the proof of proposition 3.10. Only the guidelines of the proof are provided,
the details being specified for that of proposition 3.11. Let the Poisson problem
with the truncation error (h2a(®)) of the discrete laplacian in matrix notation:

(57) Ay, @ = —p+hio® + O},

Introducing the sparse grid interpolant of the density and using invertibility of the
matrix Ay, , one gets:

(58) ®— (~A; o) = A (ol = p+h20 ™)+ O(Y))
N————

:q>7l,j
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Applying V), to equation (58), owing to linearity and because the operators V,
and A,:: commutate (since Vj and Ay~ do), and introducing the following trun-
cation error of the discrete gradient:

(59) Ve -V, & =hic™) +0O(ht).

one gets, summing equation (59) to (58):

(60) VR -V, ®n5=24,"| Vi, (o) — p)+h} Vi, o +V, O(h)
—_— | ———— N————
=E, ;—E(xn ;) (%) (x%) (%xx) (3exx)
+h2e™) + O(hd).

(*) A,:: is uniformely bounded by a constant independent of the grid driscretiza-
tion h,, (the maximum eigenvalue is bounded).
*x) Using a Taylor expansion, this term scales with V(p* — p). Retaking
pn,N P
arguments of proof 3.8, the latter scales as equation (44).
x % %) Using a Taylor expansion, the terms scales with Vo (&) and O(h2).
n

Eventually, an interpolation is added for the term E(x, ;) — E(x) (see proof of
proposition 3.11). O

3.2.2. Discretization on sub-grids (SG scheme). In this section, a second applica-
tion of the combination technique to PIC methods [1] is presented. This imple-
mentation does not use a projection of the density onto the Cartesian grid. The
idea is to deposit the charge density, solve the Poisson equation, differentiate the
electric potential on each sub-grid and eventually interpolate the electric field from
the sub-grids at particle positions by means of the combination technique. Solving
the Poisson problem on each sub-grid rather than on the Cartesian grid, is likely
to speed-up the computations. Indeed, the gain may be coarsely estimated by the
reduced number of cells in all the sub-grids O(log,(h;,})4~1h, 1) compared to the
Cartesian mesh (O(h,;9)). Let us introduce the scheme, that we shall name the

n

Sub-Grid Particle-In-Cell (SG) scheme in the following:

(SG1) Similar to (STD1).

(SG2) The density is projected onto each sub-grid with the hierarchical estimator,
defined in equation (29), in order to get a partial representation of the
density on the sub-grid nodes.

(SG3) An approximation of the electric field on each sub-grid, denoted Ey ;, is ob-
tained by resolving the Poisson equation from the partial representation of
the density on the corresponding sub-grid and differentiating the potential
with a finite difference scheme:

(61) Eij=-Vp®P1; Apdyy= —%,
where V, and Ay, are the discrete second order finite difference operators
defined on the sub-grid € by:

d
(62) Ahld)l,j = Z(éz_hlt 5,;th )(I)l,ja V}“‘I)l,j = (51?,}”, q)ld)t_l q’
t=1 o
Oi s 6;" n, are left-sided, right-sided differences and 52}” is centered dif-

ference defined in equation (39).
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(SG4) The electric field is evaluated at particle positions using the combination
technique; each partial representation of the field is interpolated using the
sparse interpolation functions and combined according to the following for-
mula:

d—1
(63) Bre) = (07 (1)) S S,

o=0 leL(n,0)JEN
B[ (xp)
where E["(x,) is the electric field interpolant on the sub-grid of level I,

L(n,o), J are defined in equations (22), (17) and the coefficients ay j are
determined by the interpolation conditions:

(64) vj e, Ein(XLj) = Zaljgb;g(xl’j) = Ey ;.
jeqn

Proposition 3.11. Assuming enough smoothness on p so that ® € X5 o(7), p €
X5(k), the sparse grid interpolant of the electric field converges to the exact solution
in LP norm, 1 < p < 00, according to the following estimation:

m C1nd— C1nd— 1
(65)  ||E) — Ell, =0 | hy +logy(hy, ")~ B2 + logy (b ) (Nh,) 72 |,
II P,
n Gx n, N

where E = —V®, A® = —p/eq. In the two dimensional case with B1-splines, we
have the following estimation on the sparse grid interpolant of the electric field:

1
(66) B, — El, < (%(Ivaiplloo IV pllee + VO]l + |V, Pl oc)

1 ||E3 ||OO 1 2 2

1
c1.2(1—0 —
o DG S N [V: Vo 8
o=0 leL(n,o)
1

(3 @IVOL0101 I95200p 1 + V0220l

1 202 i 202 2
+ o (IV202 o) + (1902030 1) ) ) B2

1 1
2 oc1.—(1—0)/2 — Q 2 1
1 DGR DI V-V [ (Nh) Vo,

o=0 leL(n,o)
where Agll is the inverse matrixz of the Laplacian problem defined in equation (69).

Remark 3.12. The estimation of the error requires stronger assumptions on the
smoothness of the density (p € X5(x)) than for the HG scheme (p € X3(x)). The
significative differences with the HG scheme are the additional G, terms depending
on [[VO20,pllocs IVO20;plloos V20, ®||oe which are seventh order derviatives of
the density and ninth order derivatives of the potential. In comparison, the dom-
inant terms in the HG scheme estimation in equation (47) are third order for the
density and fifth order for the potential.
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Proposition 3.13. Assuming Poisson equation is supplemented with periodic bound-
ary conditions and the electric field is interpolated at particle positions using B1-
splines, the scheme does preserve the total momentum of the system, i.e

dP

_ ~ N o4
where P — mJ\/// ofw (e v dzdv, (@, v,0) = S d(m— ()60 vy (1).
p=1

Proof of proposition 3.11. The proof is given with Bl-splines. In order to apply
the proposition 3.2 and lemma 3.4 that will give us the result, we need to verify
the assumptions of equations (26) and (34). Let 1 = (I,12), the partition of unit
property of basis functions provides:

(68) E["(x) — E(x) = Y (E1y — E(xiy) + E(x1y) — E(x))of5(x).
Jen

The first term E;; — E(xy;) is the field solver error resulting from the two dis-
crete finite difference operators Vj, and Aj,. Unlike the problem discretized on the
Cartesian grid (see proof of proposition 3.10), the resolution of the Poisson equation
on the sub-grids requires more work because of the anisotropy of the grids, the ma-
trix of the problem A}, depending on h;, and h;,. Thus, invertibility of the matrix
cannot provide directly an error expansion of the form of equations (26),(34). This
problem has been thoroughly studied in [25, 21]. We therefore use the framework
introduced in [25] for this proof. In the following, we consider a matrix notation
introduced in the proof of proposition 3.10 and omit the dependence of the grid
discretization in the notations since the functions are implicitly evaluated at the
grid nodes. The discrete Poisson problem in matrix notation is:

_All,lz Ill O e 0
I Ay, Iy

1
(69) A}”@ = —pP, Ahl = .. .. :
Ill _All,l2 Ill
0 U 0 Ill _All,l2
where A;, 5, is a tridiagonal matrix such that (A, 1,)i: = 2hl:1 + 2]1[217 Aiv1; =
Aiiy1 = —h;l and I, is the diagonal matrix such that (I}, ); ; = 5i,jhfll. Assuming
enough smoothness on the potential ® € X5 o(7v), with a Taylor expansion the
truncation error of the problem is:
A A
(70) Ap®+p=0cn} +al¥n
A A
& An®+puyn = pign — p+ ok + ol Rl
A A
S Ap®+pigN= (11 + 0'5 ))hlzl + (2 + O'é ))hi, + 712k} hi,

+ C1o(Nhy, hyy) 3.

1 1
where O’%A) = E@i@, UéA) = —6;@, are the truncation expansions in each dimen-
sion and 71, T2, 71,2, (1,2 are the bias and variance coefficients defined in equations
(32),(33). Following [25], the auxiliary semi-discrete problems are introduced:

(71) Afwy = (ri+ ), AlPw, = (r + o),
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where wy (+; hy, ), wa(+; hy,) are defined on the following hyper-planes:
(72) ot = Ix e Q€ [y, |0<j < h b 1<t <m},
and Agll), Agf) are the semi-discrete operators:

l _
(73) AR =67, b, + 02

(I2) ._ 92 + -
s Ahlz =05 + 627,”2527}”2.

From [25, Lemma 3.1, 2.], a semi-discrete maximum principle holds, giving:

() 93 ), < 5 05 + o))

Lo , t=1,2.
The truncation error can be rescast into:
Ap (@ —wih} —whl) + pryn = (A — Apwih? + (AP — Ay )wsh?,
+ 7'1,2th1 hi + C1,2(Nhy, hlg)_%'

From [25, Lemma 3.2, 2.], we have the result:

(75) (AR = Apwy, = wishi, (A = Ap)ws = wj b7,
. 1
with bounded ||wf72(~;hl1,h12)||oo < T2 H8;w1(~;hll)Hoo,
1
W1 G by ) |loo < — ||0%wa (-5 e . Owing to invertibility of Ay, we get:
2,1 2 1 12 T 2/ loo 1

(76) @ — (=A}'prjn) = wihi +wahi, + A} ((wiz + Wi+ T12)hi i,
—_——
(I’lyj

+ Cra(Nhiyhu) 7).

Using Taylor expansions and substracting them, the error of the discrete gradient
operator is:

O'(V) h2 4 4
(77) Ve -V, ® = th + O(h} , hi).

oy hy,

1 1
where U§V) = §6§<I>, Uév) = §8§¢>. Since ® € Xs50(7), p € X5(k), we have

wl,wg,wiz,wg’l, T1,2,C1,2 € X1. A Taylor expansion at grid nodes provides:
(78) Viw = Vw + O(h} , hi),

where w denotes any of the functions w1, ws,wy 9, w3 1, 71,2, (1,2. Owing to the com-
mutativity of A,:ll and Vp,, applying —V}, to equation (76) and summing to
equation (77):

(79) E] i — E = ( <vw1 + 0-§V)>hl21 + VWthZQ + ®hl1’hl2 )
5J )

lehi + (Vws + Uév))hlzz + 9}”1””2

where Oy, n, = Ay ((Vwiz + Vs, + V)b b2 + VCLQ(Nhllth)*%). Then,
using the notation introduced in equation (55) for each function Vwy, Vws, U§V),

aév), Vwi o, Vws 1, V712, V(1 2, the sum over the two first terms in equation (68)
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verifies the assumptions of equations (26),(34). Taylor expanding the field E simi-
larly to equation (49):

> (E(x1y) — E(x))e14(x) = &1(x; by )hf, + (x5 b, )h7, + €1.2(x; huy s huy )Bi, B,
jen
+ (9(hl1 Jh 2),
where £1,£2,61,2 are the interpolation error functions, verifying ||&1(-; ki, )|leo <

K/8, 1€2(5 huy)lloo < /8, [1€1,2(5 Auy s Py )|loo < K/64 and notations introduced in
equations (51), (52):

1 1
gy 05 = 500~ FIEB, I o) = 3030, = BB
80
1
hi hi,12(x; hay s hay) = 70102 (hy = 07) (ha, — 85)020; E(x).

We conclude using proposition 3.2, lemma 3.4 and, thanks to the boundedness of
matrix Ah , as well as functions Vi, Vg, & ( ) oév), Vari 5, Vs 4,

VT1,27 VCl,z, 51, 52, 51,2.

1
m K+ 29y 2(1—0) oK + 10y 2
1 E"-E|, < —1)° T v r ol
I p_< - +<§:< pazi=or, ) (2 ) g

o=0

1
¥ (Z(—nohl(”)” ) 29 (Vha)-

o=0

I\D\»—-

where Ty, := > ||A;ll||OO = O(n).
leL(n,0)

Proof of proposition 3.13. The total momentum of the system is defined as

(82) P=m // VZ%/(S(X —xp(t)0(v — vy (t))dxdv = Zm%’vp(t),

p=1
SO

P I N dv,(t) N
(83) E_z:l N dt Z:N

where E,, is the electric field interpolated at particle positions, given by:

(84) En(xp(1) = > (=17 > By Saa(xp(t) — x15)hu, s,
o=0

1eL(n,0) JEN =41 (%, (1))
A

Exchanging the sums, we get:

1

(85) TS Y b, Y By stmp )= 1)),
o=0

1€L(n,o) JeEN

=P1,j,N

Let us consider a sub-grid of level 1 and the notations ® = @ ;, E = Epj, o =
prj,n where j = (j1,j1) € Ji. Owing to periodic conditions on the field and the
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density:
S Ep =DV, PA, D
JeN JEN
22“2 2'2: <2¢j1,j2¢j1+1,j2 (@22 (i1 1a2)2 _ 9gpin2 q>j1—17j2>
= 3
Jj1=0 j2=0 thl
2PIrdz Pirsjetl _ (@j1,j2+1)2 + ((I)jhjz—l)? — 2PI1d2 Pirjz—1
+ o0 :
2
A change of index together with the periodicity of the problem yields:
2l oh1 2l ol
JiJ2 pirtlgz — J1,J2 ir—1.72 Ji—1,J2\2 _ Ji+1,52)2
297172 P 27172 P , (® ) (P )
j1=0 71=0 71=0 71=0

Thus, owing to equivalent relations in jo,

dp
= —o0.0
a ="

Remark 3.14. The proof on the conservation of the total momentum is not ap-
plicable to the HG scheme. Indeed, the source term of the Poisson equation does
not appear in the field expression in equation (85).

3.3. Offset combination technique. From the analysis conducted in the prece-
dent sections, the following conclusions may be stated. Sparse grid reconstructions
define a different trade off between the three components of the errors (grid-based
and particle sampling errors) as compared to standard PIC approximations. The
particle sampling error is significantly mitigated thanks to sparse grid approxima-
tions. This is an important feature since this component of the error is generally
the most detrimental for the computations and ultimately limits the precision of the
approximation. Contrariwise, the grid-based error is less favorable for the sparse
grid approximations: the component G,* is increased and dominates the grid based
error (see tables la, 1b for a comparison of the methods). In this section, a general

Table 1. Grid-based error: dependances of the error components
I and Gx with respect to the grid size (h,) and the solution
regularity (derivatives, t =1, ...,d).

(a) Density grid based error (||p]7" n — pllp)-

‘ Scheme ‘ al (grid) ‘ el (solution) ‘ Gx (grid) ‘ G (solution) ‘
STD O(h2) V2|0 O(h ) V03...02p]| s
HG/SG | O(h2) VZplle | O(log,(h, )d Th2) [ [[VE3...0%p]l

(b) Electric field grid based error (|E]* — E||p).

‘ Scheme ‘ gl (grid) ‘ ! (solution) ‘ G (grid) ‘ G (solution) ‘
SID | 0(12) | IVOi ¥, [V Pl o) V0000, [Nl
HG O(h2) VOi®|co, [VOZplle | Ology(hy, 1)~ 1h2) 1V2...02p] 0
SG | OWE) [V oo, [VO2plloc | Ollogy(hy )T1h2) | [VOL- 030 ], [VO2OR-. Op]ocr

V9103 0pllo

framework, that we shall referred to as offset combination technique, is introduced
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in order to reduce the grid based error of sparse grid reconstructions. The offset
combination technique is motivated by the property of the error G, to be an in-
creasing function of the number of sub-grids involved in the combination (O(n4=1))
as well as the combined sum of the errors of the partial estimators. The offset com-
bination consists therefore in both reducing the number of sub-grids considered
within the combination and using sub-grids with increased minimum levels. In this
respect, the offset combination borrows some ideas to the so-called truncated com-
bination [28, 2]. However, a more subtle strategy is implemented within the offset
combination in order to select efficiently the subset of sub-grids.

The main drawback of the truncated method is the additional statistical error
introduced in the simulation, because of the smaller cells of the grids considered
in the combination, the mean number of particles per cell is reduced. The offset
combination is aimed at mitigating the increase of the statistical noise as well as the
dominant component of the grid based error G, in return of a deterioration of the
component g,‘l. The method is presented in this section for an equidistant grid €2,
but can be extended to any non-equidistant grid Qy,, n = (n1, ..., ng). The tuning of
the balance between the different components of the error is implemented thanks to
the two parameters [°,1' € N. The index [° is used to parametrized the minimum
discretization level for the sub-grids, with the aim to discard the most anisotropic
sub-grids from the combination. The parameter ! sets the loss of discretization
in the directions aligned with the axis (contributing to the gl grid-based error).
Let I! = 0 the offset method boils down to the truncated combination technique
introduced in [2, 28]. Let us introduce notations for the method: the discretization
in the directions aligned with the axis is denoted n, the discretization in the
cross directions is denoted my and ngg refers to the number of sub-grids in the
combination!

(87) n=n-—1, ny =n+ (d—1)1° -1 nsg i=n—1°—1"
The sub-grids of the offset combination are defined by the subset of indices?, denoted
L(n,1° 1, o) and defined as:
(88) 1= (l1,...0q) € L(n,1°1",0) ={le N |1>1°
[, =nx+d—-1-0},
where o € {0,...,d — 1}.

1The number of sub-grids considered in the offset combination technique, denoted ./\/Sg7 is:

_f 2ng—1 if d =2,
(86) NS-‘?*{ 2n2, —2nsg+1 ifd=3,

2As an example, for

n=17 19=2 =1 (offset),
n=719=2, =0 (truncated);

the combination consists of the sub-grids with the following level set:

U £m1%00) ={(63),(54),(4,5),(3,6),(5,3),(4,4),(3,5)},
0<o<d—1

U 2% 0) ={(7,3),(6,4),(5,5),(4,6),(3,7), (6,3),(5,4),

0<o<d—1
(4,5),(3,6)}.
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Proposition 3.15. The density interpolant issued from the offset combination ap-
plied to the HG-scheme converges in LP-norms, 1 < p < oo with

_1
89) oy = plly = O | %, +logy(hy! ) 2+ logy (R )~ Nby, 2
—~—

g:; Pn,N

I
where n,ny and nsy are defined in equations (87).

Compared to the estimation of the HG scheme (equation (44)) both the grid-
based component GX and the particle sampling component P,  of the error are
mitigated in the offset method. This is obtained thanks to the reduced number of
sub-grids in the combination which scales with O(n‘sig_l) instead of O(nd=1), ng, <
n. Besides, the use of sub-grids with higher levels, i.e. parametrized by indices 1
with larger |11, entails an offset for both P,y and G, if ny > n. Conversely, the

n
component Qllb is increased by the elimination of the more anisotropic grids because
ny < nifl 1> 0, however this is of no consequence on the accuracy of the numerical
method since the grid based error is dominated by the component G/*.

Remark 3.16. The offset combination technique can be applied to either the HG
scheme or the SG scheme without the loss of their conservativity properties (total
charge, total momentum, etc.) but with the same improvements with respect to
the precision.

3.4. Enhancements of the hybrid grid and sub-grid schemes.

3.4.1. Objectives. The analyses conducted within section 3.2 highlight a deteriora-
tion of the electric field approximations carried out by sparse grid PIC methods (see
table 1b) compared to standard PIC methods. Similarly to the density interpolant,
this altered precision, more important for the SG-Scheme, is due to an increase of
the grid based error component G,X depending on high order cross derivatives of
the solution. The corrections proposed herein address this specific issue.

3.4.2. Oversampled hybrid grid (OHG scheme). The HG scheme does not take ad-
vantage of sparse-grid techniques for the resolution of the electric field, the potential
being carrying out on a Cartesian mesh, unlike the SG scheme. This computation
may be expansive for refined discretizations and particularly for three dimensional
problems. The benefit of this approach is a reduced dependency of the electric
field approximation to the solution cross derivatives (compared to the SG-Scheme,
see table 1b). The strategy introduced to alleviate the numerical cost of the elec-
tric field computation, consists in using grids with different resolutions for the
density the density deposition and the electric field computation. Precisely, the
electric field is carried out on a Cartesian mesh (2, while the density is projected
onto a sequence of sub-grids associated to a more refined (oversampled) Carte-
sian mesh Q;, where n = n + §,, 0, € N. Let us outline the corrected scheme,
that we shall name the Oversampled Hybrid grid Particle-In-Cell (OHG) scheme.
The steps (OHG1),(OHG2),(OHG4),(OHG5) are similar to respectively the steps
(STD1),(HG2),(HG3),(HG4), but the refined Cartesian grid Q5 is considered at
step (OHG?2).
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(OHG3) The density is deposited onto ,, from the values of the sparse grid inter-
polant on Qj:

. m Wi m
(90) Vi€ Tns A Ong) = 8 DR N (%0 )P (% ),
jeTs
where w,,,w; correspond to the volume of a cell of the grids €,, and Q53:
-1 -1

(91) wo= Y1), wa=| D1

JETn 36.7,1

Proposition 3.17. The total charge of the density is conserved by the projection
onto Q5 and by reconstruction on §y,, i.e

(92) > (@ jwn = Q.

J€TA

Proof of proposition 3.17. The proposition follows from the definitions of the con-
stants w,,,wy; following the proof of proposition 3.6. [

3.4.3. Enhanced sub-grids (ESG scheme). This correction consists in enhancing the
sub-grids for the resolution of the electric field by introducing sub-grids more refined
than those used for the projection of the density. The sub-grids carrying the electric
field are related to the levels I, = [, + 6, (fort =1,...,d), 6, € N being a parameter
denoting the additional depth of these enhanced sub-grids. Let us outline the
corrected scheme, that we shall name Enhanced Sub-Grid Particle-In-Cell (ESG)
scheme. The steps (ESG1),(ESG2),(ESG4), (ESG6) are similar to respectively the
steps (STD1),(SG2), (SG3) where the enhanced sub-grids are considered, (SG4) .

(ESG3) On each sub-grid, the partial representation of the density is interpolated
to the enhanced sub-grid ; with standard interpolation:

(93) €T pigy = D oions(xg).
JEN
where the coefficients o ; are determined by interpolation conditions.
(ESG5) The electric field is reconstructed on the non-enhanced sub-grids in a way
similar to equation (90).

4. NUMERICAL SIMULATIONS

4.1. General settings. In the following, we consider the electrons immersed in
a uniform, immobile, background of ions: p;(x) = Q./ [dx. The domain is a
square €2 := [0, L]%, whose dimensions depend on the Debye length L & Ap, Ap =
veoTe/qeno, with the following charge, mass and temperature for the electrons
ge = 1.602 x 107 C, m, = 9.109 x 1073 kg, T, = 1 eV. Periodic boundary
conditions are considered for the particles, the electric potential and the electric
field. The time discretization depends on the plasma frequency: ¢, At oc w, L
Wp = \/Gepe/meeo. The particles are pushed with a leap-frog temporal scheme
following the equations of motion.

-1
3The ration % can also be defined as follows z—z =1 > bny (xﬁ’j)> .

i€TR
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A series of numerical tests is carried out in two dimensional geometries: a Landau
damping in both the linear and the non-linear regimes as well as a diocotron insta-
bility. These tests are performed with the standard Particle-In-Cell scheme (STD),
the sub-grid Particle-In-cell scheme (SG), the hybrid grid Particle-In-cell scheme
(HG), the enhanced sub-grid Particle-In-Cell (ESG) scheme and the oversampled
hybrid grid Particle-In-Cell scheme (OHG), respectively presented in section 2.2,
3.2.1, 3.2.2, 3.4.3, 3.4.2. The schemes are implemented either with the classical
of the offset combination technique. Throughout this section we will refer to the
mean number of particle per cell, denoted P,., relating the amount of statistical
noise in the simulation. This quantity depends on the underlying Cartesian grid or
the sub-grids used in the combination.

N N N2
(94) Po=——=N2"", P.=—— - = ;
hn=L? nhy L+ (n—1)h, L 3n—1
N N27mx

95 P. = = ,
( ) nsgh;i_t,_lL + (Tlsg - 1)h;iL 3nsg —1

where the grid discretization now depends on the domain size (h, = 27"L) and
Ny, Nsg are defined in equations (87). The mean number of particles per cell is
therefore provided by equations (94)-(95) for the STD scheme, the SG, HG, ESG,
OHG schemes with the classical combination technique and the offset combination
technique.

In any of the following test cases, the total charge of the density is exactly
conserved (to machine precision ~ 107!¢) for the STD, HG scheme and OHG
schemes with any combination technique which confirms the propositions 3.6, 3.17.
Recalling that within the SG or the ESG scheme, because the density is never fully
projected onto a grid since we only proceed a partial projection onto each sub-
grid and combine the resulting partial electric fields, the conservation of density is
therefore not assessed numerically for these schemes.

4.2. Landau damping. As a first test case, we consider the evolution in time
of a perturbation known as the Landau damping, in the linear and non-linear
regimes. When a plasma is slightly perturbed from an equilibrum state, it returns
to its equilibrium with an exponential damping. A perturbation in the electron
distribution of an equilibrium state is considered:

(96) fe(x,v) = % (1 + apcos (/Jﬁimc)) <1 + aipcos (52iﬂy>> e%vu%’

where |[v]l, = (vZ + v§)1/2, a1 2 is the magnitude and (; 2 is the period of the
perturbation in each dimension.

4.2.1. Linear regime. The perturbation considered in the distribution of electrons
has to be small enough so that a linear approximation is valid. Under this assump-
tion, the electric field decreases exponentially fast in time according to a damping
rate [29]. The motivation here is to recover this damping rate with the different
schemes. Let us parametrize the perturbation with oy = ap = 0.05, 81 = B2 =1
in equation (96), L = 22Ap, At = shw, ' and the final time T = 25w, *. The
grid discretization is chosen so that h,, ~ 0.34\p, the configuration of the grid and

particles is indicated in table 2. Interpolations in the combination technique are
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done with Bl-splines for all the methods. The numerical results are represented in
figure 2 (a). Both the HG, SG, STD schemes agrees well with the damping rate.
Besides, there are four times less total particles in the simulation for the sparse grid
schemes.

Table 2. Linear Landau damping: Configuration of the methods.
’ Scheme \ Grid size h, \ P, \ N \NStd/N‘

STD 20 (642 cells) | 500 | 2.048 x 10° 1
SG, HG (classical) | 276 (642 cells) | 500 | 5.440 x 10° 4

4.2.2. Non-linear regime. When the perturbation of the equilibrium state is con-
sidered large enough to invalidate the linear approximation, the precedent analytic
damping rate is not available anymore. In order to assess the efficiency of the meth-
ods, the results will be compared to the STD scheme in the same configuration of
grid discretization. A larger perturbation than for the linear case is considered
with a1 = 0.2, ag = 0.15, 81 = 4, B2 = 3 in equation (96) and let L = 60Ap,
At = 2—10wp‘ L. The grid discretization is chosen so that h,, ~ 0.47\p, the configura-
tion of the grid, particles and schemes is indicated in table 3. Interpolations in the
combination technique are done with Bl-splines functions for each of the methods.

Table 3. Non-linear Landau damping: Configuration of the methods.

‘ Scheme ‘ Parameters ‘ Grid size h, ‘ P, ‘ N ‘ Ngey/N ‘
Ref (STD) 277 (1287 cells) | 4000 | 6.553 x 107 1
STD 277 (1282 cells) | 1000 | 1.638 x 107 4
SG, HG (classical) 277 (1282 cells) | 1000 | 2.560 x 108 25.6
ESG, OHG (offset) | (1°,1%,6,,) = (2,1,1) | 277 (1282 cells) | 1000 | 2.816 x 10° | 23.2

A first series of simulations is performed with different grid resolutions (8, 16, 32,
64, 128 cells in each dimension) and numbers of particles per cell (P, = 500, 1000)
in order to get a comparison of the projection error between the methods at initial
time. It is therefore possible to assess precisely the precision of the density projected
onto the grid for the different methods by comparison with the analytic expression
of the initial electron density (pe.). The error of the density in LP norm is defined
as:

(97) ep(p) = 1= perlle g oo
llpezllp

where p., is the analytic density at initial time. The integrals in the L” norm
expressions are approximated with a Riemann sum on the Cartesian grid. The
numerical results of the error in L? norm (e3) are represented in figure 3 as functions
of the number of cells in the Cartesian grid. The results for the SG scheme are not
represented because at initial time the scheme is equivalent to the HG scheme. For
any of the methods, the precision is limited by the particle sampling error for quite
coarse grid resolutions, as soon as the number of cells is larger than 32 x 32. Though
the total number of particles is increased with the mesh refinement, the mean
number of particles per cell remains unchanged, which explains the non decreasing
error observed on the plots of figure 3. This highlights that, though the number of
particles per cell is consequent (1000), it should be increased further to obtain an
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optimal precision and reduce the particle sampling error to a value comparable to
the grid based error. This outlines an important characteristic of PIC methods: the
grid based error is marginal compared to the particle error. This proves that gains
may be expected from numerical methods with a better control of the statistical
noise, hence the interest for sparse grid reconstructions.

Note that for sparse grid methods, the particle sampling error decreases with the
mesh refinement but an estimated mean number of particles as stated by equations
(94)-(95) remaining constant. For a refined grid with 128 x 128 cells, the amount
of statistical noise of the HG scheme with P. = 500 is lower to that of the STD
scheme run with P. = 1000. This amounts to a total of number of particles equal
to 1.28 x 10° for the sparse method (see table 3 for the value related to P. = 1000),
which is 12 times less compared to the 1.64 x 107 particles used for the standard
method.

The second series of simulation for the non-linear Landau damping is dedicated
to the time evolution of the perturbation. First, the conservation of the total
momentum is investigated for the different methods. To this end, let us introduce
the following error for the momentum:

N

(98) ep(t) = =3 Mevallo) Zmevy(t)

N~ MeUth

where v, (t) is the velocity of the p*® particle at time t and vy, := \/2¢.Te/me
is the thermal velocity of the electrons. The default of momentum conservation is
represented as a function of time in figure 4 (a), (b) with P, = 500. As predicted by
the propositions 3.13 and the remark 3.16 the total momentum is exactly conserved
(to machine precision ~ 10716) for the SG with any of the classical combination
technique or the offset combination technique, as well as the STD scheme. The con-
servation default for the HG, OHG and ESG schemes (see remark 3.14) is observed
to remain marginal (~ 10~%) and bounded independently of time.

The projection onto the Cartesian grid and a section in the z-direction of the
electron density are proposed in figures 5, 6 after two periods of oscillation of
the electric field (at time Tp = 6.3w,, 1) for the different configurations of table 3.
Since the density is never projected onto the Cartesian grid within the SG and
ESG schemes, we perform an interpolation on the Cartesian grid according to the
combination technique for the diagnostics.

First, it appears that the reduction of the numerical noise is manifest for all the
methods using sparse grid reconstructions. It is an essential property since, this er-
ror, due to the undersampling of the distribution function, is the most detrimental
in the precision of numerical methods. This better control of the numerical noise is
obvious on the z-section plots displayed on figure 5. Though the estimated mean
number of particles per cell is equal to 1000 for the HG (classical combination),
SG (classical combination), OHG (offset combination) and ESG (offset), the mag-
nitude of the dispersion is observed to be comparable to that of the STD scheme
with 4000 particles per cell which amounts to total number of particles 25 times
greater (see table 3). It is also noticeable that sparse grid approximations do not
introduce too much numerical diffusion, the extrema of the numerical approxima-
tions being comparable whatever the scheme. Second, the grid-based error can be
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Figure 6. Non linear Landau damping: Electron density at t =
6.3w, ! for the STD (a), HG (classical) (b), SG (classical) (c),
ESG (offset) (d), OHG (offset) (e), STD (f) schemes; grid with
128 x 128 cells, P. = 1000 (a), (b), (c), (d), (e), P. = 4000 (f).

observed, particularly on the plots of the SG and HG methods. This error repro-
duces the patterns of the coarsest grid levels. This error is specific to sparse grid
approximations of the density and analysed to be dominated by the G, grid-based
component scaling with O(log, (h,;1)h2). This latter term results from the accumu-
lation of error on the different levels of sub-grids and is reduced thanks to the offset
combination technique (see remark 3.15). The smearing of the grid structure on
the error plots related to the computations performed with the offset combination
technique can be observed on figure 6. Indeed, in these computations the number
of sub-grids considered for the reconstruction is reduced by taking n,, < n (from
2n — 1 = 13 sub-grids to 2ns, — 1 = 7 sub-grids). The sub-grids considered in the
combination are detailed in the example 2. The control of the numerical noise (with
approximately the same number of total particles), though expected deteriorated,
due to the use of more refined grids compared to the original methods, remains
very effective improving significantly the quality of the numerical results. For these
methods, still a good control of the numerical diffusion shall be pointed out. Simi-
larly, the increase of the grid-based component g,‘l being set by the trade-off reveals
to remain marginal on the precision of the numerical approximation.

4.3. Diocotron instability. In this test case, we consider a hollow profile in the
electron distribution, confined by a uniform magnetic field B [30], with the following
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Maxwellian distribution of electrons :

(99) fe(X,V) = We 2(0.03L)2 e 2

)

where Hx — é”; = (z — %)2 + (y — %)2 and < a normalization constant so that

fe(x,v)dxdv = 1. The external magnetic field is considered uniform along

the z-axis B = (0,0,B.) (B, = 2.5 x 107° T) and strong enough so that the
electron dynamics is dominated by advection in the self-consistent field E x B. The
instability caused by the magnetic field deforms the initially axisymmetric electron
density distribution, leading, in the nonlinear phase, to the formation of a discrete
number of vortices. As we expect fine scale structure to form in the process, a high
discretization in space is required to reproduce these structures. Again, this test
case defines a demanding benchmark for sparse grid approximations very likely to
outline the grid error introduced with these reconstructions.

Let the parameters be L = 22\p, At = 0.1w;1, the system is observed at time
Th = Sdw, 1. The numericals results will be compared to the STD scheme with a
grid composed of 256 x 256 cells and P, = 200 particles per cells as indicated in
table 4. The interpolations are implemented using B1-spline while B2-splines are
used for the density visualization. Following steps of proof of proposition 3.8, one
can see that the use of B2-spline, even restricted to the visualization of the density
on the grid, provides a better representation of the density.

Table 4. Diocotron instability: Configuration of the numerical methods.

‘ Scheme ‘ Parameters ‘ Grid size h,, ‘ P, ‘ N ‘ Npef/N ‘
Ref (STD) 25 (2562 cells) | 200 | 2.621 x 107 1
STD —8 (2562 cells 40 ]2.621 x 10° 5
OHG (classical) Op, =2 -8

SG (classical) —10(10242 cells) | 40 | 1.187 x 10° 11
FSG, OHG (offset) | (I°,1,5,) = (4,0,1)

)
27° ( )
278 (2567 cells) 40 | 1.187 x 108 11
2 S
Rl ]

=8 (2562 cells 40 | 1.802 x 10° 7.25

The projection of the electron density onto the Cartesian grid and a section in
2L

the z-direction (at = =) at time 7} for the different configurations of table 4 are
represented in figure 7, 8. The numerical results are presented only for the OHG
scheme and not for the HG scheme because the resolution of the Poisson problem for
the latter is exceedingly costly in comparison to the others methods. Besides, the
same accuracy is achieved with either the OHG scheme or the HG scheme, hilighting
the benefit of the oversampled correction of the scheme. The discretizations of the
sparse grid schemes with the classical combination technique (h, = 2719 h; =
2719) are chosen higher than the standard ones (h,, = 278) because the sparse grid
schemes fail to reproduce the fine-scale structures depending on cross derivative
terms. Indeed, we have shown in section 3 that the grid-based error component G*
scales with O(logy (h;, 1)h2) for the sparse grid schemes (compared to O(h%) for the
standard scheme).

Despite the use of a more refined grid discretization, we observe on the plots of
the section in the x-direction (figure 8 (a)) that the OHG and SG schemes with
the classical combination technique still fail to reproduce correctly the fine-scale
structure of the density. Indeed, where the solution has steep gradients (y =~ 6,
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(a) (b) ()

Figure 7. Diocotron instability: FElectron density for the STD
(a,b), OHG (classical) (c), SG (classical) (d), ESG(offset) (e), OHG
(offset) (f) schemes at ¢ = 54w, . Zoom on the top left corner.
P. =200 (a)7 P.=40 (b)7 (C)7 (d)7 (e)> (f)
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Figure 8. Diocotrom instability: Density profile of the electron

density at t = 54wp_1 and x = %

y &~ 9 in figure 8 (a)) the sparse grid schemes show a bit of numerical diffusion.
The correction of the schemes with the offset combination technique achieves a fair
representation of the density and even reproduce some fine-scale structures that are
faded by the statistical noise of the STD scheme with P. = 40 (see zoom on figure
7). The improvement is manifest on the plot of the section in the a-direction (figure
8 (b)) where the numerical diffusion introduced by the sparse grid schemes has been
mitigated. Here again the sparse grid techniques achieve an improvement on the
statistical noise with the same mean number of particles per cell (and thus less total
particles in the simulation) than the regular PIC approximation (see the plot of the
section in the x-direction for the density in figure 8 (a), (b)). Though this test case
is a very demanding benchmark for sparse grid approximations a reduction of the
total number of particles is achieved (see table 4) and all the fine-scale structures
appearing in the reference solution are well reproduced by the corrected schemes.

5. CONCLUSIONS

In this paper, we have presented, analysed and proposed Particle-In-Cell nu-
merical methods embedding sparse-grid reconstructions by means of the combina-
tion technique. These methods have been numerically experienced and compared
against regular PIC methods. Sparse-grid PIC approaches promise a speed-up of
the method thanks to a better control of the statistical noise which entails the
reduction of the particle number. A reduction of cost for the computation of the
electric field is also accessible, owing to the reduced number of cells composing
sparse-grids (O(logy(h,; 1)~ 1h, 1) instead of O(h,¢) for a Cartesian mesh). The
analyses conducted within this document show that the approximation error may
be decomposed into a particle error and a grid based error. Two components define
the grid based error, namely g,'l, G, with a balance between these two contributions
depending on the numerical methods. The particle error, denoted P, n, is related
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to the sampling of the distribution function by particles and characterizes the dis-
persion of the sampling. One can conclude that the Sub-Grid (SG) and Hybrid-Grid
(HG) schemes achieve both a fair representation of the density with an improved
control of the statistical noise (P, ) compared to regular PIC schemes. Nonethe-
less, the grid based error is deteriorated, due to the increase of the component G,
depending on the solution high order cross derivatives. This increase is more sub-
stantial for three dimensional computations. Similar conclusions may be drone from
the formal analysis stating the first convergence (and rate of convergence) results
for the electric field sparse grid approximation established within this document
(see propositions 3.11, 3.10 for the SG and HG schemes). Furthermore, the SG
scheme is proved to be compliant with the conservation properties of standard PIC
methods (total charge and momentum), except positivity. The offset technique is
introduced to decrease the dominant component of the grid based error (G)X) in
sparse grid PIC methods. This framework permits to tune the balance between
the different components of the error and improve the quality of PIC sparse grid
approximations. Besides, enhancements of the SG and HG schemes are proposed in
order to improve the efficiency of sparse grid methods regarding the computation
of the electric field.

The numerical experiments performed on various classical test cases, consolidate
the results of the formal analyses and illustrate conclusively the gain brought by
sparse grid reconstructions in particular when combined with the offset method, to
improve the sampling error without introducing a significant numerical diffusion.
Despite the simplicity of the implementation and the restriction to two dimensional
geometries, the proposed numerical investigations provide a glimpse of PIC method
implementing sparse-grid reconstructions. However the full potential of the method
can only be achieved by three dimensional computations. This is strikingly illus-
trated by the plots of figure 9 relating the number of particles (V) required in
either a 2D or a 3D computation to guarantee a similar statistical noise in both
the regular and the sparse-grid PIC methods. It is manifest that the reduction of
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Figure 9. Number of particles required by 2D and 3D computations
as a function of the number of cells (in each dimension) to recover
a comparable statistical noise (P, = 1000) in standard and sparse-
grid PIC methods.

particles with the sparse grid schemes is significantly larger for three dimensional
computations: for grid with more than 500 cells (in each dimension), the number
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of particles run in the standard method for two dimensional computations is larger
than that of sparse grid methods for three dimensional computations. Though these
projections may be mitigated by implementation issues, the perspectives offered by
the offset method together with the enhancement of the schemes introduced in this
paper promise a leap forward in the efficiency of PIC numerical methods for three
dimensional computations.
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Proof of lemma 8.4. Let 1= (I1,l2), because hy, hy, = hy,, one gets:

e = fx) = Y (M) =)= Y (M)~ f(x)

1€ £(n,0) 1eL(n,1)

n terms n—1 terms

=(Nh) 72 | ()72 D Galshi )= D> Cla(xihy h,)

1eL(n,0) 1eL(n,1)

Eventually, using the boundedness of the functions ||(1,2(+; hiy, iy ) [loo < Kt

(100) 0 = Fe)l <k (V24 1) 0= 1) (Why) . O



	1. Introduction
	2. Particle-In-Cell (PIC)
	2.1. Notations
	2.2. Standard Particle-In-Cell (STD scheme)
	2.3. Projection of the density onto the grid

	3. Merging Particle-In-Cell with sparse grids
	3.1. Introduction to sparse grids
	3.2. Application to Particle-In-Cell discretizations 
	3.3. Offset combination technique
	3.4. Enhancements of the hybrid grid and sub-grid schemes

	4. Numerical simulations
	4.1. General settings
	4.2. Landau damping 
	4.3. Diocotron instability

	5. Conclusions
	Acknowledgements
	References
	Appendix A. Appendix

