N

N

Multiscale numerical schemes for the collisional Vlasov
equation in the finite Larmor radius approximation
regime

Anais Crestetto, Nicolas Crouseilles, Damien Prel

» To cite this version:

Anais Crestetto, Nicolas Crouseilles, Damien Prel. Multiscale numerical schemes for the collisional
Vlasov equation in the finite Larmor radius approximation regime. Multiscale Modeling and Simula-
tion: A STAM Interdisciplinary Journal, 2023, 21, pp.1-24. 10.1137/22M1496839 . hal-03690427v2

HAL Id: hal-03690427
https://hal.science/hal-03690427v2
Submitted on 13 Dec 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-03690427v2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Multiscale numerical schemes for the collisional Vlasov equation in the
finite Larmor radius approximation regime

Anais Crestetto* Nicolas Crouseillest Damien Prel*

September 14, 2023

Abstract

This work is devoted to the construction of multiscale numerical schemes efficient in the finite Larmor
radius approximation of the collisional Vlasov equation. Following the paper of Bostan and Finot (2019), the
system involves two different regimes, a highly oscillatory and a dissipative regimes, whose asymptotic limits
do not commute. In this work, we consider a Particle-In-Cell discretization of the collisional Vlasov system
which enables to deal with the multiscale characteristics equations. Different multiscale time integrators are
then constructed and analysed. We prove asymptotic properties of these schemes in the highly oscillatory
regime and in the collisional regime. In particular, the asymptotic preserving property towards the modified
equilibrium of the averaged collision operator is recovered. Numerical experiments are then shown to illustrate
the properties of the numerical schemes.
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1 Introduction

In this work, we consider the three dimensional collisional Vlasov model under the so-called finite Larmor radius
scaling, whose unknown is the distribution function of a population of charged particles. Motivated by the magnetic
confinement, in the finite Larmor radius regime, the typical perpendicular spatial length is of the same order as the
Larmor radius and the parallel spatial length is much larger (see [3,20]). When the collision effects are neglected,
the finite Larmor limit leads to the so-called gyrokinetic model. However, when a collision kernel is present, the
gyrokinetic model is supplemented with an averaged collision operator whose properties are different from the
original one (see [4] and [2]). Indeed, under some quite general assumptions, the authors proved in [4] that the
averaged (or effective) collision operator satisfies a set of modified invariants and have a modified equilibrium
(compared to the non averaged version). As a consequence, the hydrodynamic limit gives rise to a new system of
conservation laws called the gyrofluid model.

More precisely, we are interested in the following collisional Vlasov model satisfied by the distribution function

f(t’x’v) 1

T

atf + é(’UlazLjf + U28I2f) + 'U38w3f +E- va + é(anvlf - UlaUZf) Q(f)’ (1)

where (t,2,v) € Ry x R? x R? (z = (71,22, 23) and v = (v1,v2,v3)), E = (E1, B2, E3) : R® — R3 is an external
electric field and @ a collisional operator. Here the external magnetic field is supposed to be homogeneous and
oriented along the x3 direction. An initial condition f(0,z,v) = fo(z,v) and boundary conditions enable to
complete the model.

Our main motivation is to design and analyze multiscale numerical schemes for (1), which can run for arbitrary
values of ¢ (scaled cyclotronic period) and 7 (Knudsen number). Let us remark that the limit & — 0 (7 fixed) leads
to highly-oscillatory (in time) behavior of f whereas the limit 7 — 0 (e fixed) corresponds to a hydrodynamic
limit. For the two different limits, several contributions have been performed. For instance, uniformly accurate
numerical schemes have been proposed for the finite Larmor radius limit in [8], using two-scale strategies developed
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in [5-7,9,14,15]. On the other side, Asymptotic Preserving numerical schemes efficient in the hydrodynamic limit
have been widely studied [10,11,17,19, 24, 25,27]. However, when two limits are combined, the literature is less
abundant (see [13,28]).

To investigate these stiffnesses, from a numerical point of view, a Particle-In-Cell (PIC) method is employed for
the six-dimensional phase-space semi-discretization of (1). This method (see [1]) assumes the distribution function
is approximated by a sum of macro-particles whose positions x(t), velocities v(t), and weights w(t) satisfy a set of
ODEs which, in our case, turns out to be a multiscale (highly-oscillatory and highly dissipative) set of ordinary
differential equations (ODEs). Our goal is then to design efficient numerical time integrators to handle these
multiscale characters using PIC method. On the one side, observing that particles positions and velocities are
highly-oscillatory in time only, uniformly accurate (UA) time integrators can be derived thanks to the two-scale
framework [5,9,14]. On the other side, the particles weights, which traduce the collision part, are solution to a
nonlinear equation which combines the two stiff behaviors, highly oscillatory and dissipative. Roughly speaking,
considering a BGK collision operator for @ in (1), the particles weights w(¢) are solution to an equation of the
form w(t) = £(M(t/e,w(t)) — w(t)) with M(6,-) a nonlinear function of w. In this context, different multiscale
numerical schemes are designed and analysed.

We need to consider the two-scale form of the weights since the highly-oscillatory behavior of the particles is
transferred to the weights. Then, one of the main difficulties lies in the fact that the equilibria of the averaged
collision operator are modified by the averaging procedure and it is crucial to take this asymptotic property into
account in the numerical schemes. Indeed, in spite of its apparent simple relaxation form, the equilibria of the
averaged collision operator are the so-called gyromaxwellian and have to be included in the numerical scheme to
ensure its good asymptotic behavior. Following the penalty method combined with exponential integrators [17,26],
it is possible to design a scheme which enjoys the uniformly accuracy property with respect to € (oscillations) and
the asymptotic preserving property with respect to 7 (relaxation). Moreover, in a reduced case where the filtered
Maxwellian does not depend on the weigths, it is possible to prove that the numerical scheme enjoys the uniform
accuracy in both ¢ and 7.

The rest of the paper is organized as follows. First, the different asymptotic models obtained from (1) are
presented in Section 2: the averaging procedure leads to the effective collisional gyrokinetic model and the fluid
asymptotic of this model leads to a gyrofluid model. Then, the multiscale numerical schemes are presented in
Section 3 and analysed in Section 4. Lastly in Section 5, numerical results are presented to illustrate the properties
of the numerical schemes in different configurations.

2 Presentation of the models

In this section, the different asymptotic models of (1) are recalled from [4]. We first recall the highly oscillatory
limit ¢ — 0 (7 fixed): after filtering out the main oscillation, a collisional gyrokinetic model is obtained by
a standard averaging procedure. The main point highlighted in [4] lies in the fact that the averaged collision
operator (@) has modified properties compared to the original collision operator (). This is recalled in a second
part. This paves the way of a new gyrofluid model whose properties are studied in Appendix A.

2.1 Gyrokinetic model

To formally derive the collisional gyrokinetic model from the limit ¢ — 0 of (1), we make explicit the € and 7
dependence in the distribution function unknown by denoting it =7 (¢, z) with z = (x,v), so that (1) is recast as

) 1
057+ ZAz- Vo 5T+ h(t,2) - Vo 7T = —Q(FT), )
with
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On the one side, the perpendicular (to the magnetic field) dynamics %A generates oscillations caused by purely
imaginary eigenvalues of A. On the other side, the parallel dynamics h depends on the electric field £ =
(E17 E27 E3) .



The first step is to perform a change of variable in order to filter out the main oscillation

t

Z=e, 4)

and denote by X = (X3, Xo, X3) the first 3 coordinates of Z and by V = (Vi, V5, V3) the last 3 coordinates of Z.
This filtration is related to the flow 3 associated to Az - V. by the relation 3(s, Z) = e*4Z. The flow is given by

3 = (x7 ’1]),
X(s,2) = (X + (I — R(—5))"V, X3), (5)
B(s, Z) = (R(—s)V, Va),

where X = (X1, X3), V = (Vi, Va), T (Va, —=V1), I the 2x2 identity matrix and R(6) stands for the rotation
of angle 6. Due to the spectral properties of A, one can prove that the flow s — 3(s, Z) is 2m-periodic, which
will have important consequences from a numerical point of view. Let now define F'*" the filtered distribution
function F=7(t, Z) = f&7(t, z) (with z = e?/*4Z from (4)) which satisfies the filtered version of (2)

1
OFST + H(t,t)e,Z) VzFoT =

T

Qﬁlt [Fe’TKt7 t/&, Z)a (6)
where
Qan[F=7(t,5,Z) = Q[F=7 (t, e *4)](e*4 2), H(t,s, Z) = e *Ah(t, e Z). (7)

As one can see, the definition of Qg requires two changes of variables. First, the inverse change of variables
enables to compute the moments in the original variables and then, the operator is evaluated in the new variables.
As we will see in the next section, this will induce difficulties in the numerical approximation of Qg.

The filtered model (6) highlights three time scales. First, the slow time scale corresponding to t — H(t,s, Z)
since the parallel dynamics evolves on a larger time scale than the perpendicular one; second the fast cyclotronic
periodic time scale corresponding to § — H(t,0/e, Z); lastly, the presence of the collision term induces a collisional
time scale t/7. The averaged model obtained when & goes to 0 is derived by averaging with respect to the fast
time variable t/e. Following [4], the collisional gyrokinetic model satisfied by F'™ (which is the limit as ¢ — 0 of
F=7) writes

O +{H)- V2T = L (@)[F), ®)
with
() (1.2) = - [ Hit.2) ds @ Ft.2) = 5 [ QuulF)(t.5.2) ds. (9)
0 0

As (8) is still a collisional Vlasov equation, the hydrodynamic limit can be investigated and a fluid model can be
derived. To do so, a careful study (performed in [4]) of the equilibrium and collision invariants of (@) is necessary
since, as 7 — 0, F'™ converges to an equilibrium of {Q).

2.2 The average operator ((Qpgk)

In view of numerical simuations, we will use the standard BGK operator which is the easiest operator satisfying
the properties required by Theorem 4.1 of [4]. Indeed, the analysis presented in [4] does not depend on the collision
operator choice, as long as it satisfies some properties. It is classical to check that the following BGK operator
satisfies these properties (H-theorem, Maxwellian equilibria, moments conservation). In this subsection, we omit
the time dependence for simplicity. First, we recall definition of the BGK operator:

@sak(f) = M[f] -, (10)

where the maxwellian M|f] associated to f is defined by

Mifl(e.0) = Gt xp('QT"zf))'> (1)



where the moments n, u and T' are defined by

n(x) = /f(as,v) dv, nu(z) = /f(:mv)v do,
RS RS

n <|UQ| + 2T> (x) = /f(x,v)% dv.
R3

In this section, we make the filtered model (6) and the averaged model (8) more explicit under the choice of Qpck-
First, we define the filtered Maxwellian associated to a filtered density F' = F(Z) (Z being defined in (4))

Mai[F](s, Z) = MIF(e=*4)](e* Z), (12)
and the averaged Maxwellian by
27
(MYIFIZ) = 5 [ MalF)s.2) ds, (13)
0

We give now the expression of the average operator (Qpgk)
(Qpek) [F](Z2) = (M) [F](Z2) = F(Z). (14)
Thanks to Proposition 4.5 of [4], the equilibria of this averaged BGK operator are the so-called gyromaxwellians
defined by (recalling X = (X1, X2) and V = (V1, V2))
GIFI(X, Xa,V) = My (V= D)My(Vs = U)ML(X + V=), (15)
nw—0
with M (v) = (27T)~9/? exp(—%) where n(X3) € Ry, U(X3) € R3, Y(X3) € R?, 0(X3) € RT and pu(X3) € Ry

are defined by integrating F against the 8 collisional invariants of (Qpagk) (whereas Qpgk has 5 collisional
invariants)

n(Xs) = [ [ F(X,V)dvdX, (16a)

/
nU(Xs) = | [ F(X, V)V dVdX, nY(Xs) = [ | F(X,V)(X + V) dVdX, (16b)

! !
n<K+|U2|> (X3) = / / F(X,V)% dVdx, (16¢)
R2R3
G X+ 7] |7

n<G+‘Y;—’U2‘> (Xg)://F(X,V)‘ + V] IV AVdX. (164)

R2R3

These quantities, which only depend on X3, are called gyromoments: n is the density of particules, U = (U1,Us,Us)
is the average velocity, Y = (Y1, Ys) the Larmor-center velocity, K the internal kinetic energy and G the internal
gyration energy. Notice that n > 0, K > 0 and K + G > 0. The two temperatures 6 and p then verify > 6 >0
and satisfy the following relations
o 0 uo
K=——+- G=p———. 17
= +5 = (17)
We can inverse the system to express 6 and u as a function of K and G to get
0=2(K+G)/(1+2v), w=vb, (18)

with

35 + /952 +16(S + 1)
1+

Moreover, we have the following relation: p + g =K+G.



Remark 1. We highlight the fact that F — (Qpck) [F] = (M) [F]— F and the relazation operator F +— G[F|—F
are two different operators. As mentioned in [4], the average operator (Qpak) is more complicated than a relazation
type operator defined with gyromoments.

Remark 2. Let us remark thaiﬁ =T + T is invariant under the change of variable i.e. T + T=X+ V.
Thus, in this set of variables (P,V),iue have dT dv = dX dV = dP dV and the above calculations can be
performed by replacing F(X,V) by F(P,X3,V) in (16) and the gyromazwellian can be written in a more natural
way by o o o

GIF(P,X5,V) = nMi%(V —U) My(Vs = Us) MZ(P 7). (20)

The variables (P, X3, V) turn out to be natural for the gyrokinetic model (8).

A study of the gyrofluid model is presented in appendix A.

3 Discretisation of models

In this section, we develop multiscale numerical schemes for the kinetic model (1) or equivalently (2). The goal is to
design numerical schemes which overcome the stiffness induced by the two physical parameters € and 7. The main
ingredients are the following: we discretize the phase space with a weighted particle method which transforms (2)
into a set of ODEs; then, we construct uniformly accurate scheme in e using scales-separation strategy developed
in [5-9,14,15] which introduces a new time periodic variable; the dissipative stiffness in 7 is handled using IMEX
and exponential time integrations which are widely used to achieve asymptotic preserving properties [17,22, 26].

3.1 Particle-In-Cell framework

In order to discretize (2), we use a particle method. In the sequel, we will omit the notation referring to the solution
dependence in 7 and € to alleviate notations. Let N, € N a number of numerical macro-particles of positions z,,
velocities v, and weights wy, ¢ = 1,..., N,. We will approximate the solution f of (2) by the following particle
ansatz

L (t,z,v) qu )o(x — 24(t))0(v — vg(t qu )0(z — 2z4(1)), (21)

with z = (x,v) and 2,(t) = (J:p(t),vp(t)). Evolution of particle z,(t) is given by the ODE system below, which
corresponds to caracteristics of (2).

5(1) = ZA5y (1) + At 20 (1), 25(0) = 20 (22)

We assume that z,0 € QU D, C RS where Q C R? is the spatial domain and D, C R3 the numerical velocity
domain. Due to the presence of the source term Q[f](t,z) = L(M([f](t, z) — f(t,z)), the weights w,(t) in (21) are
not constant in time. We denote by s,(t) = X (m,(t) —wp(t)) the weights of the source term with the Maxwellian’s
weights my,(t) = M[f](t, 2,(t))VN, and wy(t) = f(t, 2,(t))Vn, the weights of f, with Vi, = [Q[|D,|/N, is the
average volume of the phase space domain occupied by one particle. To compute the moments of fy,, we need to
regularize fy, with respect to x. In this work we consider tensorial product of first order B-splines: S(x1,z2,23) =
g(azl)g(zg)g(azg) If Q = [Tyin, Tmaz)® and N, the grid point number, we choose Az = (Zmaz — Tmin)/Ne, then
we have

With the smooth kernel S, we define the regularized form f j\g,p of fn,

(t,2,0) qu 24(1))5(v — (1)), (24)



from which we can compute the moments of fjf,p following

2
(n,nu,n ('2 + T)) qu (@ — 24(£)) (1, vg(2), [ (t)*/2), (25)
and then, we can define /\/l[f;\gfp] (using (11)) together with its weights

mp(t) = MIfX, J(t, 2 (t)) Vi, (26)

Notice that mp(t) does not only depend on z,, but also depends on all weights and particles through f;?,p and
(24). To be consistent with the continuous case, we call the first one ”functional” dependence (dependence with
respect to z,) and the second one ”operational” dependence (dependence with respect to all z, and all w,, which
determine ff,p). Finally, the weights w,, satisfy the following equation

. 1
wp(t) = —(mp(t) — wp(t)). (27)
Now if we replace collisional operator by its particles version — Z (Mg —wq)d(z — 24) in (2), we can show, using

(22)-(27), that particle density (21) is solution of (2) in the sense of dlstrlbutlon (see [12,23,31]). The goal is then
to solve numerically the multiscale system (22)-(27) endowed with initial conditions (z,(0),w,(0)) = (2p,0,wp.0)-

As in the continuous case, the main oscillation generated by 2, = (1/¢)Az, is filtered out by a change of
unknown. We set Z,(t) = e~ =42,(t) (with A given by (3)) so that (22) becomes

Zy(t) = H(t,t/e, Zp(t)) == e /=An(t, et/ 4 Z,(1)). (28)

Now, we explain how to compute m,(¢) in (27) with filtered particules Z,(t) = (X,(¢), V,(¢)). In this framework,
the filtered distribution function writes

NP
Fy, (6,2 = (X,V)) = > wy(D)5(X — Xg(£))8(V = Vy (1))

To compute the moments, we need to apply the inverse change of variable. By using notations (5), we write the
regularized form FJ‘\g,p of Fiy, thanks to the unfiltered particle density f j\q,p with filtered variables:

FR,(t,2) = fﬁ (t,X(t/e,2), 0 (t/e, Z))
—qu X(t/e,2)=X(t/e, 24(1))) 0 (U (t/e, Z) =V (t/e, Zy(1))) -

We are now able to compute moments of Ff,p as

qu X(t/e, Z) — X(t/2, Zy(t))),

Z wy(t)S(X(t/e, Z) — X(t/e, Z4(1)))B(t /e, Z4(1)), (30)

N('L; + T> qu X(t/2,2) - X(t/e, 2,(0) L 2O

and to reconstruct the corresponding filtered Maxwellian Mgy, [Fi ,]- Let us remark that we have N U T, Z) =
(n,u,T)(t,X(t/e, Z)) and that the weights of the Maxwellian ./\/l and the filtered Maxwellian Mg);[F] are equal
since the filtration only applies on the particles

MIFEN ) = S mp(0)3(z — za(6), MalFE]( Zmp Z,(1)).



and the same holds true for pr and Fy,. Finally, once the filtered Maxwellian Mgy [F j\g,p}(t, Z) has been con-

structed, the weights are computed by evaluating it at the particles Z,(t): m,(t) = May [Ff,p](t, Zy(t))Vn,. To
anticipate with the next subsection devoted to the numerical schemes, we introduce a new definition to highlight
the ”operational” dependence of Mgy (with respect to the weights and particles positions) and its dependence
with respect to the fast variable

my(t) = Man[Z (1), w(B)](t,t/e, Zp () Vn,, (31)

where Z(t) = {Zq(t)}q=1,...,N,, and w(t) = {wq(t)}q=1,_“,Np~

3.2 Multiscale numerical schemes

The presence of a slow time scale and a fast one which is 2m-periodic is amenable to the two-scale framework
[5-9,14,15]. Then, we consider the two time scales as independent by introducing Z,(¢, s) (resp. W, (t, s)) satisfying
Z,(t,t/e) = Zy(t) (resp. Wy(t,t/e) = wp(t)). We also introduce the following functions:

Hp(t,s) = H(t, s, Z,(t,5)),

32
My (t,s) = Maw[Z(t,s), W(t, s)](t,s, Z,(t,5))Vn, (32)
With these notations, (28) and (27) become
1
O Zp(t,s) + —0s2p(t,s) = Hp(t,s),
g (33)

1 1
8th(t7 S) + gast(t, 5) = ;(Mp(tv 5) - Wp(ta S)),

where the calculation of the moments, the Maxwellian and its weights presented in Subsection 3.1 are adapted to
the two-scale framework.

Let us now discuss the time integration of (33). In this part, we present different multiscale numerical schemes
according to the considered asymptotic in € or/and 7. Since quantities are periodic in s, we will consider the Fourier
transform to approximate the functions in this direction. With a uniform mesh s; = j2rn /N, j =0,..., N;, with
N, € N* (an even number), the Fourier transform writes, for an arbitrary function g : s € [0, 27] — g¢(s) of Fourier

coefficients g;,
Ng/2—-1

g(s) — Z gleils.

I=—N,/2

Applying the Fourier transform to (33) enables to get the following equations on the modes

d - il 4 R

4z Yz ) =

g2t () + = Zpa(t) = Hpa (1),

d -~ il 1\ ., 1 -
%Wp,l(t) + (8 + T) Wpyl(t) = ;Mpyl(t).

We introduce time discretisation t” = nAt, Vn € N with At > 0 the time step. Applying the variation of constant
formula between t" and t"*! leads to

tn+l
2p)l(t"+1) — 6_%At2p,l(tn) + / e_%(tn+1_t)7:[p)l(t) dt,

t’!L
gt
~ i ~ 1 i n+1 ~
Wy (£7H1) = em (SHDANY (47) 4 - / e~ (EFDETD (8 dt.

tn

These expressions will pave the way of the time integrators that will be described in the sequel.



3.3 Scheme A: uniform accuracy with respect to ¢

In this subsection, we introduce a first numerical scheme to approximate (33). The use of the two-scale approach
will make this scheme uniformly accurate with respect to ¢ for all fixed 7 > 0. Besides, this scheme enjoys the
asymptotic preserving property in the asymptotic 7 — 0 for all fixed € > 0.

The starting point for the numerical scheme is (34). To discretize the integrals in (34), we use an Adam-
Bashforth type method. We consider here first and second order methods but higher order can be considered as
in [9], [29]. Denoting by g(t) a function representing H,;(t) or M, (t) in (34), we replace g(t) by the following
approximations

g(t) = g(t™) (first order approximation),

g(t) = g(t") + (t — tﬂ)%

To simplify the final expression of the scheme, we introduce for all & € N, z € C, the following function

1
1 o (_l)a-i-l 3 @ (—Z)k
o z(1—t) 1 _ z
valz) == o /e t* dt = Tari | © Z o ,
0

(second order approximation).

k=0

so that

tn+1

/ e_z(tnﬂ_t)(t — ™) dt = a! ATy, (2AL). (35)
t‘IL
We denote Z(s) (resp. W,'(s)) an approximation of Z,(t",s) (resp. W,(t",s)), and ﬁgl (resp. )/AV;I) the
coefficients of the Fourier transform of Z'(s) (resp. W,'(s)). With these above notations, the first order numerical
scheme writes

~ i S il ’
Zril = e TAZR 4 Aty <1At> e (36a)
A i1 . At i1 ~
Wit = e_(?u”?)Ath,l + %o ((Zg + T) At) Pl (36b)

and the second order one is

5 AL s TR TR ~
ZrH = e*%Atzgl + Aty (Atl) Hy o+ At <At1) (Hp1 — H;‘;l),

p,l
A+l (24 IYAtAm At il 1 ~n
Wp,l =e (Y+2) th,l —+ T(p() (At <E + ; MPJ (37)

At i1\ .
e (80T 47)) o

Then, once the two-scale (Fourier) numerical solutions are computed, one can evaluate the Fourier series

N /2-1 N./2-1
Zis)= > Zhel, Wils)= > Wre', (38)
I=—N,/2 I=—N,/2

and the original solutions are obtained by evaluating on the diagonal s = ¢" /¢ and applying the inverse change of
variable
¢ o i
Zy =2 (5) , (zp,vy) =2, =€ 27, wy =Wy, (5) . (39)
Let us discuss the initial condition. By introducing the variable s, we obtain a degree of freedom on the initial
condition for (33). The only constraint is Z,(0,0) = Z,(0) and W,(0,0) = w,(0). We use this degree of freedom
to control the smoothness of Z,(t) and W,(t). To do so, well-prepared initial conditions can be constructed that
allow the scheme to be uniformly accurate with respect to €. For the first order approximation, we consider
constant in s initial condition

Z(0,5) = Zp(0) = (2,(0),vp(0)), Wy (0, 5) = wp(0). (40)



For the second order approximation, we consider

ZP(O,S) = ZpO +€/(I—H)H(O Q,Zp)o) dg,
e
W(()s_wpojtf/ M,(0,0) do,
T
0

where Ilg = f g(s)ds is the averaging operator (see [5] for more details). This preparation is only required

to ensure umform estimates of the time derivatives with respect to € and is not used in the classical fluid limit
(e > 0 fixed and 7 — 0). The two-scale framework provides uniform accuracy for (36) and (37) with respect to
g, for fixed 7. Conversely, for a fixed € and looking for the limit 7 — 0, the problem becomes nonstiff in ¢ and
dissipative in 7. For such a problem, several numerical schemes have been proposed, entering in the category of
Asymptotic Preserving schemes [24]. This is the purpose of the next part.

3.4 Scheme A: Asymptotic property with respect to 7

In this subsection, the asymptotic behavior of the first order scheme (36) is investigated. Let us recall the scheme
on the weights (36b) (the equation on the particles (36a) being unchanged)

Wt = (RN g (1 () gy,

with /\;l;l =N »1- We have an AP property in the following sense: when 7 — 0, we have Wﬁ'l — ./\;l;’l and
thus our density weights converge toward maxwellian weights. However to get a better asymptotic behavior when
7 — 0, an implicit scheme is required by taking Mp = ./\/l”"H However, computing ./\/ln+1 requires the knowledge
of Z”+1 and VV"Jrl according to (31). Actually, Mp’l depends on the weights through the moments, but here,
contrary to the usual Maxwellian case [11,24], the moments (30) are not constant during this (collisional) step.
Indeed, to compute the filtered Maxwellian, the moments of (2) have to be considered and we observe that not
only they evolve in time but they are stiff with respect to €. Thus, to avoid a costly fully implicit scheme, we
consider a hybrid approximation of (31) computed from the knowledge of ?:gjl and W;j .

The procedure is then the following: we first compute Z7*!(s) from the first equation of (36) and then we
compute the moments according to

=Y Wy (s)S(z — X(s + %, Zr (s + %)))m(%(s + %Z;l“(s +—))); (42)

where m(v) = (1,v,[v|°/2). Then, we are able to compute the Maxwellian weights M (s) according to these
moments:

M(s) = Mau[2"T (s + At/e), W™ (s)|(t" T, s + At /e, 2T (s + At/e)) Vi, - (43)
Once the weights of the filtered Maxwellien are computed, we then update the weights with
~ (L4 IYALN A € _ (il A
Wyt = e (Branin o2 (1-e (902 Aty (44)

with M;}l computed with (43). Then, when 7 — 0, Wg?’l converges towards M;

For the second order scheme, when 7 goes to 0, W;fl converges toward 2/\;1;‘ — M"7!, which is the linear

pl ’
extrapolation of M;jl.
3.5 Scheme B: AP properties in the gyrofluid limit

In the gyrofluid limit, the distribution function converges towards the gyromaxwellian (15) which belongs to the
kernel of the averaged BGK operator (k). This important property is not ensured by the scheme A presented



in Subsections 3.3 and 3.4. When ¢ — 0, the averaged BGK operator (Qpak) [F] = (Mgi)[F] — F turns out
to be more complicated than standard BGK-like operator. Indeed, as 7 — 0, F converges towards G[F] and not
(Ma)[F]. Hence, the averaged BGK operator (Qpgk) shares similarities with more complex nonlinear operators
like the Boltzmann or Landau operator for which specific Asymptotic Preserving schemes have been developed
(see [17,18]) to ensure the relaxation of the distribution function towards the Maxwellian equilibria which are
not captured by standard schemes. A similar strategy is used here to enforce the relaxation of the scheme to the
gyromaxwellian G[F] defined in (15).

In this section, we focus on the relaxation part (r — 0) and thus, we only consider the equation on the
weights, the particles positions being approximated by (36a). Starting from the equation (33) on the weights,
we add and substract the gyromaxwellian weights (denoted by (1/7) G,). We compute G, (¢, s) in a similar way
than maxwellian weights: we compute gyromoments associated to W,,, which determines a unique gyromaxwellian
G. Then we compute gyromaxwellian weights as in (32) with G instead of Mgy;. Equation (33) on the weights
becomes

1 1 1 1
8th + gast = ;(Mp - Wp) - ;gp + ;gp- (45)

Considering the Fourier transform in s, the variation of constant formula leads to
. 1, 4 14
01 (Wpae 512)0) = (220 [ (Wt = G+ 2G5 (46)

We now integrate between " and t"*! to get

tn+1

il

A (41 ~ n 1 (il 1\l ~ ~
W™ty = (R0, ) 4 1 [ e (0 - Gt at
t’n
tn+1

b1 [ et entog, i a

t’IL
and perform different quadratures (Lawson and exponential integrators type strategies) on the two last right hand
side terms as follows

At

Am+1 _ — ﬂ-i—% Atyrm € _ At —iLAg “mn 5n
Wp,l =e (5 ) W l+ﬁe T 1—e =« Mp)l_gp,l

P, l
€ —(Z2+L1)At\ snt1
+il7’—|—5 (1_6 (£+3) )gp’l » L#0, (47)
toa At t ~ ~ t N
W;bi-l — e*ATWI?,O + e*AT ( 270 — g)o) + (1 _ e*%) g;—(i]—l_

To compute g}’;ﬂ we need to compute the gyromoments Ut defined by (16). To do so, we integrate (45)
with respect to the invariants (assuming that particles have already evolved and are frozen during this step) to
get

1 1 -
0, U+ -9,U = —(U - U),
3 T

where U denotes the gyromoments of the filtered Maxwellian Mgy ( whose weights are denoted by M,). An
exponential scheme to update the Fourier modes of U from t" to t"*! is given by

1— e (EF5)200n 120,
ilTJrE( € ) ! 7 (48)

Uptl = e 508 + (1 - *)Up.

. (i 1yArn
Ut = o~ (E+DAgn |

As we will see in the next section, this scheme is AP in the gyrokinetic limit (¢ — 0 and 7 > 0 fixed) and in the
gyrofluid limit (¢ — 0 then 7 — 0). However, for this scheme, the classical fluid limit (7 — 0 and € > 0 fixed) is

not recovered since Ve > 0, W;Tl — Q;L‘IH when 7 — 0.

3.6 Convex combined scheme

The scheme B presented in the last subsection does not capture the correct limit when 7 — 0 for a fixed ¢ since
it converges to a gyromaxwellian by construction. With the notation W;L fl’A obtained from (44) and Wg ?-1.,3

10



€
T+4€e

and (1 — Tig) so that, according to the desired regimes, the coefficients degenerate towards the correct scheme:

obtained from (47)-(48), we consider a convex combination of these two numerical schemes with coefficients

A € Am+l,A € Ayn+1,B
Wit = Wit A4 (11— wWihE,
D, T+¢ p; T4+¢ p,

To summarise the different asymptotics of this convex combined scheme, when € > 0 fixed and 7 — 0, the scheme
degenerates into scheme A which has right behaviour in the classical fluid limit. When 7 > ¢ — 0, the scheme
degenerates into scheme B which has the good behaviour in the gyrofluid limit.

4 Asymptotic properties of the schemes

In this section, we study the asymptotic properties of the schemes presented above. As we will see in the first
subsection, scheme B is AP in the gyrofluid limit (¢ — 0 then 7 — 0). In the second subsection, we show that,
when the Maxwellian is independent of weights, scheme A is UA in € and in 7.

4.1 AP properties of scheme B for the gyrofluid limit

We investigate the gyrofluid limit of scheme B. The next proposition shows that scheme B enjoys the Asymptotic
Preserving property in the gyrofluid limit.

Proposition 1. The scheme B defined by (36a)-(47)-(48) enjoys the Asymptotic Preserving property in the gy-
rofluid limit € — 0 then 7 — 0.

Proof. We first consider the limit ¢ — 0 in the scheme B, which corresponds to looking at the mode | = 0 in
Fourier (observing that all the Fourier modes converge towards 0 as ¢ — 0 except for the mode [ = 0). Then, in
(36a), we obtain when ¢ — 0
N . .
Z;f,f)r =20+ AtH,,

whereas for the weights equations (47)-(48), we obtain when ¢ — 0

Amn — At Sn At _ac “mn 5n —At) 5p
Wp731 = e 7 Wp70 + 76 T ( p,0 gp,O) + (1 —€e 7 ) gp,317 (49)
Upt = U+ (- e )0y = U, (50

since U = U when ¢ = 0 (indeed, (Qpak) conserves gyromoments). This scheme is a consistent explicit first
order time discretization of the gyrokinetic equation (8).

We now focus on the limit 7 — 0. Following [11, 30, 33] in which an asymptotic preserving particle method
is used to deal with the hydrodynamic limit, we check that the weights of the unknown degenerate when 7 — 0
towards the gyromaxwellian weights. It is clear from (49)-(50) that ngl converges to Q;‘gl which means that the
asymptotic scheme is a consistent discretization of the gyrofluid equations (65) (presented in Appendix A). [

4.2 Uniform Accuracy for scheme A

In this section, we study the convergence of scheme A presented above. As the full collisional context remains
difficult to analyse, we first consider the case where the Maxwellian is a given function depending on Z only. In
this case, one can prove uniform accuracy in time with respect to both £ and 7. When the Maxwellian depends on
the weights W, we are able to prove uniform accuracy in time with respect to ¢ (using classical tools from [5], [32])
and an asymptotic property in 7.

The equation on Z, enters in the two-scale framework proposed and analysed in [5-9,14,15]. The additional
variable s € [0, 27] offers a degree of freedom to choose the initial condition Z,(0, s) which is well-prepared, i.e.
Z,(t, s) becomes smooth with respect to e. To be more precise, following a Chapman-Enskog type expansion, the
first order initial condition chosen as (40) ensures that the time derivatives of Z,(¢, s) are uniformly bounded

sup (07 Z,(t, )|l < C, k=0,1,2. (51)

tE[O,tmax]

11



We consider the model for (Z,, W,) : (t,3) € [0, tmax] X [0,27] = (Z,W)(t, s) € RN> x RN>,

O Z,(t, s)—l— 8 Z,(t,s) = Hpy(t,s),
9 1 (52)
OW,(t, s) + g@swp(t, s) = ;(/\/lp(t, s) = Wy(t, s)),

where H,(t,s) = H(t,s,Z,(t,s)) € RNe and M,(t,s) = M(t,s, Z,(t,s)) € RV, with a well-prepared initial
condition Z,(0,s), W,(0,s) computed as in (41). Obviously, some assumptions are required. In the sequel, the
norm || - || of a vector refers to the standard euclidean norm in R¢ (d € N*). Some smoothness is required for
H and M (C? regularity). Under these assumptions, it can be proved that (51) is true. Let us remark that we
assumed here that M is independent of w. This point will be discussed below.

Theorem 1. Under the above assumptions, the scheme (37)-(38)-(39)
with initial condition (41) is uniformly accurate in € and 7: there exists a constant C > 0, independent of € and
T such that

|27t Je) — 2(t")|| poot W™ (#" /) — w(t™) || oo < CAE, 0<n <N, NAt=tyax, (53)
where z(t), w(t) are the solutions of (22) and (27).

Proof. Recall that
Hp(t,s) = H(t, s, Zp(t, 5)),

My(t,5) = Maw[Z (L, 5), W(t, s)](t, 5, 2, (1, 5)),

and
H,y(s) = H(t",s,Z)(s)),

M (s) = Mgy [Z7(s), W"(s)](t", s, Z;’(s))

The solution Z, of the two-scale equation (52) satisfies

tn+1 S ZZ thrl ils

leZ

it (54)
ol e R O L O
lez o

A second order Taylor-Lagrange formula enables to expand the term 7—Alp7l(t) at t =1t" to get

tn+1
Zp(t"+1,s) _ Z 6_%At2p,l(tn) + / e ’?(t"Jrl_t)?:lp’l(tn) d+
lez in
gl
_ﬂ(t"+1 t) n d n ils
+ [ e ® (t—t )dth,l(t )dt | e
tTL
tntt
— il (gt _yp) ny\2 ! ? - n n ils
+3 et (t —t") [ (1= ) 2 Fpu(t" + 6t — 1)) o] dt | .
1€2 \ o 0

Using >,y e H, (1) = H,(t", s) and a Taylor-Lagrange formula on %’ﬂp,l(t"), we get

o ot
Z,(t"Th s) = Z,(t", / Hoy( —)dt
tn+1 (55)
(t—t") no_ -1 n— ("t —t) n
+ / A (et s = ) = My (t" s = ) ) dt+r(s),

12



where 77 (s) denotes the truncature error defined by

tn+1
_ 1 2 ‘
m(s) =Y /e*%@/“*w(pt“)[/( )Atd—27{ (" — 0AL) df| dt | e
1€2 \ in 0 dt
tn+l
il (gntl_y d2 il
+y /e*ﬂ O (¢ — )2 /0(170)dt27{p71(t"+0(t7t”))d0dt eils
1€z \ in

(56)

sl n tn+1—t
//1— (t— ") AdQ’H( ~oans - —lyanar

tn+1
vl ¢t

//1—9 )t — t) ;’H(t"+9(t—t”) — T ydede

3

Let us recall that the time derivative of 7:[p,1 also involves time derivatives of Z, and derivatives (’L’;’:[pyl. With the
assumptions performed above, these quantities are all uniformly bounded. In the same way, the numerical scheme

(37) on Z rewrites
R il HY, — H
At At)HY + A2, [ Ear) | ot el
( ) (oo (B e (Ba0) [ B
'n.+1

n tn+1 —t
. ) [ (s-t) a 657)
gntt

t—t [, ., tntt —¢ o tntl —¢
+ / At Hy | s— . —H s — . dt,

tn

Zn+l

n+1
t il

where we recall that At**ly, (%At) f P G (t —t")* dt for « =0, 1.

Now, in view of deriving an induction on the error €% (s) = 2, (t",s) — Z (s), we define, for n < N

n no Tt n it —¢
4 0= 4, (15 ) g (s U2,

3

With this, considering the difference between (55) and (57), we obtain the following induction on €% (s)

e’;prl(s) =e%z, (s - ) / AH (s
gn+1 (58)

+ / (t;fn) [AH;@)-A%;*@-%)} dt + 17 (s).

tn

In the following, we denote by C' all constants involved, even if it means taking the maximum of them. Constant
C' does not depend on € and 7 because of (51). Under the assumptions on the nonlinear term H, we have

|A’Hg(s) e’zlp(s)‘ <

r Lo
Moreover, the uniform estimates of 97 Z,, (k = 0, 1,2) ensure that the local error can be estimated by

d2

[ri(s)] < At? —5 Mo < CAL. (59)

Lo
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Setting tmax = VAt and taking the maximum on p leads to

leXt]] e < (1+ CAY)|le%]| - + CAL||el + CAE. (60)

s

Let us denote U™ = (||€% || ; HGEAHLM)T»

_ (1+CAt CAt _[CA
A= ()= ()

We write (60) as U™t < AU™ + b to get recursively U < AnUY + Z:;é AFb. Taking the norm, we get

N-1
UN < (1+20A6)NU° + ) (1 + 2CAH)".
k=0
Once again, we denote by C the constant involved. Since U° = max(||e?||,[[e™!]]) = |le7!| = CA#* (iteration
n = —1 computed with the order 1 scheme), we have finally
N-1
UN < CeCTAE? + T Z b < CeCTAL.
k=0

Let consider now the numerical scheme on the weights. First, using the same calculations (Taylor-Lagrange
formula on M, ;(t)) as before, the two-scale solution W, of (52) satisfies

tn+1
n — At n At 1 (L Llyntio » n ils
W, (1" s) = e = F W, (¢ ,s—?)Jr;Z / e (EHDET =N (1) dt | e
1€z \ in
tn+1 . . (61)
1 il 1yggml_ My, (") = M (t"il)
- (B42)(t YT p,l Pl n
+TZ e (t —t") ~ dt | +q}(s),
1€Z \ in
where g (s) denotes the truncature error
tntt
n 1 —(E 4yt ) n h ? - n ils
qp(s)Z;Z e etz (t —t") O(l—&)AtﬁMN(t — OAt) df dt |e
1€z \ tn
(©2)
1 —(L 4Lyt —e) n\2 11 6 & M np 7)) d6 d ils
=D Dl B (=17 | (1= 0) g Mpat" +0(t 1)) 40 dt | e
1€z \ i
Considering the difference between (61) and the scheme (37) on W leads to an induction on the error
tntt
t At 1 gntl
etl(s) = e Fepy, (s— 8) + = / e” T TAMY (s) di
t"L
tn+1
1 B " n n—1 n
—i—; e~ 7 A7 dt [AM(s) =AM (s)] + qp (s), (63)

where we introduced the following notation for n < N

thrl —t t’rLJrl —t
v~ 1 E) g (1Y,

e
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Thanks to the definition of the ¢ function (35) and the assumptions on M, the truncature error ¢; (s) given by
(62) satisfies the following estimate

tn+l t‘n+1
1 1 n 1 n
g2 (s)] < H e /e*?(t T -y At dt+/e*?(t T — )2t
o T

L tm tm

d*M At At At

2 () o)

oo T T T

Consequently, under the assumptions on M and the uniform estimates on ez,, we have |AM "(s)| < Clle3 |l <
CAt2. Then, the second term in the right hand side of (63) can be estimated by

tn+1

" —t 3
l/e S AMD(s) dt <0N¢O<At),

T

whereas the third term satisfies

gt

1 / . tn+1 . AM; (s) — AMg_l (s) At3 (At) .

t—t") dt
( ) At - T

tn

Thus, (63) becomes
A3 At At At
et om < e Flelin + €5 [0 (5F) #3600 (5) 422 (T

By induction, we have, with NAt = tyax,

At (1 — e tmax/T) At
7 (1—e=At/T) (o + 3p1 + 22) <T> )

AAE? — 27 AL
1 — e~ At/T

lebll o < e[l o +C

e e e [N e

One can prove that 22 +2 — 3z + 412 - 427=22 < 5,2 for all z > 0 from which we deduce, using He?,VHLOC =0,

edll . <eTtmax/T|e9 Nl 4+ C(1 — et/ T)5ALE < C(1 — e tmex/T) A2,
WIlL WIIL
which concludes the proof. O

Remark 3. When M depends on w, in the truncature error (62) the term %M makes appear OW. For a fized
T, time derivatives are uniformly bounded in €, which enable to garantee the UA property in €. However, when
7 — 0 the time derivatives of W are not uniformly bounded in 7. In this case, we thus lose uniform accuracy in
T on weights (this property is still present on particles since it does not depend on 7). For the AP property when
7 — 0, we refer to Subsection 3.4.

5 Numerical results

This section is devoted to numerical illustrations of the properties of the schemes presented above. We first focus
on a one-particle case and then on a PIC example where all the particles are coupled through the collision operator.

5.1 ODE framework
We consider the following multiscale ODE satisfied by z = (z,v) € RS and w € R

) = LAx(8) + (t, 2),
(64)



with A and h given by (3) and E(t,z) = ((z1 + a3) cos(t), 21z sin(t), —z3e~""). Two examples for M will be
investigated. In a first example, M(w,z) = 1+ |2|* + e=“" (M depends on w) whereas in a second example
M(z) =1+ |z]* (M does not depend on w). The initial condition is z(0) = (1,1,0,1/2,1/2,3/2),w(0) = 1 and
the final time of the simulation is ty. = 1.

In order to illustrate the properties of the schemes, we plot the error between the numerical and the exact
solutions. As we do not know the exact one, we replace it by a reference solution obtained with a small time step
At =27 The error considered is the sum of the L>®-error of the solution components. In all tests, we consider
the second order scheme (37)-(38)-(39) with the initial condition (41) and Ns; = 16 are used to discretize the s
variable.

In Figures 1, we consider the case M(w, z). We plot the error as a function of the time step At =27% k =3,...,13
for different values of e = 107%(k = 0,...,6) with 7 = 1 (left figure) and of 7 = 107%(k = 0,...,4) with e = 1
(right figure). We observe the uniform accuracy with respect to ¢ (left figure) since for all the values of &, the
error remains the same and the second order is recovered, as expected. However, it is not the case when 7 varies
(right figure) since the order is observed only when 7 > At. In Figure 2, we consider the case M(z) for which
Theorem 1 ensures uniform accuracy in both € and 7 parameters. As expected, we obtain the uniform accuracy
property in 7 (the uniform accuracy in ¢ is ensured by the two-scale strategy).

100
10714
1071 4
10—2 4
1072 4
-3 4
z 10 z
+ + 1073 4
N, N
51079 s
[ 51074 4
8' EI
%1075 4 S
1075 4
107° 4 —- eps=10°° —W- eps=10%0 6
g -#- eps=10"10  —m— eps=10"3° 1074 - tau=10"°  —- tau=10-39
10-7 4 / B~ eps=10"70 - eps=1060 B tau=10"1 @ tau=10-%°
I —- eps=10"3° 1077 4 —- tau=10-2°
107 1073 1072 1071 1074 1073 1072 1071
dt dt
(a) L*-Error for 7 = 1 and different e. (b) L°°-Error for £ = 1 and different 7.

Figure 1: Case M(w, z).
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Figure 2: Case M(z): L*>-Error for ¢ = 1 and different 7.

In Figures 3, we plot the time history of the Maxwellian weights M(z(t)) together with w(¢) for different values
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of € and 7, with At = 2.5 x 10=%. These two figures illustrate the asymptotic properties (gyrokinetic limit & — 0
and fluid limit 7 — 0) of (64). Indeed, when ¢ is fixed, we observe the convergence when 7 — 0 of w(t) to M(z(t))
which oscillates in time (see Figure 3-(a)). However, for 7 > 0 fixed, and € — 0, we observe the convergence of
w(t) towards the average of M(z(t)).

eps = 0.01 eps = 0.0025

10 A 104

L | ml\\
i il \ I

)‘ LAHSRRCL | u u w H H \

o1 W \“‘mll“‘

— M”n
—— w”n, tau = 0.01
—— w”™n, tau = 0.1
— w™n, tau=1

—— w”n, tau = 0.01
—— w”n, tau = 0.1
— w™n, tau=1

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

(a) (b)
Figure 3: Time history of the M(z(¢)) and of w(¢) for different values of € and 7.
Finally, in Figure 4, we illustrate the Uniform Accuracy property in both parameters € and 7. We take
e = 7 = 0.01 and plot the time history of w for two different values of the time step: At = 2.5 x 107* and

At = 0.05. We can observe that even if At is bigger, the numerical scheme is able to capture the strong relaxation
(at the very beginning of the simulation) and the highly oscillatory behavior, without resolving these two stiffnesses.

eps = 0.01, tau = 0.01

10 4

— w", dt = 0.00025
J + w" dt=0.05

010 012 0i4 0?6 018 1?0
Figure 4: Weights trajectories for At bigger than 7.

5.2 PDE framework

In this part, we consider the PIC discretization of (2)-(3) with a BGK operator. The goal is to observe the
relaxation to the gyromaxwellian equilibria. Since the problem is inherently six-dimensional and as such, is very
costly from a numerical point of view, we simplify the problem by considering h = 0 in (2)-(3) and remove the
dependence with respect to z3. As a consequence, the filtered model satisfied by F=7(t, Z) becomes

1 1
O F=T = ;Qﬁlt [F&T)(t,t)e, Z) = ;(Mﬁlt [F&T] = F=T),
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where Mg, is defined in (12). It follows that the gyromoments, and thus the equilibria, are independent of time.
The goal is to observe the relaxation towards the gyromaxwellian in the gyrofluid limit (¢ — 0 then 7 — 0). Hence,
from an out-of-equilibria initial data Fy, we compute its associated equilibria G[Fp], and observe the relaxation
of F=7 towards G[Fp]. For the initial condition Fy, we choose it as the sum of two different gyromaxwellians
of same mass characterized respectively by the following macroscopic quantities U, = (n,U,,Y 4, K4, Gy) and
U, = (n,Up, Yy, Ky, Gy). After some computations, we find that the gyromaxwellian G[Fy] associated to Fy is
characterized by

— - v |2 = |2
_ UatUp YatY, Kot+K Us—Up|®> GutG Ya—Vy Ua—Up
Uab* <2n’ a2 b’ > b’ a2 b+| B ‘ , a2 b+ | 3 | _ | A | .

For the first test, we consider the scheme B (36a)-(47)-(48) with the following numerical parameters: N, = 1.6 x 107
particles, Ny = 8 for the s direction and At =2 x 10~* whereas e = 1078 and 7 = 10~%.

In Figure 5, we illustrate the relaxation from a sum of two gyromaxwellians of gyromoments U, = (0.5,0,0,0,—1,0,0.3,0)
and U, = (0.5,0,0,0,1,0,0.3,0) to a gyromaxwellian G[Fy] of gyromoments U, = (1,0,0,0,0,0,0.3,0.5). More
precisely, from the particle approximation of F=7(t, Z), we plot a reconstruction of F=7(t = 0, Xy, Xo = 0,V; =
0,Vo=0,V3 =0) and F®" (t = tmax, X1, X2 = 0,V1 =0,V = 0,V5 = 0) (let us recall that the X3-dimension has
been removed). These Xj-slices are plotted in Figure 5 together with the analytical expression of Fy and G[Fp]
slices. Let us remark that computing a one-dimensional slice of a particles ensemble requires some interpolation
operators. Here, before taking slice we have regularized the particle density in space and velocity variables with
the same B-spline as before. Even if the method has some noise, we clearly observe the relaxation to the correct
limit represented by the gyromaxwellian.

—— GM[Fo]
—— t=0.0

—_— |,
AT N
0.10 1
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-20 -15 -10 =05 0.0 0.5 1.0 15 2.0
X1

Figure 5: Particle density relaxing to a gyromaxwellian.

We are now interested in more quantitative results by considering the time evolution of the error between the
particles weights and the gyromaxwellian weights. To do so, we plot at each time iteration the three following
errors: ey = |wp —Gpl, eh =3 |wp —Gpland ef =37 |Gy — G;7|, where G;* denotes the weights computed
from analytical gyromaxwellian G[Fp] (which are constant in time) and G’ are numerical gyromaxwellian weights
computed as in part 3.5. These quantities are plotted for the two schemes introduced above: the scheme A (36a)-
(44) and the scheme B (36a)-(47)-(48). The parameters taken are N, = 12288000, = 1078, At = 1073, N, =
4, Ax =~ 0.37 and we look at different values of 7.

In Figures 6 and 7, we can see that e} increases in time whereas it should remain small. This is due to
the fact that gyromoments are not conserved exactly by our scheme which deteriorates the computation of the
gyromaxwellian GJ. A first way to improve this conservation is to increase the number of particles (we checked
that the conservations are improved by adding particles). A second option would be to use a projection technique
as discussed in [16,21] to enforce the conservation of the gyromoments at the discrete level.

Let us now focus on the other errors e} and e} for the two schemes. In Figure 6, the error e} computed with
the scheme A does not present the good behavior since the convergence towards the gyromaxwellian is too slow.
However, we can observe in Figure 7 that the scheme B is able to capture the right limit in one iteration (since
At > 1) thanks to its AP property. The error el is the error e§ with the effect of non conservation of gyromoments
which are deteriorated with time.
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Figure 6: Evolution of the three errors e, = 1, 2,3 for scheme A for two different 7.
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Figure 7: Evolution of the three errors e, ¢ = 1,2, 3 for scheme B for two different 7.
6 Conclusion and opening

In this paper, we have constructed and analysed multiscale numerical schemes for the collisional Vlasov equation
in the finite Larmor radius approximation regime. This model, proposed in [4], involves two scaling parameters:

e drives the oscillation due to the presence of the strong external magnetic field and 7 drives the hydrodynamic
limit. We also made an analysis of the gyrofluid limit model.

Further developments can be performed. First, regarding the computational cost (due to high dimensionality of
the problem), it would be interesting to investigate a micro-macro approach where the one-dimensional gyrofluid
model would be coupled to a particle discretization of a collisional Vlasov equation, in the spirit of [11,27].

Considering the coupling with the self-consistent electromagnetic field governed by Maxwell equation could be
also considered.
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A Gyrofluid model’s properties

In this section, we study the gyrofluid model derived from the gyrokinetic model (8) with the BGK operator when
7 — 0. The main interest of this gyrofluid model lies in the fact that the macroscopic unknown only depend on time
and on one spatial variable X3. For the sake of simplicity, we assume here that the electric field is given and only
depends on time: E = E(t) but the following calculations can be generalized to a given space dependent electric
field. Considering the gyromoments of (8) and replacing F'™ by the gyromaxwellian (15) enables to get the following
gyrofluid model satisfied by U(t, X3) = (n,nU,nUs,nY ,n(K + |U[*/2),n(G + |Y|?/2 — |U|?/2))(t, X3) € R8

o + Ox,nUs =0, (65a)
OnU + Ox,nUsU = 0, (65D)
OnUs + Ox, (nU3 + nb) = nkEs, (65¢)
oY + Ox,nUsY = nLE, (65d)
O |n (K + |U22> + 0x, |nUs (K + |U2|2 + 9) = nU3Ej3, (65¢)
2 9 — 2 —2
8, n<G+|Y2‘—‘U2|> +0x, nU3<G+’YJ—‘U2|> —nY . "E. (65f)

The gyrofluid model has also an entropic inequality, derived directly from H-theorem’s inequality

n n
8tnln<W> +6X3nU3 1D<W> < 0, (66)

n—0 n—0

w and 6 being defined by (18). A space dependent electric field would have given a different right hand side in
(65): the change of variable (4) and the averaging have to be applied to E to get an average electric field as a
source term. One can observe that the gyrofluid model (65) shares similarities with compressible Euler equations
but also has its own specificities. Indeed, in addition to the equation of continuity, there are five equations on
mean velocity (with Us as the main velocity), and two equations (65¢) and (65f) on the kinetic and gyration
energies, the sum of which gives the equation on the total energy. The kinetic (resp. gyration) energy is composed
of an internal kinetic (resp. gyration) energy K (resp. G) and a kinetic (resp. gyration) energy |U|?/2 (resp.

(‘Y‘Q - ’U|2)/2). Moreover, as 6 is a function of the two internal energies K and G, nf can be interpreted as an
equivalent of the pressure in the compressible Euler equations. The right hand side terms correspond to external
electric field applied on the system. The gyrofluid model (65) is presented in a conservative form with a source
term. In order to study algebra and wave-structure of the model, we rewrite it in a quasi-linear form expressed
with primitive variables W (¢, X3) = (n,U,Y, K, G)(t, X3) € R8. This is done in the following Proposition.

Proposition 2. The gyrofluid model (65) can be rewritten in a quasilinear form

W + A(W)dx,W = B, (67)
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with W (t, X3) = (n,U,Y, K,G)(t, X3) and with

U, 0 0 n 0 0 0 0 0
0 Us 0 0 0 O 0 O 0
0 0 U 0 0 0 0 0 0
|2 0o 0o U3 0 0 6 bc 20
AWI=186 0 0o o Us 0 0 0|’ B= Es(t) (68)
0O 0 0 0 0 U3 0 0 ~E(t)
0 0 0 6 0 0 Us 0 0
00 0 0 0 0 0 Us 0

Here 0k and Og are such that 0x,0 = 0x0x, K + 0c0x,G, 0 being defined by (18). The gyrofluid model is

hyperbolic: A(W) is diagonalizable and presents the eigenvalue g = Us of multiplicity 6 and two eigenvalues

A =Us —c and Ay = Us + ¢ with ¢ = \/0(1 + 0 ) of multiplicity 1. The associated eigenvectors for Ao are
r, =(0,1,0,0,0,0,0,0), r =(0,0,1,0,0,0,0,0), r3 =(0,0,0,0,1,0,0,0),

69
rqs = (0,0,0,0,0,1,0,0), r5 = (0,0,0,0,0,0,0q, —0x), 76 = (—nbx,0,0,0,0,0,0,0). (69)

The other eigenvectors are given by

r_ =(n,0,0,—¢,0,0,0,0) for \_, ry =(n,0,0,+¢,0,0,6,0) for Ay.

Remark that similarly to the classical Euler equations, the gyrofluid model presents two genuinely nonlinear
fields associated to Ay = Us + ¢, as well as a linearly degenerated field associated to Ag = Us.
To prove Proposition (2), we need the following Lemma.

Lemma 1. We have the relations below

2 =2
5‘mu + axanP)@ =0, (70)
2 12
Y — 1
atnu + 8X3nU3% =nY "E, (71)
U U’
8t — + 8X3nU37 = nU3E3 - U33X31’L9. (72)

Proof. Starting from (65b) and use the continuity equation (65a) enables to get 9,U + Usdx,U = 0. Consequently,
developing (70) leads to

o) o _ o T (0T 4 06T
8tnT + 8X3TLU37 = T(ﬁtn + 8X3nU3) + n(U . (8tU + UgatU) =0.
Relations (71) and (72) are obtained by similar calculations. O

We prove now Proposition 2.

Proof. Using Lemma 1 together with some calculations, we will show that (65) can be written into (67) for which
the eigenstructure can be obtained easily. First, (65a) and (65b) give

on + U38X31’L + n8X3 Us; =0 and 8tU + U36X3U =0,

whereas (65¢) gives

0
00Uz + U38X3U3 + 8_)(39 + Eaxg’l’l/ = Fjs,

where 0 is a function of K and G which are independent of the other variables (see (18) and (19)). Then, there
exist Ox (K, G) and 0¢ (K, G) such that dx,0 = Ox0x, K + 0c0x,G. Consequently, (65¢) becomes

0
0 U3 + Us0x,Us + 0 0x, K + 0c0x,G + ﬁaxgn = Fjs. (73)
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From (65d), we obtain
at? + U38X3? = LE.

We use (72) of Lemma 1 together with (65¢) to get
ohnK + 8X3TLU3K + nGBXSUg, =0,

or again
O K + U36X3K + 08X3U3 =0. (74)

We use (70) and (71) of Lemma 1 to recast (65f) into
G + U30x,G = 0.

We then deduce that (65) can be written in the quasilinear form (67). Moreover, we can check that 85 > 0 which
implies that ¢ = 1/6(1 + 0 ) is well defined. Because of the shape of A, we see that the characteristic polynomial
is reduced to the computation of the determinant of a 3x3 matrix

U3 -A n 0
det(A —Nd) = (U3 —N)>det | 0/n  Us—X 0k
0 0 Us — A

It follows that det(A — Ad) = (Uz — A\)%(A? — 2UsA + U2 — ¢?) = (Us — A\)5(A — (Us — ¢))(\ — (Us + ¢)). In the
same way, we see that r1,75,73 and r4 are eigen vectors associated to Us. Then, it remains to find other eigen
vectors on the 4x4 matrix

Us n 0 O
9/n U3 GK QG
0 6 Us O
0 0 0 Us

This concludes the proof. O
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