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Abstract

In this article we introduce numerical schemes for the Vlasov-Maxwell
equations relying on different kinds of grid based Vlasov solvers, as oppo-
site to PIC schemes, that enforce a discrete continuity equation. The idea
underlying this schemes relies (see [14]) on a time splitting scheme between
configuration space and velocity space for the Vlasov equation and on the
computation of the discrete current in a form that is compatible with the
discrete Maxwell solver.

Keywords: Maxwell-Vlasov system, discrete continuity equation, Finite
Volume method, Spectral method, semi-Lagrangian method

1. Introduction

We consider the motion of particles in their self-consistent electromagnetic
field, which can be described by the Vlasov-Maxwell equations. In this work,
we restrict ourselves to the two-dimensional non relativistic model, which
involves four phase space dimensions, namely x,y, v,, v,, but the ideas devel-
oped here can be extended in a straightforward manner to the 3D relativistic
model. In our case the unknown quantities are the particle distribution func-
tion f(t,x,Vv), the electric field E(t,x) = (E,, Ey,0) and the magnetic field
B(t,x) = (0,0, B,), where we denote by x = (z,y) and v = (v,,v,). Then
the Vlasov equation reads

of

E—I—V'fo—F(E(t,X)‘i‘VXB(tax))'va:O’ (1)
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where Vy denotes the gradient in configuration space and V, denotes the
gradient in velocity space. The initial condition f(0,x,v) = fo(x, V) is given.
The self-consistent electromagnetic field (E(t, x), B(¢,x)) is computed thanks
to Maxwell’s equations

oE
_ B=— 2
5 Vi X J, (2)
0B
= E=
BT + Vi X 0, (3)
Vx-E=p, (4)
Vi B=0. (5)

The source of Maxwell’s equations, namely the charge density p and cur-
rent density J = (J,, J,) are computed from the particle distribution f and
the uniform neutralizing Maxwellian background particles defined by their
density ny(x) = [ fo(x,v)dv thanks to

p(t,x) = flt,x,v)dv —ny(x), J(t,x) = ft,x,v)vdv. (6)
R2 R2
Note that integrating the Vlasov equation (1) with respect to the velocity
variable v yields

% +Vx-J=0, (7)
which is called the continuity equation and expresses the local conservation
of charge. In the continuous setting, provided this continuity equation is
satisfied and Gauss’ law (4) is satisfied at time ¢t = 0, if the electric and
magnetic fields are computed using only Ampere’s law (2) and Faraday’s
law (3), Gauss’ law is satisfied for all time. In general, numerical Vlasov-
Maxwell solvers being PIC, Eulerian or semi-Lagrangian do not verify this
and a correction scheme is generally used to enforce Gauss’ law at each time
step or from time to time.

The aim of this paper is to propose a general procedure, valid for Vlasov
solvers on a cartesian grid based on a splitting method between configura-
tion and velocity space, that enables to establish a discrete continuity equa-
tion verified by the discrete charge and current densities computed from the
Vlasov solver compatible with the Maxwell solver, so that only Ampere’s and
Faraday’s law will need to be advanced by our Maxwell solver, Gauss’ law
being a consequence of those.



A number of work has been proposed to tackle this problem in PIC solvers
(see [16, 4, 15, 12, 11, 1, 2]) but also in the Eulerian case. In this latter case,
one can cite [10] in which charge is preserved using a forward semi-Lagrangian
Vlasov solver and [14] in which a conservative PPM method is used in such a
way that the Gauss law is ensured. The present work combines ideas of [14]
and [9]. Indeed, in [9], a general framework for conservative semi-Lagrangian
methods is proposed so that [14] can be generalized to a class of Vlasov
solvers. We also mention [7] in which a Hamiltonian splitting is proposed for
the Vlasov-Maxwell equations that enables to derive charge preserving high
order in time methods.

The outline of the paper is as follows. First we will derive the discrete
continuity equations associated to the Yee Maxwell solver and to a spectral
solver, then we will introduced an algorithm for computing the discrete charge
and current densities compatible with these discrete continuity equations for
a conservative semi-Lagrangian algorithm and a spectral algorithm. Finally,
after presenting the coupling algorithm, we will validate our method on some
relevant test cases.

2. Discrete continuity equations

A discrete continuity equation is necessarily linked to the Maxwell solver,
as the discrete curl and divergence operators need to be compatible. To this
aim a first requirement of the Maxwell solver, is that the discrete divergence
of the discrete curl vanishes. In this case a discrete continuity equation
specific for each solver can be derived such that if this discrete continuity
equation is satisfied and the Gauss law is satisfied at time step t" = nAt it
will also be satisfied at time step t"*1.

The formulation of the discrete continuity equation for the Yee scheme,
as well as for Finite Volume schemes for the Maxwell system on unstructured
grids with the leap-frog and other time stepping schemes have already been
obtained by Bouchut [3].

We shall recall here the discrete continuity equation for the classical Yee
solver and also introduce it for a spectral solver associated to a leap-frog
method in time.

2.1. For the Yee Maxwell solver

Let us first consider the classical Yee solver on a staggered mesh. First,
we introduce a mesh in the x and y directions: z; = xy, + 1Az, Ax =



(J:maX - xmin)/Nx and Y; = Ymin + jAya Ay = (ymax - ymin)/Ny~ Then> we
define the center of the cells ;110 = x; + Ax/2 and yj110 = y; + Ay/2.
We also introduce the time discretization: t" = nAt, n € N, At > 0, and
t"H1/2 = 4" + At/2. The Yee scheme is satisfied by

n -~ n .. ‘
Tiv1/2,5 Ex(t 7xz+1/27yj>,
mn ~ n ] '
Eyi,j+1/2 - Ey(t » Liy 3/]—1—1/2)7
n—1/2

~ B.(t" %, zip1y2,Yi41)0),

2i41/2,5+1/2

: n+1/2 1/2 n+1/2 1/2
for a given current J;' 75~ Jy ("2 w410, y;) and Jy L, o T, (82 25, y00)2).

Figure 1 displays the positons of the different components of the fields on a
staggered cartesian grid in the Yee scheme.

j+

(Ey)ijarrz (Bz)i+1/2,j+1/2
(Jy) i,j+1/2

j+1/2

i (E) 1/2,]
(J) 1/2,]

i i+1/2 i+1
Figure 1: Positions of the different components of the fields in the Yee scheme.

The Yee scheme approximating (2)-(3) reads

n+1 _ n+1/2 n+1/2
Tit1/2,5 E$i+1/2,j o Bzi+1/2,j+1/2 - Bzi+1/2,j—1/2 - n+1/2 (8)
At N Ay Tiy1/2,5
n+1 _ n+1/2 n+1/2
Yij+1/2 Eyi,j+1/2 . _Bzi+1/2,j+1/2 - Bzi—1/2,j+1/2 _ n+1/2 (9)
At - Az Ving+1/2
Bn+1/2 anl/Q n . nic n . nic
Zit1/2,5+1/2  OFi41/2,j41/2 Tit1/2,5+1 Tit1/2,5 . Yit+1,5+1/2 Yi,j+1/2
At Ay Az '

(10)



The associated discrete Gauss’ law at time ¢™ will then read

n n n n

Tit1/2,5 Ti—-1/2,5 Yij+1/2 Yij—1/2
i+1/2,5 1/1_’_ i,5+1/ i1,j—1/2 _ n (11)

Az Ay — Pig

Now, taking the discrete divergence of Ampere’s law (8)-(9) yields

+1 . +1 +1 _ +1 _
i E;L¢+1/2,j E;Zifl/Q,j + E;Zi,jJrl/Q E?Z’,jfl/2 . E;Zi+1/2,j E;lifl/Z,j
At Ax Ay Ax
_ +1/2 +1/2 +1/2 +1/2
_Egi,j+l/2 E;Li,j—uz _ ;Li+1/2,j - 97011'—152,]' + J?Z‘,j+/1/2 - ?:Li,j—l/2
Ay Az Ay '
(12)
Let us now introduce, at time step t" the following discrete continuity
+1 +1/2 +1/2 +1/2 +1/2
ij - ij i JGZH/Q,J' - '];Lifl/2,j X ']?Z,j+1/2 - JZZ,;‘71/2 —0 (13)
At Ax Ay '

If this is satisfied, it follows from (12) that

Ti+1/2,5 Ti—1/2,j + Yi,j+1/2 Yi,j—1/2 Tit+1/2,5 Ti—1/2,j

Ax Ay Ax

_E;,j+1/2 B E;Li,j—l/z _ p?,jﬂ B p?,j
Ay At '

So, if the discrete Gauss law (11) is satisfied at time ¢", it follows that

1

At

<En+1 o En+1 En+1 o En+1 En n

;Lfl ._E;ljkl ' En'fl _En'fl
i+1/2,5 z—1/2,]+ Yi,j+1/2 Yi,j—1/2 n+1

Az Ay ~ Pig o

which is the discrete Gauss law at time "1,

2.2. For a spectral Mazwell solver

We consider periodic boundary conditions in x and y so that discrete
Fourier transform is adapted to the spatial discretization of the Vlasov and
the Maxwell’s equations. We denote by £, . the spatial discrete Fourier
transform of E,(¢") (similar notations are used for E,, B,, p, J, and .J,),

5



with t" = nAt, n € N, At > 0. Then the Fourier transform in (x,y) of the
Faraday and Ampere’s equations together with a leap-frog scheme in time
lead to the following Maxwell solver:

En-L-l ky Enk k
TRz, Z,Rx, n+1/2 7L+1/2
yAt . ik Bz koky — Yx,kgkyo (14>
El —En
Y,kz ky Y,ka,ky n+1/2 n+1/2
At = —ik Bz Kok Yk Ky (15>
Bn—;ﬂ-l/]f . n;l/kQ
- yAt = =ikyEy oy, — ke By g - (16)

The discrete spectral Gauss’ law at time t" writes
Zk’wE:?kzky + ZkyE;kzky = Pzz,ky~ (17)

Taking the discrete Ampere law in the spectral case, amounts to summing
(14) multiplied by ik, and (15) multiplied by ik,. This leads to

1
XA
Notice that here also, like in the Yee scheme the discrete curl of B, vanishes
in the last equation, which is a necessary property for our Maxwell solvers if

we want a discrete continuity equation. Since the Gauss law (17) is satisfied
at time t", we then have

. n+1 . n-+1 . n . n n+1/2 n+1/2
ZkIEa:,km,ky_FZkyEy,,kx,ky_ZkZEm,kI,ky_ZkyEy,kz,ky) —(ikyJ, , T kyJ vk, ky>

ik B0 ik B = o — Atk Jit U ik, SN (18)
The discrete version of the continuity equation (7) reads here
n n+1/2 n+1/2
P, = P, — Dtk ik Ty 00, (19)
If this is ensured, if follows from (18) that
ik YL g, + iRy Bk, = Ok,

which is the Gauss law is satisfied at time "1,



3. Computation of the discrete charge and current density from the
Vlasov solver compatible with the discrete continuity equation

Having identified the discrete continuity equation for the Maxwell solver
that we want to use, the next task is to find a way to compute the discrete
charge and current densities from the Vlasov equation so that they satisfy
this discrete continuity equation.

For Particle In Cell (PIC) Vlasov solvers associated to the Yee Maxwell
solver there is a well-known procedure for doing that introduced by Vil-
lasenor and Buneman [16] generalised to higher order deposition schemes in
[2, 1]. Other options are also possible, like those introduced by Esirkepov
[11], Umeda [15] or Chen et al. [4].

In the case of grid based Vlasov solvers, Sircombe and Arber [14] showed
that this could be enforced for a split-eulerian Vlasov solver using the PPM
method of Colella and Woodward [5] by computing J from the fluxes needed
by the algorithm in the configuration space advections. Let us now show
that this idea can be applied for general Finite Volume schemes, including
as we will see conservative semi-Lagrangian schemes, following [9].

A splitting of the Vlasov equation between configuration space and ve-
locity space advection will lead us to solve alternatively

of _
E‘Fv‘vxf—()? <20>
and P
0_{ +(B(t,%) +v x B(t,x)) - Vo f = 0, (21)

The second equation does not modify p as can be seen integrating with re-
spect to the velocity v. Hence it should not provide any direct contribution
to J either for the discrete continuity equation to be satisfied. We shall only
require that the discrete solver exactly conserves p at all spatial grid points,
which is the case for all conservative solvers. So assuming a conservative
solver is used for the velocity space advection, our problem is now to de-
sign a configuration space advection compatible with the discrete continuity
equation given by the Maxwell solver.

We first notice that the advection in configuration space (20) is for each
given v via constant coefficient advection. Note that this would be true also
in the relativistic case for each given p.

We shall further split the configuration space advection for fixed v into
two 1D advections ( in x and y directions), which is simpler and less costly.
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Note that this does not introduce an additional splitting error as constant
coefficient advections commute.
Finally, we only need to consider constant coefficient 1D advections of

the form o7 o7

with a being v, or v, at a given velocity grid point.
We shall provide compatible schemes in the case of the Finite Volumes
and spectral methods we consider.

3.1. Finite volume schemes

Let us define uniformly spaced control cells [x;_; /25 Tig1 /2] with @;q/0 —
Ti—12 = Ax. The unknown in a Finite Volume scheme will be the average
value on a control cell that we shall denote by

1 Tit1/2 g
fi= A_"”/xi_l/z f(x)dz.

Integrating (22) on a control cell and between time " and t"*! yields
a tn+1
it = - s (f(t, zir1y2) — f(E, wimay2)) dt.
tn

n+1
Let us denote by fﬁ:gl/f a numerical approximation of ﬁ fti ’ f(t,xi412)dt.

Then our Finite Volume scheme becomes

n n alt | i1/ n+1/2
fi = fi = A_x(fw:z/é - fij/é )- (23)
n+1/2

Note that the actual computation of f; /9 makes up the specific Finite
Volume scheme, this could be done with an upwind scheme or the PPM
scheme or others. For our purposes, it will be sufficient to consider this
generic form of the Finite Volume scheme.

Let us now come back to our split Vlasov solver, for which a Finite Volume
scheme of the form (23) will be used in the x and y advection steps and any
conservative scheme in the v advection step. We discretize the distribution

function on a 4D grid with uniform steps in each direction, denoting by 7 the



z index, j the y index, k the v, index and £ the v, index such that f; , , ~
F", i, y;, Vg, Uy, ). Starting from f7* i k0 At time step ¢, the algorithm reads

n,1 n UzkAt n,1/2 n,1/2
f,g ke — Jigke — m<fi+1/2,j,k,£ o fi—1/2,j,k,£)7
n2 el Vy At 3/ n,3/2
fm‘,k,é - fm‘,k,é o K(fi,jﬂ/z kt fi,j—1/2,k,z)7

n,3 . .
f@ The € f ik using a conservative advection in v space,

n,4 n.3 Vy At 7/ n,7/2

f,j kl — fi,j,k,é - 2Ay (fi,j+1/2,k,€ - fi,j71/2,k,f)7
n+l __ pend kaAt n,9/2 n,9/2
,9,k,6 fi,j,k,é - AL (fi+1/2,j,k,é - fifl/Q,j,k,Z)‘

Now, the discrete charge density is linked to the discrete distribution function

by
pi] AvavyZZfJ,kZa

where Av, = (Vgmax — Va,min)/No, (tesp. Avy = (Vy max — Vy,min) /Ny, ) denotes
the velocity step in the v, (resp. v,) direction. So, using the previous algo-
rithm we can relate p;’; " oto pp '; by summing the different lines with respect
to k,f. Then, we get

n+l n+1
oA P E Fidh N,
Avavy J bd;

n,9/2 n,9/2
k7
n,7/2 n,7/2
= Z f,y ke Uye(fz‘,j+1/2,k,z - fz,j—1/2,k,e)
kb
At n,9/2 n,9/2
T 9Ax Z ka(fi+1/2,j,k,l - fifl/Z,j,k,é)
k¢

Then the conservativity of the advection in v space yields >, 0 nf’k ¢ =

Dok fis > - Thus, proceeding in the same manner with the first two steps of



the algorithm we finally get
1

)\ o S n

AUmAUy pz,] ; fz,j,k,é

At n,7/2 n,3/2 n,7/2 n,3/2
- 2Ay Z Uye(fi,jJrl/Z,k,E + fi,j+1/2,k,£ - fi,jfl/Q,k,Z - fi,jfl/Z,k,Z)
k0

At n,9/2 n,1/2 n,9/2 n,1/2
- 2Ay Umk(fz‘+1/2,j,k,e + fz’+1/2,j,k,e B fi—1/2,j,k,e - fi—1/2,j,k,€>' (24>
k0

Let us know denote by

1
n+1/2 n,9/2 n,1/2
Jziilfz,]- = Av,Av, Z Uﬂ?ké(fi-i—l/lj,k,ﬂ + fz‘+1/2,j,k,e)7 (25)
k.0
1
n+1/2 n,7/2 n,3/2
inl/l/z = AvzAv, Z “ye§(f igi1/2ke T g1y (26)
k,f

Then (24) becomes

n+1 n n+1/2 n+1/2 n+1/2 n+1/2
pij - pz‘,j Jl’¢+1/2 i JJ»‘Fl/Q j inj+1/2 - inj71/2
+ + =0,

At Ax Ay

which is exactly the discrete continuity equation (13) needed by the Yee
scheme. Hence expressions (25)-(26) provide an expression of the discrete
current density J consistent with a Finite Volume Vlasov solver and that
satisfies a discrete continuity equation.

3.2. Finite Volume form of a semi-Lagrangian scheme

We have obtained in the previous section an explicit expression for the
discrete current which satisfies a discrete continuity equation for any split
Vlasov solver for which the x and y advection parts can be cast in the generic
Finite Volume framework (23). We are now going to cast a conservative
semi-Lagrangian scheme [9] for constant coefficient advection into this Finite
Volume formalism. This will then enable us to construct charge conserving
algorithms for a large class of split semi-Lagrangian schemes.

In both Finite Volume and conservative semi-Lagrangian schemes, the
first step is to reconstruct a piecewise polynomial function on each cell. We
shall call f# this reconstructed piecewise polynomial function. The recon-
struction scheme does not matter for our purpose, it could be PPM, splines

10



or something else, with limiters or not. The only property we shall need is
that it is linked to the computed cell averages fi* = - [*/2 f(¢", x) dz, by

T Az Ti—1/2

0 1 Tit1/2 R d
Ji = AL [ () du.

Ti—1/2

We shall also assume that the CFL condition Z—At < 1 is verified.

=
In a Finite Volume scheme for the 1D advection equation (22), we then

compute

tn+1

n+1/2 1
fi:i//Z = At . f(t,ffiﬂ/z)dt

tn+1

1
= Kt . f(tn>$i+1/2 - a(t - tn)) dt

n+1
1 t

At

12

FR (i1 — alt — 7)) dt,

and by the change of variables & = x;41/2 — a(t —t")

n1j2 L [T R
fi+1/2 E/ [ (z) dz.

i+1/2—alt
Then using the formulation (23), we get the Finite Volume scheme
1 Tit1/2 Ti—1/2
prep-a ([T @ [0 fayan). e
A:L‘ 337;+1/2—0,At xi,1/2—aAt

On the other hand, for a conservative semi-Lagrangian scheme, the dis-
tribution function is updated using the relation

1 X(Iifl/Z)
e AL

Az X(zi—1/2)

where X (241/2) is the origin of the characteristic ending at w4/, that is
in our case of constant advection at velocity a, X (%i41/2) = Tiy1/2 — aAl.

11



Hence

1 Tiy1/9—alrt
= | £ () d

Ax Ii,I/Q—GAt

1 Ti—1/2 Tit1/2 Tit1/2
= (/ B (x)dx +/ A (x)dz —/ () dm)
Az Ti_1/0—aAt Ti—1/2 Tiy1/2—alAt

1 Ti—1/2 Tit1/2
i [ - [ e
A‘T Ti_1/2—aAt Tiyp1/9—alrt

which is the same expression as (27), so that both formalisms yield the same
n+1/2
i+1/2
for a semi-Lagrangian scheme with respect to the reconstructed function f%

by

numerical scheme. Moreover, the finite volume flux f" can be expressed

n+1/2 1 e R
= —/ fB(z) dx.
/ aAt I,L'+1/27G,At
In particular, if the reconstruction is performed using a primitive F'¥ of f,
we have

n+1/2 1
f@'++1//2 = al\t (FR($1+1/2) - FR(iUz'H/z - aAt)) :

It now remains to provide the fluxes for both half advections in x and
y. For the half-advections in z, we have on the one hand, integrating on
A I P Tit1)2]

tn+1/2

v, AL
= e [ ) - fmi) d
2nr )., [f(t, wig1y2) — f(t@it1p2)]
n UfEAt n,1/2 n,1/2
= fi - 9Az [fi+1§2 - fifl//2] g (28)

with /2 = e f(t,z;41/2)dt. On the other hand

+1/2 = Jn
i+1/2
1
fi = —/ [ (@) da
Ti—1/2

Tiq1/2—ValAt/2
= A:B f*(x)dx

Ti—1/2—vg At/2

n 1 n,1/2 n,1/2
= fz - E(QSZ’.H//Q - Qbi_l//z)a (29>

12



where ¢”+11/ /22 = f ://22 vedt/2 fn(x)de. Hence, we can identify the fluxes in

(28) and (29) to get

L2 :L+11//22/(UxAt/2) if v, # 0,
/2 0 if v, = 0.

In the same way for f"/5. we have

+1/2>

FrO2 "+91//22/(vat/2) if v, # 0,
/2 0 if v, = 0.

Then, it comes
¢?411//22 = FR(le/z) — FR(xi_j’_l/Q — v, At/2) with F® the primitive of f",
¢?491//22 = FR(xZ'J'_l/Q) — FR(xi_j’_l/Q — v,At/2) with F® the primitive of f™*.

For the half-advections in y, we proceed in the same way integrating on
[t", " F1/2] X [y;_1/2, yj+1/2] in order to obtain the finite volume formulation

(as (28)) and identifying with the conservative semi-Lagrangian formulation
(as (29)), we have

fn,3/2 _ 7f1//22/<vyAt/2) if v, # 0,
+1/2 -
i+ 0 if v, = 0.

and

gz _ | O B2) ity £,
i+1/2 0 if v, = 0.

Then, we get similarly
¢j+31//22 = F%yj112) — F™(yj412 — v,At/2) with F the primitive of ™",
¢j+71//22 = F™yj112) — F*(yj41/2 — v,At/2) with F" the primitive of f™°.

3.3. Spectral scheme

Denoting by f"(k, ky, vz, v,) the Fourier transform in space of f(t"), the
1D advections in configuration space become for the spectral scheme

of
i + ikyv, f =0, (30)

13



for which the exact solution on a time step reads f(t+At) = f(t) exp(—ik,v,At),
and the same for the advection in .

So, using a spectral scheme in space coupled with a Strang splitting, we
get the following algorithm

f kg kel fk ey HeXp( ik, v, At/2),
l?:kykﬁ = fk,;,ky,k,é exp(—ikyvyAt/2),

£ . f,?jky’“ using a conservative advection in v space,
l?ljlky,kﬁ = fgjky,k,e exp(—ikyv,At/2),

fnz—t—kly,kﬂ = -fg:lky,k,ﬂ exp(—ik, v, At/2).

As we did for the Finite Volume schemes, we need to extract the current from
the space advections in a way that is compatible with the discrete continuity
equation (19) for the Maxwell solver we want to couple to. To this aim we
need to make a transport structure appear. Introducing f,? 1}5k ’
n1/2 i ko[l —exp(—ik,v,At)2)] [(ik,At/2) if k, # 0,
ka,ky,u { 0 e if k=0, (31)

the first advection in x writes

n,1/2
i ook kil = iyt — f kg iyl
Using the same notations, one has for the last xr-advection

n+1 n,4 ik At n,9/2
kasky kol = kg oy ke T Y 27 ki ey et

where f™%/2 is deduced from (31) by replacing f by f™*. Similarly, for the
y-advections, it comes

At n,3/2
fx,ky,ke - fx,ky,ké _fx,ky,k,ea

At n,7/2
Feleme = Time = kg ke

where f™3/2 (resp. f™7/?) is given by the following expression with d = 0
(resp. d = 2)

nd+3/2 fk*;j*,i@u — exp(—ikyu,At/2)] /(ik,At)2) i k, # 0,
Ko ey el — o it ky = 0. (32)
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Now, let us add up the different contributions to the current. First, the
discrete charge density is linked to the discrete distribution function by

n _ n
Plgky = Av, Av, Z Z fk:g;,ky,k,é'
E 0

So, using the previous algorithm we can relate p”Jrl

the different lines with respect to k,¢. Then, we get

to py, x, by summing

n+1 n+1
AU AU kx,ky k Ky k0
T

il At 9/2
= Z kl,ky,kﬁ WL X,

i Bt At 72 " At /2
—Z km,ky,kﬁ vy ke —1 27 Jhaky kit | -

Then the conservativity of the advection in v space yields Zk ’ fo3 ekl =

>k 0 f ikl Thus, proceeding in the same manner with the first two steps
of the algorithm we finally get

At
n+1 n,7/2 n,3/2
szAv Ply ky = kax,ky,ké iky—- 9 %;(f I,ky,k,z+fz,ky,k,e>

At n,9/2 n,1/2
— ik Y (e . (33)

)
kit
Let us now denote by
n+1/2 1 no2 n,1/2
Sokaie, = DUz AUy Z 5( kzk/yké + kI7l£y,k,£)7 (34)
kt
1
n+1/2 n,7/2 n,3/2
Jy,km,écy = AvAvy Z Q(f Tk/yké +/ ,lgyu) (35)
.

Then (33) becomes

pn—‘rl _P
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which is exactly the discrete continuity equation (19) needed by the spectral
Maxwell scheme.

Hence expressions (34)-(35) provide an expression of the discrete current
density J consistent with a spectral Vlasov solver and that satisfies a discrete
continuity equation.

4. Reconstruction

In this section, we recall the different reconstructions we used in this
work. Let apply the conservative method to the following problem, using the
notations introduced in the previous sections

Of +ad,f =0.
Introducing the primitive function F(z) = fxx_m f(y)dy, the conservative

numerical scheme is

f +1 1 xi+1/2—aAt f( )d
PT A ", y)dy
Az Ti_1/2—alt
1
= A—x[F([Ei+1/2 — aAt) — F([L',L',l/g — aAt)]
1
= fln — E[F(‘rlﬁ-l/Q) — F(.Ti_H/Q — (lAt) — F(Ii_l/g) — F(xi—l/Z — CLAt)]

The interpolation conditions for the primitive are F(z;41/2) = Z;:O fir and
we need to reconstruct the primitive F' to evaluate at ;1.1 /2 —aAt. Following
9], we use a Hermite reconstruction. If the feet of the characteristics satisfies
Tiy1/2—aAt € [, 1/2, %412, we denote by x € [0, 1]z = 241 /0—alt—2;_1)2
and the reconstruction writes for x € [0, 1]

F(xi+1/2 — aAt) = F(l’j_l/g)(l — $)2(1 + 2.1') + F(.%'j+1/2)$2(3 — 21’)
+F/($j,1/2)l'(1 — l’)2 + F/(l'jJrl/Q)ZCQ(ZE — 1)

To approximate the derivative F’, we use the following formula leading to
different numerical schemes

F/(:Ej_l/g) %(fj—i—l + f]) — %(fj+2 + fj—l) (PPMl)
Fl(zj_10) = %(fﬂg — [i3 +9(fj—2 — fiv2) +45(fj41 — fi—1)) (PPM2)

Fl(zj1p0) = é(5fj +2fj1 = fim1), Flxj1p2) = é(5fj — fi+1 +2fi-1) (LAG3).
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For more details, see [9]. Let us remark that high order upwind reconstruction
LAG(2d+ 1) and the extension to the two dimensional case are possible (see

8])-

5. Coupling the Vlasov solver with the Maxwell solver

The only point that is not straightforward in the coupling of our Vlasov
solvers with their corresponding Maxwell solvers, is how to get the electric
field E"*t1/2, needed for the velocity space advection before the full current
has been computed. We use here for both our methods the strategy suggested
in [14]. Ampere is advanced on At/2 using the predict currents J" computed
using

n Vg n n
Jz,i+1/2,j = Av,Av, Z f(fi,j,k,e + fi+1,j,k,€)7 (36)
k.0
n v n n
Toigirje = BvgAvy Y %(f ikt T Jijrke)- (37)
k.0

This predicted electric field is then only used for the velocity advection and
discarded. The electric field E"*! will later be recomputed directly from E™
using the current J"*/2 verifying the discrete continuity equation.

Another point comes from the fact that, before the advection in v, we
have the electric field on staggered grid Eori2 g2 whereas we need

Tiy1/2,59 Yij+1/2
it at the grid points (z;,y;). A simple average enables to compute Eg;l/ 2,
En+1/2
Yi,j :

Finally, the initialization has to be done carefully. Indeed, one has to
initialize f° such that its density p° satisfies the appropriate discrete Gauss
law. In practice, for a given initial condition f°, we compute p° and solve the
Poisson equation to get (EY, E)) using any solvers. Then, p” is modified in
such a way that it solves exactly the appropriate discrete Gauss law. Once
pY is re-computed, f° is modified according to pV.

We then get in both cases the following algorithm where the half advec-
tions in x and y need to use the adequate formula for each solver introduced
previously.

Algorithm. Starting from E" = (E}, E}), B2 Y2 and £, we compute E"+, BrtY/?
and f"*! as

17



. Maxwell prediction — BI/? and (B2 /%, EBFY/?)

(a) advance Faraday (16) on At with B "/? and E» — Bl /2
(b) compute Ji' =3, vy, fTAv, Avy and Jp =37, vy, AV Avy,.

(c) advance/Ampére (14)-(15) on At/2 with E", B2™/? and (J, gy
- En+1 2

. half-advection in z — f™! and Ji/

(a) compute f™/2 and Jp'/? = > e Ve /72 Av, A,
(b) half-advection in x.

. half-advection in y — f™? et Jy 3/2

(a) compute f™3/2 and Jy*? = > e Uy SR Av, A,

(b) half-advection in y.

. advection in v with E*+1/2 and B**Y/2 frd

. half-advection in y — f™* and Jy /2

(a) compute f7/2 and Jp'"? = > ke Vye ST Avg A,
(b) half-advection in y.

. half-advection in z — f**! and J™%?

(a) compute f™%2 and Jp¥? = > e Vo S Avy A,

(b) half-advection in x.

. Advance Maxwell — E"! et Eg“
() compute J; 1% = (L2 4 1% /2
(b) compute J;H/z = (J;v3/2 + J;77/2)/2

(c) audvance1 Ampere (14)-(15) on At with £, Br™? and ( w2 J;H/z)
— BT
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6. Numerical results

We focus on classical test cases which have the advantage to be compared
easily to a Vlasov-Poisson solver. Indeed, we consider the following class of
initial conditions

folx,v) = E(v)(1 + ag(z,y)),

where g(z,y) is a periodic function and £(v) a velocity function. Typically,
we choose for the equilibrium

Ev) = ie_|v|2/2(Landauu) and E(v) = i€_|vl2/21)§ (TSI).
2m 2m

For the spatial dependency, we consider g(z,y) = cos(k,x) ("1Dx” case) to
recover the one dimensional case or g(z,y) = cos(k,x) cos(k,y) ("PROD”
case). The parameters are chosen as follows: k, = k, = 0.5 = 27/L, =
27 /L, where L, = [0,4n] (resp. L, = [0,4n]) denotes the spatial domain in
the z direction (resp. y direction). The domain in velocity is v € [—8, 8]* to
ensure that the discrete integration in the v directions is sufficiently precise.

We compare the present algorithm to a Vlasov-Poisson algorithm (VP)
in which the electric field is computed just before the v advection.

Spectral schemes. In Figures 2 and 3, we plot the time history of the electric
energy || E.(t)||3. + || Ey(t)]|3. for the reference method (VP) and the ”new”
method (VM), in the Landau case (o = 107%). Figure 4 shows the time
evolution of the electric energy in the TSI case (o = 1073).

One can observe that the two methods are superimposed, illustrating the
equivalence of the two algorithms. In particular, we checked that the electric
field computed by VM at time t"*! and the density p"*! (computed from
™) solve the discrete Gauss law (which is spectral in this case) up to ma-
chine precision and up to the precision of the conservation of the v advection.
Two other nice properties of the VM algorithm can be emphasized. First, the
one-dimensional cases are preserved. Indeed, for the ”1Dx” case, the electric
field E, stays to zero for all times, the same being true in the symmetric
case "1Dy”. Second, if the magnetic field B, is zero at the initial time, this
property remains true for all ¢ > 0.

Conservative schemes. In this last part, numerical results obtained by the
conservative methods are shown. The numerical parameters are chosen as
previously. The properties described previously (symmetry between z and
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Figure 2: "PROD” case. Time history of the electric energy (semi log-scale): comparison
of Vlasov-Poisson (VP) and Vlasov-Maxwell (VM). 64 points per spatial direction and 128
points per velocity direction. At = 0.01.

y and B, equal to zero) are also verified in the conservative case. We com-
pare the new algorithm for Vlasov-Maxwell with the Vlasov-Poisson in which
the Gauss law is solved using a spectral solver. Hence, the two solvers are
not equivalent since the Vlasov-Maxwell solver ensures the following discrete
Gauss law

n n n n

Ti+1/2,5 Ti—1/2,j + Yi,j+1/2 Yi,j—1/2

Ax Ay

=pi;— L

However, this difference is quite small and appears (see for example in Figure
6) when the amplitude of the electric energy is below a certain threshold. We
can remark that the Vlasov-Maxwell solver benefits from the quality of the
high order conservative methods used, which capture the long time behavior
of the solution (see Figure 6) in a similar way as the spectral method. For a
detailed comparison of these methods (regarding the conserved quantities),
we refer to [9].

7. Conclusion

In this work, we have presented a class of Eulerian numerical schemes
for the two dimensional Vlasov-Maxwell equations that ensure the discrete
continuity equation, and as a consequence, the Gauss law. Moreover, since it
is based on a directional splitting, this approach can benefit from an efficient
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Figure 3: ”1Dx” case. Time history of the electric energy (semi log-scale): comparison of
Vlasov-Poisson (VP) and Vlasov-Maxwell (VM). 64 points per spatial direction and 128
points per velocity direction. At = 0.01.

parallelization using domain decomposition and transposition techniques (see
[6]). Physically relevant numerical tests have to be performed; in particu-
lar, non periodic boundary conditions have to be adapted to the present
approach. Also, higher order methods in time have to be studied to improve
the accuarcy.
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