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Asymptotic-Preserving scheme based on a Finite
Volume/Particle-In-Cell coupling for Boltzmann-
BGK-like equations in the diffusion scaling

Anais Crestetto, Nicolas Crouseilles and Mohammed Lemou

Abstract This work is devoted to the numerical simulation of the collisional Vlasov
equation in the diffusion limit using particles. To that purpose, we extend the Finite
Volumes/Particles hybrid scheme developed in [5], based on a micro-macro decom-
position technique introduced in [1] or [13]. Whereas a uniform grid was used to
approximate both the micro and the macro part of the full distribution function in
[13], we use here a particle approximation for the kinetic (micro) part, the fluid
(macro) part being always discretized by standard finite volume schemes. There are
many advantages in doing so: (i) the so-obtained scheme presents a much less level
of noise compared to the standard particle method; (ii) the computational cost of
the micro-macro model is reduced in the diffusion limit since a small number of
particles is needed for the micro part; (iii) the scheme is asymptotic preserving in
the sense that it is consistent with the kinetic equation in the rarefied regime and it
degenerates into a uniformly (with respect to the Knudsen number) consistent (and
deterministic) approximation of the limiting equation in the diffusion regime.

Anais Crestetto
Université de Nantes, Laboratoire de Mathématiques Jean Leray, 2 rue de la Houssiniere 44322
Nantes France, e-mail: anais.crestetto@univ-nantes.fr

Nicolas Crouseilles

INRIA Rennes Bretagne-Atlantique, projet IPSO & Université de Rennes 1, Institut de Recherche
Mathématique de Rennes, 263 avenue du Général Leclerc 35042 Rennes France, e-mail: nico-
las.crouseilles @inria.fr

Mohammed Lemou
CNRS & Université de Rennes 1, Institut de Recherche Mathématique de Rennes, 263 avenue du
Général Leclerc 35042 Rennes France, e-mail: mohammed.lemou@univ-rennes|.fr



2 Anais Crestetto, Nicolas Crouseilles and Mohammed Lemou

1 Introduction

Particle systems appearing in several physical applications like plasma or radiative
transfer can be studied at different scales. A kinetic description is necessary when
the system is far from thermodynamical equilibrium. It is based on the representa-
tion of the set of particles by a distribution function f depending on time ¢, space x
and velocity v, f verifying a partial differential equation of Vlasov-type. When the
system stays near equilibrium, the problem can be reduced using a macroscopic de-
scription, only depending on ¢ and x. Several strategies can be used to solved multi-
scale problems (see for example [9], [8], [11] or [2]), among them, the micro-macro
decomposition introduced in [1] leads to a coupling of two equations: a macroscopic
one for the mean part of f (in velocity) and a microscopic one for the remainder part
(called perturbation).

This work is devoted to the design of an Asymptotic-Preserving (AP) scheme
(see [10]) for the following kinetic equation in the diffusion scaling

A+ 1v0f + L EQS = 5 (M~ /), n
where x € [0,L,], p = [ fdv is the charge density, E is the electric field given by the
Poisson equation d,E = p — 1, M is either the absolute Maxwellian (in the BGK-
case v € R) or equal to 1 (in the radiative transport equation (RTE)-case v € [—1,1])
and € is the Knudsen number, parameter of the frequency of collisions between
particles, that may be of order one or tend to zero in the diffusion limit.

The strategy will be the use of the micro-macro decomposition. However, fol-
lowing [5], we want to use particles to discretize the micro part so that in the limit
regime, the numerical cost is reduced since a few number of particles will be nec-
essary to sample the (small) non equilibrium part. The main difficulty compared to
phase space grid approaches [13, 6] remains in the fact that the use of particles re-
quires a splitting between transport and source terms whereas in [13, 6], the stiffest
(source) term is used to stabilize the stiff transport term.

The outline of the paper is the following. We derive the micro-macro model in
Section 2 and its numerical discretization in Section 3. Some numerical results are
given in Section 4. Section 5 is devoted to the conclusion and some perspectives.

2 Derivation of the micro-macro equations

This section is devoted to the derivation of the micro-macro model. Let us first
introduce a velocity-set V = R in the Vlasov-Poisson-BGK-case and V = [—1,1]
in the RTE-case and define the null space of the linear collisional BGK-operator

Q(f)=pM—[by. A =Span{M}={f = pM, with p = (f)}, where (1) := [ hdv
and M (v) = \/ﬁ exp (f %) is the absolute Maxwellian in the Vlasov-Poisson-case

or M = 1 in the RTE-case. We now define the orthogonal projector IT in L? (M - dv)
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onto .4 as ITh := (h)M. Following [13, 6], we decompose f as f = pM + g, where
p :=(f) and g := f — pM, and rewrite the kinetic equation (1) into the equivalent
micro-macro model

1
op + —di(vg) =0,
1 | )
g+ 5(1* IT)[vo.(pM +g) + Ed,(pM +g)] = —as

The micro equation on g makes appear stiff terms that need a particular treatment
in order to get an AP scheme. The strategy of [12] is used and recalled here. We
rewrite the flux term of the micro equation

(I—II)(voy(pM+g)) = vMyp +vorg — III(vg),
(1~ TI)(EQ,(pM +8)) = Edy(pM +g) = —vMEp + Edyg

so that the micro equation becomes

1 1
oig + ps [VMOxp +voig — 0 (vg)M —vMEp + Ed,g| = — 28 3)

Starting from (3), we rewrite it as

2
et/e

K€ g) =~

[VMOxp +voig — 0 (vg" )M — vMEp + Ed,g].

Integrating in time between " and ! leads to
.[n+l

n 1y ]
& +1/£2gn+1: et/ezgn_ _/ et/£2dt [vMaXpn+vaxgn _ 8X<vgn>M_vMEnpn+Enavgn],

EJm

and multiplying by e "/E gives

gn+l: efAt/sfgn_ 8(1 _ efAt/sz) [vMaxpn+ vog"— 8X(vg">M — VME"p"+ E"avg"] )
By using the discrete time derivative, we finally get

n+1_ .n —At/e? _ _ —At/e?
G D, _(I—e )

= —& Mo.p" +vd,g"
AL AL 8 Ar [V P+ vdig

—o I1(vg")M — vME"p" + E"9,g"],

8

which we approximate, up to terms of order &(Az?), by

e—Al/Er 1 — p—A1/€
— &
At g At

[VvMOxp +voig — I I1(vg)M — vMEp + Ed,g] .
4)

Let us remark that this equation does not contain any stiff term. Moreover, the two
following properties are verified:
e consistency: Ve > 0 fixed, as Az — 0, we recover the initial micro equation (3),

8tg:
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e AP property: Ve > 0 fixed, as € — 0, we get g = —€(vMdp — vMEp), which
injected in the macro equation provides the right limit model given by d;p —

dc (up — Ep) =0 (see [6]).
The next section is devoted to the numerical discretization of the modified micro-
macro model
1
alp + Eax<vg> = Oa
e*Al/E2 1 1 — e*AI/SZ

— &
Ar S Al

[VMOyp +voyg — I IT(vg)M — vMEp + E0,g|

)
by an hybrid scheme, that couples finite volumes for the macro part p to a particle
method for the micro part g. As in [5], where the hydrodynamic limit was studied,
we expect a reduction of computational time when € — 0, related to the few number
of particles needed to represent g at the limit.

g =

3 Finite Volumes/Particles discretization

We present in this section the Finite Volumes/Particle-In-Cell (PIC) coupling de-
veloped for solving (5). Such a coupling is explained in more details in [5] for the
hydrodynamic limit.

Let us consider a classical uniform discretization of the spatial domain x € [0,L,]
denoted by (x;)o<i<n, and the following approximations: p/* ~ p(1",x;) and E! ~
E(t",x;). The Poisson equation dyE = p — 1 for E is solved thanks to finite volumes
without difficulty. We now focus on the two other equations (5).

3.1 Particle approximation for g

Our goal is to extend the particle discretization developed in [5] to the diffusion
scaling. To that purpose, we exploit the reformulation (4). As already said in [5],
we have to use a splitting procedure between the transport part and the source part.
Then, the algorithm is the following

2 2
e solve dg+ S%V&(g + E%Eavg =0,
—At/e —At/e

(e L/‘l g glie )

In the PIC method (described for example in [3]), the distribution function g is
represented by a set of N particles of position x, velocity v, and weight @ and ap-
proximated by g (¢,x,v) = Yo, @ (t) § (x —x; (t)) § (v — vy (¢)). Then, the transport
part is solved with the (non stiff) characteristics

e solve dig = [vMoyp + dx(vg)M —vMED].

(1— efAt/s,‘z) . (1— efAz/ez)

= E(t
Al Vi, Wk =E€ A7 (t,X), (6)

Xy =€
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E(,x;) being computed by a deposition step knowing E! on the mesh. The source
part is solved using the equation satisfied by the weights

—Ar/er 1 — =21/
(e e ) o, — ! Y ) (oM () (ep (1 50) o

_E(tvxk)p(taxk)) + 8X(vg> (taxk)M(Vk)] :

y =

In more details, from an initial repartition of the N particles (x{,»?) in the phase-
space domain of size L, x L,, with a),? = g(t =0,xk,vi)LyLy /N, (6) is approximated
by

A =g e (1= e VT = (1 - T M)EN ). ()

Then, we compute the momentum (vg"*!/2) of g"+1/2

using this new position:
N
<vgn+l/2>|xzxi ~ Z o) By(x; —XZ“)vZ“, 9)
k=1

By > 0is a B-spline function of order ¢:

l .
. — if |x| < Ax/2,
B = (BB )00, win BoGo) = { 3% B SAY2 o)
We rewrite the weight equation as
of = @ + (e — Dap —e(1—e M) [of + B, (11)

with o) = viM (vi.) [0xp™ (xi) — E" (x1)p" ()] LxNLv and B = 3x<vg”>(xk)M(vk)%.
To compute oy (resp. '), since p” (resp. (vg")) is known on the spatial grid, we

approximate dyp” (resp. dy(vg")) by centered finite differences: (d,p"); ~ %

(resp. (di(vg™)); = %) and evaluate at x = x; using an interpolation.

Remark. We have now a new approximation of g"*! given by its particle dis-
cretization. We have to ensure that the micro-macro structure f = pM + g with
p = [ fdv is preserved numerically. To do that, we correct the weights a),?“ , adapt-
ing an idea of [7]. We do not detail this procedure here but refer the reader to [5].

Chapman-Enskog expansion. When € goes to zero, we immediatly observe
that ™' = —e0! + O(€?) (since o} = O(&) ¥n > 1). Computing the momentum
of g"*! means that we use (9) with g"*!, or in the limit regime

n+]>

Q

N
(vg" ) ex, = —€ Y o' By(xi — xi)vi + O(€),
k

=1
~ & [(PM) (3p" — E"p")] [i—x, + O(7)
~ —e(2p" — E"p")(x)) + O().

Injecting in the macro equation then leads to a discretization of d,p — dx (dyp — Ep) =
0, which corresponds to the right asymptotic model (see [6]).
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3.2 Coupling strategy

After the computation of g"*! by the PIC method, we compute p"*! thanks to a
standard finite volume method. We use for example the following scheme:

1 At
+1 _ +1 +1
pirt =i = 2= (g )y — g™,y ). (12)

where (vg"*!). | is computed with (9).

i+3
Finally, the al2gorithm reduces to:
e Initialization of (xy,v;) and @y.
e 1) Advance micro part: - advance the characteristics with (8),
- compute (vg") with (9),
- advance the weights equation with (11).
e 2) Correction step for preserving the micro-macro structure as in [5].
e 3) Advance macro part: - compute (vg"*!) with (9),
- compute p™*! with (12).

4 Numerical results

We validate our model, denoted by MiMa-Part, on two classical test cases and com-
pare it to a full particle method (f is discretized by particles and not only g, see [3])
denoted by Full-PIC and to a micro-macro scheme using a Eulerian discretization of
phase space, denoted by MiMa-Grid (which corresponds to the scheme developed
in [6]).

We first consider the linear Landau damping case, where f is initially given by

£(0,x,v) = \/LQ—” exp (—%) (14 acos (kx)), x € [0,22] with periodic conditions in
x and v € R (cut to [—10, 10], assuming that the number of gas particles having a
larger absolute velocity is negligible). We take here k = 0.5 and o = 1072,
The hybrid MiMa-Part scheme is compared to MiMa-Grid for different values of €,
from 1072 to 1, in Figure 1. We look at the time evolution of log||E(t)||;> which
is known to decrease linearly in time. The kinetic regime (¢ = 1 - on the left) is
well described but the number of needed particles is quite big: N = 5 x 10°. For
€ = 0.5 (on the right), we note that the boundary layer is captured by both methods.
For small values of € (for example 10~2 but decreasing & does no more change the
curves - on the right), MiMa-Part leads to the diffusion limit, as well as MiMa-Grid.
But here, 200 particles are sufficient to represent in a good way the perturbation g
and to capture the limit. The cost of MiMa-Part then reduces as € — 0, whereas
MiMa-Grid keeps the same complexity.

We then consider the RTE-testcase given by f(0,x,v) = 1 +cos (27 (x+ 1)),
E =0V, x € [0,1] with periodic conditions in x and v € [—1,1].
Results obtained at ¢ = 0.1 are presented in Figure 2. On the left, MiMa-Part is com-
pared to MiMa-Grid for € = 1 and € = 1072, In both regimes, our hybrid scheme
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MiMa-Parte | — MiMa-Part € 0.5 ——
MiMa-Grid € 1 - MiMa-Grid £ 0.5 -

MiMa-Part € 0.01 -
MiMa-Grid € 0.01 ——

Fig. 1 Landau damping test case. MiMa-Part compared to MiMa-Grid. Electric energy as a func-
tion of time ¢ for € = 1 on the left and £ = 0.5 and 10~2 on the right.

gives a good representation of the density p(x). These results can also be compared
to those of [12]. On the right, we compare MiMa-Part to a full PIC method when
€ = 1. From the PIC point of view, our hybrid scheme can be seen as a § f method
(see [4] for example). We thus take the same advantages: the noise due to the prob-
abilistic character of the particles discretization is reduced since it affects only the
perturbation g, and not the whole function f. This noise appears on the represen-
tation of p when N is too small, and for example in the black curve obtained with
Full-PIC and N = 5 x 10*. With the same order of N, the black line labeled with
crosses corresponding to MiMa-Part and N = 4 x 10 is not affected by this noise.
Finally, for obtaining a smooth curve with Full-PIC, we have to take N = 5 x 103
(see the dashed line). The cost of the model is directly linked to N. To obtained the
two smooth curves for € = 1, the computational time is 0.12s for MiMa-Part and
0.47s for Full-PIC.

MiMa-Part € | ——

MiMa-Grid € 1 -
MiMa-Part € 0.01 & | 181
MiMa-Grid € 0.01 ——

MiMa-Part N 4x107 ——
Full-PIC N 50x10¢ -~ |
Full-PIC N 5x10* —

08 f

06 F

04 F

021

0 L L L L 0 L L L L L L L L L
0 02 04 06 08 1 0 [ 02 03 04 05 06 07 08 09 1

Fig. 2 RTE-testcase. Density p as a function of x at time = 0.1. MiMa-Part compared to MiMa-
Grid for € = 1 and 1072 on the left and compared to a full PIC method for € = 1 on the right.
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S Conclusion and perspectives

A first extension of the AP hybrid method developed in [5] is presented in this paper,
concerning the diffusion scaling. Same conclusions are observed: the scheme is AP
and the number of needed particles to represent g in a good way decreases as € — 0.
The cost of the hybrid method reduces then at the diffusion limit, whereas it does
not depend on € in standard phase-space grid methods.

Other possible extensions may be considered and will be the subject of future
works. First, it would be interesting to deal with Dirichlet boundary conditions (in-
stead of periodic ones) for enlarging the application field. For the same reason, more
general collision operators should be considered, combining this approach with re-
laxation techniques as in [12]. Extension to higher dimensions of the phase-space is
also possible and a comparison with semi-Lagrangian schemes would be interesting.
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