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Analysis of a new class of Forward Semi-Lagrangian schemes for the
1D Vlasov-Poisson Equations

Thomas Respaud* Eric Sonnendriicker '

December 25, 2009

Abstract

The Vlasov equation is a kinetic model describing the evolution of charged particles, and is
coupled with Poisson’s equation, which rules the evolution of the self-consistent electric field.
In this paper, we introduce a new class of forward Semi-Lagrangian schemes for the Vlasov-
Poisson system based on a Cauchy Kovalevsky (CK) procedure for the numerical solution of
the characteristic curves. Exact conservation properties of the first moments of the distribution
function for the schemes are derived and a convergence study is performed that applies as well
for the CK scheme as for a more classical Verlet scheme. A L! convergence of the schemes will

be proved. Error estimates (in O(At? + Ax? + AT””;) for Verlet) are obtained, where At and Ax
are the discretisation parameters.
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1 Introduction

To describe the dynamics of charged particles in a plasma or in a propagating beam, the Vlasov
equation can be used to calculate the response of the plasma to the electromagnetic fields. The
unknown f(t,2z,v) which depends on the time ¢, the space x and the velocity v represents the
distribution function of the studied particles. The coupling with the self-consistent electric fields is
taken into account through the Poisson equation.

The numerical solution of such systems is most of the time performed using Particle In Cell (PIC)
methods, in which the plasma is approximated by macro-particles (see [[]]). They are advanced in
time with the electromagnetic fields which are computed on a grid. However, despite their capability
to treat complex problems, PIC methods are inherently noisy, which becomes problematic when
low density or highly turbulent regions are studied. Hence, numerical methods which discretize
the Vlasov equation on a grid of phase space can offer a good alternative to PIC methods (see
[E, L, i3, i1, E]) The so-called Eulerian methods can deal with strongly nonlinear processes
without additional complexity, and are well suited for parallel computation (see [[4]). Moreover,
semi-Lagrangian methods which have first been introduced in meteorology (see [Ig, g, f[9]), try
to take advantage of both Lagrangian and Eulerian approaches. Indeed, they allow a relatively
accurate description of phase space using a fixed mesh and avoid traditional step size restriction
using the invariance of the distribution function along the trajectories.

Traditional semi-Lagrangian schemes follow the characteristics backward in time. In [[f], follow-
ing the idea of Reich [[1§], we introduced a forward Semi-Lagrangian scheme for the Vlasov-Poisson
system based on a forward numerical solution of the characteristics using a classical Verlet or
Runge-Kutta (order 2 and 4) scheme. The Verlet scheme can only be applied for specific differen-
tial equations, as for example the characteristics of the Vlasov-Poisson system, but not for more
general cases, as the characteristics of the guiding centre or the gyrokinetic approximation of the
Vlasov equation. Therefore an alternative to Verlet is necessary. On the other hand, Runge-Kutta
schemes, which can be used in the general case, are very costly in our context, especially when
going to higher order, as they require a deposition of the charge and the solution of the Poisson
equation at intermediate time steps. We propose here, a new scheme for the characteristics based
on a Cauchy-Kowalevsky (CK) procedure, that can be written up to an arbitrary order. Second
and third order are developed in the present paper. We shall also dicuss the conservation of the
first moment in for both Verlet and CK algorithms.

A proof of the convergence of PIC method for the Vlasov-Poisson system was performed by
Cottet and Raviart [[f]. Proofs of convergence and stability of the classical Semi-Lagrangian method
applied to the same model were obtained by Besse and Mehrenberger [. These estimates are
made in L? norm, since L™ seems out of reach as they explain. They manage to do it because



they deal with split methods, and thus only consider constant coefficient transport. In order to
prove convergence in more general cases, the L' norm seems appropriate, as it enables to use the
partition of unity property of the splines. Moreover, Després [ explains possible advantages of
studying L' convergence instead of more common L?.

We propose here a proof of L' convergence of the forward semi-Lagrangian scheme with both
Verlet and CK algorithm for the characteristics in the particular case of linear spline interpolation.
We also obtain error estimates in time and space.

This paper is organized as follows. In the first part, the continuous problem is presented. In
the second part, the discrete problem and the numerical schemes to solve it are introduced. We
also prove the exact conservation of the first moment with respect to v at the discrete level for both
CK and Verlet schemes. Then, in the main section of the paper, the convergence of our numerical
schemes are proved. Finally some numerical results are presented.

2 The continuous problem

2.1 The Vlasov-Poisson model

Let us consider f(t,z,v) > 0 being the distribution function of electrons in phase-space, and E(t, x)
the self consistent electric field. The dimensionless Vlasov Poisson system reads

% + 00, f + E(t,2)0,f =0, (2.1)
0. E(t,x) = p(t,x) = / f(t,z,v)dv —1, (2.2)
R

where z and v are the phase space independent variables. A periodic plasma is considered, of period
L. So x € [0,L], v € R, t > 0. The functions f and E are submitted to the following conditions

f(tv()’U) :f(t,L,’U),\V/UER,tZO, (23)

E(t,0) = E(t,L) & % /OL/Rf(t,x,v) do dv = 1,¥t > 0, (2.4)

which translates the global neutrality of the plasma. In order to get a well-posed problem, a
zero-mean electrostatic condition has to be added,

L
/ E(t,x)dx =0, Vt>D0, (2.5)
0
and an initial condition

f0,z,v) = fo(z,v), VYxel0,L],veR. (2.6)

Assuming that the electric field is smooth enough, equations (P.1), (B-3) and (B-§) can be solved in
the classical sense as follows.
The first order differential system

dX

ﬁ(t;(xﬂ))?s) = V(t;(az,’u),s),
Cfi—‘t/(t;(x,v),s) = E(t,X(t; (z,v),s)), (2.7)



where (X(t;(x,v),s),V(t;(x,v),s)) are the characteristic curves, solutions of (R.7) at time ¢ with the
initial condition

X (s;(z,v),8) =z, V(t; (z,v),s) = v. (2.8)
For the existence, the uniqueness and the regularity of the solutions of this differential system, the

reader is referred to [f].
The solution of problem (R.1), (R.6) is then given by

ft,z,v) = fo(X(0;(x,v),t),V(0; (x,v),t)), Vzel0,L],veR,t>0. (2.9)
Since oX, V) 1
ox,v)

it follows that

%/OL/Rf(t,x,v)dvda;:%/{)L/Rfo(x,v)dvdle.

According to previous considerations, an equivalent form of the periodic Vlasov-Poisson problem
is to find (f, ), smooth enough, periodic with respect to x, with period L, and solving the equations
2, B.7), R.§) and (R.9). Introducing the electrostatic potential ¢ = (¢, x) such that E(t,z) =
—0yp(t,x), and setting G = G(x,y) the fundamental solution of the Laplacian operator in one
dimension. That is —02G(x,y) = do(x — y) with periodic boundary conditions. It comes

L
Emm:Azmmmémwmm—nw
where

K(z,y) = —0,G(z,y) = (+ = 1), 0<z<y,

IS

, y<xz < L.

<

2.2 Existence, uniqueness and regularity of the solution of the continuous prob-
lem

Theorem 1 Assuming that fo € Wcl,bofrz (Ry x Ry) Cl,},‘frz (R, x R, being the Sobolev space of
functions with first derivatives in L*°, compactly supported in v and periodical in x), positive,
periodic with respect to the variable x with period L, and Q(0) < R, with R > 0 defined as follows

Q(t) := 1+ suplv| : x € [0, L], 7 € [0,t]| f(7,2,v) # 0,

1 L
—/ /fo(:n,v)dvdx =1,
LJy Jr

then the periodic Vlasov-Poisson system has a unique classical solution (f, E), periodic in x, with
period L, for all t in [0,T), such that

fewb=o1,whe (R, xR,)),

C,pery

and

E € Wh(0, T; Wh2(R)),

pery
and there exists a constant C = C(R, fo) dependent of R and fy such that
Q(T) < CT.

Moreover if we assume that fo € Weper,(Ry X Ry), then (f, E) € W™(0,T; Weper, Ry x Ry)) X
Whee(0, T W;g%(R)), for all finite time T .



For the proof, the reader is referred to the references [f, [L3]

3 The discrete problem

3.1 Definitions and notations

Let Q = [0, L] x [-R, R], with R > Q(T'), and M}, a cartesian mesh of the phase-space Q. M}, is
given by a first increasing sequence (z;);co..v,] of the interval [0, L] and a second one (v;);co..n,]
of the interval [-R,R]. Let Az; = x;41 — x; the physical space step and Av; = vj;1 —v; the velocity
space step. In order to simplify the study, a regular mesh will be used, i.e Ax; = Az = ﬁ, and

Av; = Av = %, where N,, N, belong to N. Then h is defined being max(Az, Av).

For each function g defined on all the points (z;,v;) € M), we will set g; j := g(z;,v;), and the
sequence is completed on Z x Z by periodicity, having g; j := gi|n,+1,j{N.+1]- The sequence (x;, v;)
will also be defined on the whole set Z x Z, by z; := i{Ax, and v; := —R + jAv. The set of all
Q-periodic functions (L-periodic in = and 2R-periodic in v) will be denoted P(£2).

Now let f = (fij)(i,j)ezxz be a periodic continuous grid-function with respectively the period

Ny+1and N, +1. If f is a function defined on the points M}, a discrete grid-function f defined by
fij := f(z,v5) for all (i,5) € [0, Nz] x [0, Ny]. In order to lighten notations, f will be kept instead
of f. Let L2(Q) (resp L} (£2)), the set of grid-functions whose H-HL%(Q) (resp H'HL}L(Q)) is bounded

Ny Ny

1
HfHLg(Q) = (AmAvZZ \f@j‘z)?z
i=0 j=0
N. N,
1flls @) = Azdv Y > [ fijl.
i=0 j=0

As it was precised in the introduction, a L? convergence analysis for backward Semi-Lagrangian
schemes was performed in [[], helped with the fact that a Strang splitting is used, so that the
transport velocity in each direction becomes constant for each split step. In paper [], it is explained
that for split methods, which treat only constant transport, forward and backward methods are in
fact exactly the same. So, all the L? results exposed in [f] are also valid for our method when a
Strang splitting is used. In this paper, we are interested in the convergence of the non split method.
Due to the partition of unity property of B-splines, the L' norm seems the most appropriate for
this kind of study. For this reason we shall study the convergence of our sheme in the L' norm.

Remark 3.1 If f € L%(Q), then f € L}L(Q) thanks to Cauchy Schwarz inequality, as £ is bounded.

In the sequel, an ending time T is fixed, and a uniform time discretization (t"),<n, of the
interval [0,77], with time step At = ¢"T!1 — " At each point (z;,v;) € My, an approximation
fn(t™, xi,vj) of the exact distribution function f(t",x;,v;) at time t" = nAt is defined. The
approximation function f5(¢t") is then given at each point of R, x R, thanks to an interpolation
operator Ry, defined on a uniform grid:

Ry: L'Q)nPQ) — L'(YNPQ), f —  Rpf= Y fig¥i
(i,)ELXT.

where U; ; will be linear spline functions for our convergence study. In numerical results, since linear
interpolation is quite diffusive, cubic splines will be used. In order to get a convergent scheme, the
operator Ry must satisfy some approximation properties which will be detailed later.



3.2 The numerical scheme

The electric field operator for the real-valued function g € L!([0, L] x R) is defined this way:

L
— [ K@) sty - . (3.10)
0 R

The approximate function fj is solution on the grid of the following Vlasov equation:

({)J;h( )+v%(t 2,v) + En(t,z) aJ;h

This function follows approximate characteristics, solutions of

(t,z,v) = 0.

%(t; (x,v),s) = Vi(t; (z,v),5),

%(t; (z,v),s) = Ex(t, X (t; (z,v),s)), (3.11)

where Ej, is defined exactly through f; with (B.10). So we get:

vVt € [tn,tn+l[: fh(t,x,v) = ZwZJSh(a: - Xh(t; (xk,vl),t"))Sh(v - Vh(t, (a:k,ful),t")),
k,l

where f, is given on the mesh at time t" by:

fn(t", xi,v5) Zwleh i — x)Sp(v; — ) Vn.

These are the interpolation conditions enabling to define the spline coefficients Wi and thus f
everywhere.

The distribution function is updated this way. The ending point of the characteristic starting
from (z;,v;) is computed: (Xp(t" ™Y (z,v5), "), Vu (1" (24,v5),t")),V(i,4). Then, since f, is
constant along the approximate characteristics, the value is deposited on the nearest grid points,
the number of which depending on the degree of the splines used for the interpolation. The linear
B-spline S is defined as follows

A ==2]) if0o< ]z <1,
S(w) = { 0 otherwise.

The spline S, actually used, which shall be defined with the size of the mesh will be:

x
Sp(x) =S(+).
W) = 5(7)
From now on, S, will be denoted by S for the sake of simplicity. This step, which is in fact the
resolution of a linear system based on the construction of the approximate solution, but trivial in
the linear case. It is imposed that this function is continuous at the grid points, so we have to
solve:

fh(tn+1,1'i,1)j) :ZLUZJS( Xh(tn+ (xkavl) t ))S( Vh(tn+ (Ll'k,’l)l) t )) V(Z,]),



with wy; = fr(t™, zx,v;). In order to do that we have to compute
(Xn (™ (i, 07),8), V(™5 (4, 05),87)), 9 (G, ),

solution of the differential system (B.11]). Since this requires an explicit solution of that system,
any standard ODE solver such as Verlet, Runge-Kutta or others can be used. Our analysis will be
based on the Verlet algorithm, which is of second order, and on a Cauchy Kovalevsky procedure,
which can be of any order, as an alternative to more costly Runge-Kutta solvers. But we will
consider only the second of third order, because higher ones would be useless here, as we shall be
explained.

3.2.1 Verlet algorithm

Starting at time " from the gid point (xg,v;)
1

e Step 1: Vk,I, x?ﬁ —xp = %vl,

e Step 2: compute the electric field at time 3
1
2

— deposition of the particles xZJlr on the spatial grid z; for the density pp: pn (i, tn+%) =

1
dkawpS(@i — xZJlr2 ), like in a PIC method.

— solve the Poisson equation on the grid x;: E(x;, t"+%).
+1 n+3 41
o Step 3: Vk,I, vy —u = AtE(x,,?,t"72),

n+i
e Step 4: Vk,I, xﬁ'l — 2 = %vﬁ'l.

This is the way the algorithm is implemented. In our convergence study, the slight difference is
that an exact solution of Poisson’s equation, based on the Green formula (B.1() is used.

3.2.2 Cauchy Kovalevsky procedure

The idea is to get high order approximations of the characteristics using Taylor expansions in time.
And then, using the charge conservation equation, and higher velocity moments of the Vlasov
equation, to replace time derivatives with terms containing only spatial derivatives and moments
at time t,, which can be easily computed. Up to third order these Taylor expansions in time lead
to

At? At? d
XU = XM AV S BN (XN 4 e B(X (), )i
At? d At d?
n+1 n n n
V + == V +AtE (X )+TaE(X(t),t)|t:tn +T@E(X(t)7t)‘t:t"

In order to be able to compute all terms of these expansion we need the three first total time
derivatives of E(X (t),t).

d OFE dX . OF

SEX(0,0) = S(X(,0)+ S (05 (X (), 1

= —J(X(1),t) + J(t) + V(t)p(X(t),1),



where p(z,t) = [ f(z,v,t)dv — 1, J(z,t) = [ f(z,v,t)vdv and J(t) Lfo J(z,t)dx. Indeed, the
Poisson equation yields 7 a =p and integrating the Vlasov equation with respect to velocity, yields

the charge conservation equatlon at L4 ‘g‘] = 0. Hence taking the derivative of the Poisson equation
with respect to time and using this equation we get

From which we obtain, as fOL E(z,t)dz = 0 that

oFE

ot =—-J+J.
The second order total derivative in time of F reads
d oJ oJ aJ
TeBX(0),1) = —Z2(X(0).1) = V()5 (X(0).6) + (1)
dp dp

+ BX(1),0)p(X(1),6) + V() (5 (X(1),8) + V()5 -(X(1), 1)).

ot

In order to use this expression, we need %—{, %, %, %, Cﬁl—{(t). The Cauchy-Kovalevsky procedure

consists in getting rid of time derivatives, replacing them with space derivatives obtained from the
equation, in our case, we use the velocity moments of the Vlasov equation. First for p, we use the
charge conservation equation:
ap aJ
LX), =-==
L x).)
In order to get the time derivative of the current J, we need to use the Vlasov equation, multiply
it with v, and integrate it with respect to v, so that we get:

(X (1), 1). (3.12)

oJ
- = E _J —
5 ax I + / vdv =0,
where I, ( fR x,v,t)v™dv so that, using that f is compactly supported and integrating by
parts:
aJ ol
SHX(1),0) = 52 (X (1), 1) + BOX(0), 1)1+ p(X(0),1). (313)

xT

Let us prove now that ‘fl—{(t) =0:

dJ 1 Lag

E(t) L 0 a(t,%)d%,

L
_ %/0 (—%(t )+ E(t, 2)(1 + plt, 2)) dx,

1 L
= z([[g(t,O)—I2(t,L)]+/0 E(t,:z:)d:r—l—/o E(t,z)p(t,x) dx

= (D)~ B(1,0)
= 0.

thanks to periodicity, in fact (2.3), (2.9).



We finally get the following third order Cauchy Kovalevsky (CK3) time algorithm, using (B.19),

BI):

n+1 n n Atz n n At3 n _n n n n 7
X = X"+ AtV +TE (X)—i—T(Vp(X)—J(X)—i-J),
n+1 n n n At2 n n n n n T
V = V"+AtE (X)+T(V,0(X)—J(X)+J)
At3 Ol oJ 20p
bR (G = ENXT) = 2V S (X ) + (VIR (X ).
Let us now introduce a notation, which will be useful later:
2 43
X" = X"+ AtV + —A; E™MX™) + —A (X", VT),

and
At2 At3

where ¢, ¢ are naturally defined.

Remark 3.2 Obviously, in order to get a second order algorithm (CK2), we just keep the terms
until At? included.

3.3 Exact conservation number of particles and momentum
3.3.1 B-spline interpolation

First, let us recall some useful properties of B-splines interpolation. The linear space of B-splines
of order m + 1 writes, denoting by s(™) the m!" derivative of s,

Smi1a, = {s(x) € O™ HR), s (z) =0,Vz € (25, 211),Vi € R},
if m + 1 is even, and
Sm—l—l,Az = {S($) € Om_l(R)7 S(m+1)($) =0,Vz € (xi—%7xi+%)v\v/i € R}a

if m + 1 is odd.
The space of B-spline functions in two dimensions is defined as the tensor product of 1D spaces.
Let us precise the interpolation operator:

Ry, (f)(x,v) = wi;(f)S(z — 2;)S(v — vj),
Ry f(z,v) ZRhw z,v).
Now come the properties:
® Simi1n = Span(Smi1(. — i) Smi1(- — v;); V(i, j) € Z),
® Sy CWHEP 1<p<oo 0<k<m,

o Stability: |[Rhfl[ro) < Cllfllr@) Ve LP(Q)NP(Q), 1<p<oo (i),



e Consistency and accuracy: 3C > 0 | |[|f — Rhf”Wk,p(Q) < Chm+1_k|f|wm+1,p(g) Vf €
WmHlr )N P(Q) 1<p<oo 0<k<m (i),

e Y. Sm(.—xz)=1 (iiD), [Sp(u)du=Az (iv).

Let us also precise particle and momentum conservation. The proof for the mass is independent
of the spline degree, and the one for the first moment will only be shown for linear splines, even
though it has been checked for the first three splines.

3.3.2 Particle conservation

The discrete algorithm preserves the total number of particles, as the following computation shows:
m'tl = /f (" z,v) dx dv,
= Zw”“/S:ﬂ—xl)S(v—v])dxdv

= Al‘AUE "+1 (xi,v5),

= AmAvZZwle X (" (g, 0), )8 (v — V(" (2, vp), ),
,j ki

= AmAUZwZ’l = AxAvZf"(:Ei,vj) =m",
k.l ij

thanks to partition of unity property (iii).
Let us precise the way the interpolation operator acts:

T aw) = Ru(YwlS(a — Xp(t" s (wi,v), ") S (v = V(" (@i, v)), £7),

7]
= Zw”HS x —x3)S(v —vj), (3.14)

by definition of w;';. This implies a kind of continuity of f;, at time t" on the grid points.

3.3.3 Momentum conservation
Let us precise that in this paragraph (Xp, (¢; (x4, v5),t"), Vi (t; (z4,v5),t")) will be denoted (X; ;(t), Vi (1)),
and that Poisson will not be solved exactly. The aim here is to prove that

Zvjfh(t”,xi,vj) = Zvjfh(t”+1,a;,-,vj) vn. (3.15)

i7j i7 j

Let us distinguish two phases: the transport one and the deposition one. Let us start with the
deposition phase, where we have to get:

Z wn+1?]151 T — xi)Sl(vl - ’U] Z w”vlSl(xk - ij(tn+1))51(?]l (tn+1))
.5,k i,9,k,1

10



First, the left hand side, using the partition of unity property (iii),

Z w"+1vl51 (xp —x:)S1(v —vj) = Zw"“ ZUZS v —vj),
1,5,k
_ n+1
- Z Wij Vi
,J

For the right hand side we need to evaluate Y, v;S1 (v, — Vi ;(t"T1)). So we need to know where
Vi ;(#"1) is. Let us suppose V; ;(t"™!) = v, + aAv, « €[0,1]

Z uS1(v — Vi (")) = 0,81 (@Av) + vp4151(Av — aAwv),

= (p+ adv),
= Vi(t"h.
So we finally get for the deposition phase:

Zw"“ Zw" V(" (2, 05), 7). (3.16)

Remark 3.3 This proof is given for linear splines, but was also checked for quadratic and cubic
ones. The transport phase is independent from the spline degree.

There remains to prove that

> Wiy = ZW" V(" (@i, 05),87), (3.17)
i,J

which corresponds to the transport phase. Note that this phase exists also in PIC methods, and
the following proof of conservation of moments is adapted from [d].

Verlet We have with our Verlet algorithm:
V(" (s, vj),t") =v; + ALE" 3 (X(t"+%, (xi,vj),t")). (3.18)

Using a regularisation of the electric field based on the same splines used for the distribution
function:

B3 (X (8743, (20, 07), 7)) = Y B (24) S (g — X ("5, (w1,0), 1)),
k

To get (B.17) using (B.1§) we just have to prove that

an En+ x)S(xp — X(tn+ (xzﬂ)]) t") =0,
0,5,k

and

ST OB (1) S (ap — X(EFF, (2i,07),67) = DB () Y WS (e — X (02, (2,05), 7)),
. a

= N ETE (ay)p" 3 (a),
k
— 0,



for most of the centered algorithms used to solve Poisson numerically, like the following centered
finite difference one on staggered mesh, with linear regularisation:

E"+%(mk+ )— E" ntg 2 (xy_ 1):Axp"+%(a:k) VEk,

2

and
E™ () = ZE"JF%(fCi)Sl(SC — ;)
we get:
STEMT @) () = YD BT E @) BT (@) (S (w1 — 20) = Si(yp 1 — ),
k k %
_ ZE”+%(xi)(En+§($i_l) gEn+5(iﬂi+1)),
= S BT @) E ) - 3 B @) B ),
= 0,

thanks to periodicity.
To conclude, using (B.16) and (B.17), we get (B.15), which is what was wanted.

CK algorithm. We still have to prove that:
Zw{fjvj Zw" V(" (24, 05), 7).
.3
That means for the third order scheme:
Zw" E"z) = 0, (3
Zw”gp (xi,v5) = 0, (17)

waqﬁ zi,v;) = 0, (i)

each number being linked with the order of the algorithm.

First order. Using the same strategy (regularisation of the electric field and centered algorithm):

an En — Z wn En x _xk)7

1,5,k

12



Second order. For the second order, we need J*, pl*, J

—AvaMS i — Tk) —

_ AzAv
Jr—J = AvaﬁlvlS(xi —x)) — T Zwl?,l”lv

k.l Kl
n n
Zwi,jvjp (zi) = Av Z wi jw 1055 Zw”v], (3.20)
i,j 1,5,k
AzxAv
Zw” JTL = Av Z ngwﬁl’ulS(:Ei - :Ek) - I Z wl?,lngvla
VLA 0,5k,
= Av Z w; w058 Zwk KB (3.21)
1,9,k,1

using mass conservation and ZZ j wg ;=1L (B-20) and (B.21]) are the same, just changing (i, j) and

(k,1). So
ngjgpn(xi,vj) =0.
,J

Third order. Here we need I (x;)
L(t"x;) = / v? Zw,’;lb’(mk —x;)S(v — vp) dv,
Rk
= S S — ) / R(v2S(v) + 200 S(v) + v2S(v)) dv,
k,l

= ZwZ’lS(:Ek —zi)(a + Av o).
k,l

In ® we still have z Wi E”(mz) = 0. We also have three terms in —z which will be approached
with a centered finite dlﬁerence formula:

1
Zw ’]8 o(t" xy) = AL Zij(I2(tna$i+1 — L(t", zi-1)),
i7j

1
YN Z wijwi (o + v?)(S(zip1 — ) — S(zim1 — x1)),  (3.22)

irjikl
2Zw”v] 2 t" =—— Z wi'jwi i (S(Tip1 — xk) — S(wim1 — x1)), (3.23)
1,7,k,1
1 n n
Zw e ] 8 (x;) = AL Z wi’jwwvf—(S(:EiH —xp) — S(xim1 — xp))- (3.24)
T g

13



Adding (B-22), (B.23) and (B.24) and using (B.19) we have:

1
ZWZNS"(W) =iz Z wijwi (o + vf + 2vju; + vjz-)(S(xiH — ) — S(xim1 — 1)),
4,3

i7j7k7l
Z wiwi (o + vl2 + 2vjvu; + UJQ-)S(:EZ-H —xp) = Z wi wi'i(a+ vlz + 2vv; + v?)S(mkH — ),
i7j7k7l Z"j7k7l
= Z wijwi (o + vlz + 2vju; + v?)S(xk —zi_1),
Z"j7k7l

just changing (4, j) and (k,l) and S(zg41 — =) = S(xp — xi—1). So we get:
> wpie™ () = 0.
2

Remark 3.4 We can see that the conservation of the first moment in v implies that numerically
% =0, which is AQELA” Zf] wj';vj, that is constant.

4 Convergence analysis

Theorem 2 Assume that fy € Wf vers (R X Ry), positive, periodic with respect to the variable x,
with period L, and compactly supported in velocity.

Then the numerical solution of the Viasov Poisson system (fn, Ep), computed by the numeri-
cal scheme introduced in section 3.2 converges towards the solution (f,E) of the periodic Viasov-
Poisson system, and there exists a constant C = C(||f|lw1.0,r;w2(q))) independent of At and
h such that for Verlet and CK2 algorithms:

2
If = fullic o120 0)) + 1E = Enllise o000 (0,1))) < C(AL* + B + h—)-

At
For CK3, we have:
2

h
f = falliso.r:zr @) + I1E = Enllise oo (o,0))) < C(AL + Ath? + At* h+ h* + E)'

4.1 Decomposition of the error

Let f be the exact solution of the Vlasov Poisson equation and fj, the approximate solution equation
fixed few paragraphs ago. In order to apply a discrete Gronwall inequality we express the ! error

at time "1
(i) = [F(E @i vp) — " w )] V(L)
"l = AzAv Z e, 5).
i,j
Then f(t" 1 2, v) — fr(#" ", 2, v;) can be decomposed as
FE Tz v) = (" zp,0) = fET o) — Raf (0w, v) +
R f(t"", wp,v0) — R fu(t" g, 01) +
Ry fu(t"™, wp,v0) — R fn(t" g, vr), (4.25)

where f;, is the computed function f,, but which follow the exact characteristics. Since f;;“

already belongs to the image of Ry, we have Ry, fi(t" !, zp, v)) = fu(t"TL, zp, 7).
In order to estimate e”*!, the three terms of the right hand side of the previous equation have
to be dealt with. These estimations are developped in the following subsection.

14



4.2 A priori estimates
4.2.1 Stability for linear splines

Let us translate the useful properties in that case, and give a few more results about the operator
Ry,.

Lemma 1 The Ry, operator is consistent, that is, using property (i), for 1 <p < oo, and 0 <k <1
3C >0 | |f = Rufllwray < CR*F| flw2nq) VF e WP(Q) N PQ).

This result is a classical property of B-splines.

Lemma 2 With linear splines, if w; ;(fo) >0 V(i,5) then¥n w;;j(f") >0 VY(i,}j).

Proof: With linear interpolation, we get in fact w; ;(f") = f"(x;,v;), so if fy is positive, w; ;(fo)
is also, and since f"“(mi,vj) is a sum of positive contributions coming from the f"(xy,v;) which
are positive by a recurrence hypothesis, it will also be positive, and so w; ;( 71 is positive for all
(i,7), and reccurently for all n.

Lemma 3 Stability: Let f belong to C(Q) N P(KY), then we have:

RSl ) = IIf1lLL -
Proof:

L
Buflle = /0 /R Rof (@, v)|dvdz,

- | ’ / S Sta - xiste )

= AzxzAv Z wm(f),
,J
= Wl
using [ S(z)dx = Az and the positivity of f thanks to lemma (3) and the positivity of fo.

4.2.2 Towards Gronwall

Let us precise that in this subsection, some lemmas are valid for all the time algorithms we use, and
when they are not, the lemmas will be proved in each case successively. For the Cauchy Kovalevsky
procedure, the proofs will be done for (CK 3), since their adaptation to lower orders is trivial. We
will now give estimates about the three right-hand side terms of the error e”*! ([.25):

Lemma 4
If = Rufllzy @ < CR*. (4.26)
Proof: Thanks to Lemma 3

f = Bufllrr@) = [Bu(f = Brf)llr @),
< Clf = Bufllzy@),
< C'(Ifllzeo.rw2o@)h?,
thanks to the property (ii) of spline interpolation.

15



Lemma 5
5 ntl
1B = Bufn 110 < €™ (4.27)
Proof: We compute

~ n+1 ~n+l
|Rnf™" — Ruf"" L @) = AmAUZ’(Rhf"H ~ Rifi" ) (),
kol

~ n+1
= A$A02|Z (@i vy) = o (@ 0))S (2 — 21)S (v — v)),
7]

< AmAva,j —wi;(f4) |ZS X (™Y (i, 07), ) S (0 = V("5 (24, 0), 7)),
i7j

< AzAv)wii(f") —wii ()],
i7j

< et

thanks once more to the partition of unity (iii) and f(z;,v;,t") = w; ;j(f").
Lemma 6
HRhfh"+1 B Rhfhn+1"L,11(Q) < Cn}éx(!X(t"+l; (24, 07),t") — Xp (" (24, 0), 7)),
HV A (4, 05), ") — VR (24, 05), t)]). (4.28)
Proof:

~ n+l n ~ n+l n
IBnfn" " = Bufiy M) = Axdo Y |(Rufn " — Rufu™™) (zx, 0,
k,l

= A3 g (o = X ) )01 = V00,07,
- Sk — Xh(t"Jrl (i, 05),8"))S (v = Vit (2, 05), ™)),
Then, we use the fact that S7 is 1-Lipschitzian, and compactly supported, so that:

(S(zx — X" (i, 05), ) S (v = V(5 (3, v5), ™))
— S(x — Xn (" (@i, 05), ™) S (0 = V("5 (1, v7), 7))
= (S(zp — X (" (i, 05), 1)) — Sk — Xp ("5 (w3, 05),8™)) S (v = V(EH (3, 05), 7))
— (S(v = V("5 (i, 05),87)) = S(ur = Vi (#"5 (i, v5), 8))) S (2 — Xn (" (24, 0), 7).

Then, using the Lipschitz property and the support of Sy, and the property (i):
ZI X" (i, 05),87) = S(an — Xp (@™ (i, 05),8™)))S (0 = V(5 (24, 05), 7))
<X (4, 09),87) = Xp (" (i, 0), 87,
and

DS = V(ET (i, 05), 7)) = S (v — Va5 (i, 07), ) S (@ — Xn ("5 (i, 0), 7))
k,l

< VY (@4, 05), ") — V(" (24, 05), 7).

16



So that we get:

7 n+l n n n n n n
1Bnfn " = Rufi Ml o) < Awdo Y fwii ()" [(IX (s, 05),87) = X ("5 (25, 05), 7))

i7j
+ |V(tn+1; ($i7vj)7tn) - Vh(tn—H; ($i7vj)7tn))|)7

< Cmax(|X (" (24, 0), 87) = Xn ("5 (i, 0), ") [HV (S (@,05), 87 = Va ("5 (20, 05), 7)),

27]

thanks to particle conservation (3, ;wii(f7) = >_; ;wij(fo)) and positivity of w; ;(f7) for all n,
where (X, V) are the exact characteristics, solutions of the differential system ([R.7), and (X}, V3)

the approximate characteristics defined in (B.11]).

To move on, we need another lemma which enables to control the difference between exact and
computed characteristics. It clearly depends on the algorithm we use. Let us first give the lemma

concerning Verlet algorithm.

Lemma 7 : Verlet

If E € W2([0,t] x R), and with (X,V) calculated exactly with the differential system (R.7),

and (Xp, Vi) computed with Ep, and a Verlet algorithm:

XA (s, 07), ) = Xa(@"5 (i, 09),87) [+ [VET (20,05),87) = V(™ (22, 0),87)]

1

< CAB + CAL|[(E — Ep) (" 2)|| 1 + At]|(E — )" 2)|[ oo

Proof: The strategy follows the work of M. Bostan and N. Crouseilles ([J]).

Let us recall how (z,v)"*! is computed from (x,v)" with the Verlet algorithm
xn—l—% = " + gvn
2 )

At
o = o 4 ALE, ("2, 2" + 50"

At
_Un—l—l.

1
n+1 :xn—l—2 + 5

X

Let us begin with the characteristics in v:

(4.29)

At tn+1
(Vi = V)" (2™, 0™),t7) = o™ + AtEh(t’H'%,:E" + 71}") —o" — / E(s, X (s;(x™,0"),t")ds,
t'n/
tn+1 Ny At
- = [ B X - B+ S s,
tn
At At
— AHE@E"E, 2" + 5" - Ep(t"tz, 2" + 5.
Let us take care of the integral term in (%.29)
At At
B(s, X (s; (z",0"),t") = E("2,2" + S+ (s - T E (47T " 5"

/t"*% (s —uw)E" (u, X (u; (2™, v™), ")) du.

17
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Thanks to Taylor’s formula. Let us precise that E'(s, X(s)) = %E(S, X(s)), the same for E”. Then
using (£.30) in ({.29), we get

¢ntl n+i

A A — n
/ (s, X (55 (2", 07), ) = B, a4 Sh0m) ds = B3, a4 S| 2
tn

tn+1
[

The term between brackets being zero. Then, as E € W,

1/ . n
/M%(s —u)E" (u, X (u; (7,v),t") duds.

/ (s —u)duds,
n+7

tn+1 tn+1

/+ (s —u)E" (u, X (u; (2", v"),t") duds| < HE”HLOO/
n 2— tn

tn+1
<
S (5 Ty
tn+1
< ¢ (s — t"73)2 ds,
2 Jn
CA?
< S5 < OB )AL (4.31)
Now let us deal with the second term of (f.29), since E is bounded:
At s
2" + v X(#H; 2" om), )] = | vt = V(s; (2", 0"), ") ds,
t’!L
thr%

< /t (s = t")V'(u; (2™, 0™),t")ds  u € [t", 3],

n
ntd

< C(||E||Loo)/t (s — ") ds < C'AR2. (4.32)

n

[B( e, X (£ 25 (2", 0"),#") = En(t""2,272)| < [[(B = Bp) ("2l
+OBEE, X (5 (27, 0"), 7)) — B E, 2" 7)], (4.33)

B8 X (55 (@, 0"),60) = BE 2 am )] < COB o)X 7, 0"),47) = a2,
< C(IE|)AR, (434)
using a Taylor expansion, £ € W and (B.23).

So, using (L31), ([L.33) and ([{.34), we get
(Vi = V)(EHs (2,0), )] < CAE + A(E — B+l 0 (4.35)

Let us now deal with the characteristics in X:

At , At e
(Xp — X)L (2™, 0™), ) = 71}" + 71}"“ - / V(s; (z",0"),t") ds,
tn

1 1
= —At(V(t”+2 (", 0"),t") — 5@" - 51}"“),
tn+1

— /t (V(s; (™, 0™),t") —V(t”+2 (™, v"™),t"))) ds, (4.36)

n
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so once again we have to control two terms.
For the first one, thanks to Taylor’s inequality, like for X, it comes:

tn+1

]/t (V(s; ("™, 0™),t") — V(t”+%; (2", 0™),t")) ds| < C(||E||p=)At3. (4.37)

n

Let us precise that this is nothing else than the error in the mid-point formula for numerical
integration. Now, the second term in ({1.34):

ety
V(T (2", o), 1Y) = v"+/ E(s, X(s; (", 0"), ")) ds,
t

n

At
= "+ TE(t"JF%,X(t"‘F%; (™, 0™),t")),

s

+/t (E(s, X (s; (2", 0"), t")) — B2, X (1" 2; (2, 0"), ")) ds,

n

and
3
1 1
(E(s, X (s; (2", 0"),t") — E@" T2, X(t"F2; (2", 0"), ")) ds| < C(||E'||ze) At?,

|
tn

with the mid-point error formula. On the other hand

1 1 1 1
V(tn—}—%; (xnj,un)’tn) - 5’[)” . §,Un+l — 5vn - §,Un+l
At
+SEET X (@0, ) + O(AP),
Since L At
_(Un _ Un—l—l) — __Eh(tn+%’$n+%),
2 2
we have
1 1 At
V3 @0, 87) = 3o = 5o = S (B X (@ 0", 1) - By(t 2, 2"
At L
< 7(”@ — Ep) (" 2)|| (o) + CAP). (4.38)
To conclude, using (f.37), ([£.3§), we have:
(X0 = X) (" (2,0),7)] < CAE + CAL||(E = Ep)(#™+2)]| 1~ 0. (4.39)

Finally, using ({.35) and ([£.39), we get:
7 n+l n n+i n++
IBifn " = Bufi | ) < CAE + CAL||(B — By)(t"2)||10 + At|(E — Ep)(t""2)|| .

Lemma 8 : CK3
If E € W([0,t] x R), and with (X,V) calculated ezactly with the differential system (27),
and (Xp, Vi) computed with Ey, pp, Jn, and a CK3 algorithm:

X (Y (i, 07),87) = X ("5 (@i, 0), )] + [V (0, 05),87) = V(5 (2, 09),87)]
< CAt' + C(AH|(E™ = Bl @ + A% (6" = )i () + AL||(@" = i)l ()
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Proof: This proof just relies on Taylor expansions and computations already made:

ntl, .0y ) — ) . A_tz (. A_t?’ s vs 4
X" (@i v5),t") = x; + Atvj + 5 E"(z;) + 5 " (xi,v5) + O(AL?),
2 3

At At
Xh(tn+1; (:Ei,vj),t") = x;+ At’Uj + TE;TLL(:EZ) + 7@2(3}2',21]') + O(At4),

and
n+1 n n At2 n Atg n 4
V(" (x,05),t") = vy + AtE"(z;) + - ¢"(xi,v5) + & 0" (x5,v5) + O(At?),
n+1 n n Atz n Atg n 4
V" (i, 05),1") = v+ AtER(xi) + —dh (i, v5) + —5 ¥h(@i,vj) + O(AtY),

and the lemma follows by simple subtraction.
In both cases we need to control the difference between the exact and approximate fields. Let
us begin with the Verlet algorithm.

Lemma 9 : Verlet.
If E € W2([0,t] x R) , it comes

1(E = En) (7)1 () < C(A% + AL + ™).
Proof: First

1 L 1
B, a) = /0 K(x,y)( /R Sy, 0)dv — 1)dy,

L
Bu(t"*h,a) = [ Klea)([ ety - i
0 R
On the other hand
L
B o) - Butha) = [ Ko [ (Ftyo) - it o)dody
0 R
L 1 1
— [ K[ 00 - Ry odody
0 R
L ~
+ / K(.Z'7y)(/ (Rhf(tn+%7y7v) - Rhf(tn—i_%ayav)dv)dy
0 R
L ~
+ / K(.Z'7y)(/ (Rhf(tn+%7y7v) - fh(tn—‘r%,y"l))d’l))dy’
0 R
where once again f is the function which has the same values as f at time ", but which follow the

computed (approximate) characteristics. We have three terms to control. The first is controlled
using property (ii) of consistency and accuracy:

|B(t"2,2) — Ep(t"2,2)| < C||K||oh?
L ~
) / K(2,y)( / (Raf (™3, 0) — Ruf(E" 3, y, v)dv)dy]
0 R

1 ~ n 1 n 1
+ Ax| Y K (" ?) / Ruf(t"+ 2,y 2 0) — fu(t™F 2,47 2 w)do| + O(h2),  (4.40)
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with a mid-point quadrature of order 2, made on the third term, since, the domain in x is periodic

and setting for a fixed v
n—l—% At

yi =Y + 7?]7

so that the (yinJr2 ); are equidistant. .
Then, since the two function f and Ry, f follow the same approximate characteristics, still using
a mid-point formula with the domain in v which is also periodic:

~ n+ L n+t ~
/ Rhf(tn+%7yz +27U) - fh(tn—i_%uyi +2,'U)d’l) = / Rhf(tnayw@) - fh(tnayl7@)d@7
R R

= Av)_ Ruf(t" yi,v5) — falt",yi,v5) + O(R?).

So that, since at time t" Ry f = f on the mesh:

[ K[ i+~ et < Al 3¢ + 002,
< Ce" +O(h?). ! (4.41)
There remains a last term to control:
[ K ([ st - Rafe i
=/0 K(z,y /szkl X (42, (g, 00), £))S (0 = V(E 2, (g, 1), 1))

k,l
— Sy — Xn(t""2, (2, v0), 1)) S (v — V("2 (w, w), 7)) )dvdy,
= Axo(Y ity D K () (S — X (", (o), ") S (g = V™2, (g, ), 1)
— S(yi — Xn(t" 7, (g, 00), ") S (v — Vi (E"F2, (g, v1), 1)) + O(h?).

Then, using the form of K(z,y), partition of unity and a result about conservation of the first
moment:

> wSi(v — Vig(t72)) = V(EF2, (25,05),t%),
l
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and

AzAv| Y K (@, y:)(S(y: — X (3, (g, 0), 1)) S (v; — V(3 (g, 1), 1)
i7j
— S(yi — Xn(t"2, (g, 00), ) S (0 — V(" 2, (2, 00), 7))
< Azl 3B (S (g — X(#2, (wry ) 7)) = S — Xa(t"2, (@, w), )]

+ AzAu] 7 (S(ys — X2, (o, 0), ") — S(ys — Xn (™2, (@, v0), ")),

i\w<yi

< AmAUZ ]X(t"+%, (xg,v),t") — Xh(t"+%, (g, v),t")]

+Axdv| Y (X3, (s 00), 87) — X (53, (2, 00) 7)) (i — X (3, (2, 00), 7)),

ilz<y;
< CAzAO|X (772, (zh, 01), ") — Xp (772, (mr, 01), 7)),

using once more the Lipschitz property and the fact that S; is compactly supported.
We already saw in the proof of Lemma 7 equation ({.32) that

(X ("2, (2, 00), ") — X (8772, (23, 01), £7)| < CAL.

Finally,

|/ K $ y / Rhf(t +27y7 ) - Rhf(tn+%7y7v)dv)dy|7

CAL(AzAvY " wpi)) + O(h?),
k.l
< (At 4 R?). (4.42)

To conclude, using ([£40), ([-41]) and ([{49), we get:

1
(B — Ep)(t"2)|| () < C(W* + A + ™).

IN

Lemma 10 CK8 With the same hypothesis as in lemma 8, we have :

3

Fn At
1R f"" ~ Rpfa"Mlrye) < C(M(At+ 1) + AR + AtPh + At

Proof: Here, we need to evaluate the difference between the [*°(€2) norms of the exact and ap-
proximate values of ¢, ¢ and 1, so to say the one between:

e E" and £}, p" and pj, J" and J},
e their first spatial derivative and the one of I3 and I7, .

Let us start with

L
(B" — E)(z;) = /0 K(x,y)( /R P y0) — Fult™ ) do) dy,
< Ce"+O(h?).
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simply using the same quadrature as with Verlet in both directions, and the fact that K is bounded.
So that:

IE™ = Ej[lie(o,0)) < Ce" + O(h?), (4.43)

6" = oBlinqory = AzY| /R (" — f (s, v) dol,
< Ce"+O(h).

So that using the equivalence of discrete norms, we get:

10" = Pl o,y = Cllp" = Phllino.n
< Ce"+0(h?),

and

1" = Jellogo,ny = ASCZ!/RU(fn—fff(l’nv)dv\,

< Ce"+ O(h2),
using the same arguments and the fact that f is compactly supported, so that:

ClJI"™ = gl o))
Ce™ + O(h?).

1" = Tyl o,y <
<

Let us precise that the same bound is obviously also valid for J. So that we get, still using that
is bounded, we have:

16" — &1 0,0y < Ce™ + O(h?).

For the first spatial derivative of these three terms, we can use the same strategy of finite
difference. Let us do it with E:

I(E — Ep)
ox

so that using (f.43) we get:

8(E - Eh) n e’
HT(t Mo o,0)) < CE + O(h).

Ely — By ) — (BRy — B
(" 21) = (Bl +1,h)2Ax( 1 Lh) +0(AY),

The same bound is also valid for p™, J" and for I} just bounding v? in its integral definition. So
that we get:

n

n n €
0" — @i (j0,z)) < CE + O(h).

4.3 End of the proof

We can now apply Gronwall inequality since
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Verlet For Verlet, using lemmas (4),(5),(7),(9), we get

el C(h? 4 At3 + (A + At)(h? + At* + €M) + €7,

(1+ C'At)e™ + C(h? + A® + (A2 + At)(h? + At?)),

2 <
<

So that
2

e < exp(C'T)e’ + C(h? + At* + %),

which is what was expected. Taking At = Ch®, we find the best global order with a = % being %.

CK2. For CK2, using lemmas (4),(5),(8),(10), we get
el C(h? + At + (AL + At)(h* + €M) + e,

e <
< (14 C'At)e™ 4 C(h? + At® 4 Ath?),

and the same conclusion as with Verlet, which is what was expected.

CK3. In the same way, we get

At?
et < (WP + At 4 e (At + ~) Ath? + At3h) + €",
n At? 2 3 4
< (14 C(At+ Am))+C(h + At°h + At?).
Here we need to bound i—t; in order to get:
h2
e" < exp(C'T)e? + C (At + At?h + E)

The best order would be reached taking o = % and would be g, but i—t; would not be bounded.
We see that in order to reach real high orders, we would need to use a deposition with splines of
higher degrees. But this analysis cannot be generalized easily because of problems of stability. The
fourth order CK algorithm has been written, but the result was the same as CK3 because of the
same limitation.

5 Numerical results

In order to validate our new schemes, we have tested them on two standard test cases of plasma
physics, the two stream instability and the bump on tail instability. We also compared them to
the classical and knowledgeably robust Verlet scheme. Notice, that because of the diffusitivity of
linear splines, we have used cubic splines for the distribution function.
For the two stream instability, the initial condition is given by
folz,v) = %6_”2/202[1 — acos(kz)],

with & = 0.2 and a = 0.05. The computational domain is [0,27/k] x [-9,9] which is sampled
by N, = N, = 128 points. We used a time step At = 0.1 in the results of the left hand side of
Figure [l and of At = 0.3 on the right-hand side of the figure. We display the L? norm which
reveals the dissipation of the scheme, the total momentum and the total energy. All of those are
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conserved in the continuous Vlasov-Poisson system. We do not display the number of particules
which is conserved with and even better accuracy than the momentum. The momentum is exactly
conserved by the scheme and up to about 1073 in the simulation. This is due to roundoff errors
and the truncation of the velocity space. The L? norm cannot be exactly conserved by any scheme
using a phase space grid as soon as the grid does not resolve anymore the filaments. The Verlet
scheme is our reference scheme here, and we observe that the results obtained with the CK schemes
are very close, especially for the smallest time step. Moreover conservation properties are better
for the third order CK3 than for the second order CK2.
For the bump-on-tail instability test case the initial condition writes

fo(z,v) = f(v)[1 + acos(kz)],
with

7 2 v — U|2
f(v) = npexp(—v"/2) + npexp | ———5—
2v;
on the interval [0, 207], with periodic conditions in space. The initial condition fj is a Maxwellian
distribution function which has a bump on the Maxwell distribution tail; the parameters of this
bump are the following

9

2
W,nb = W,U = 4.5,'Ut = 05,

ny =
whereas the numerical parameters are N, = 128, N, = 128, vy = 9,At = 0.2. The results
are displayed in Figure . Here the momentum does not vanish and is exactly conserved. The
conclusion for the L? norm and the total energy is the same as in the Two stream instability test
case. The potential or electric energy is a classical diagnostic for the bump on tail instability. The
oscillations go on for a long time with all three time schemes, even though there is a slight energy
increase for the CK2 scheme.

6 Conclusion

In this paper, the proof of L' convergence has been reached for linear spline interpolation. The
originality, except from the choice of the L' norm is that the convergence has been reached for a
non split method. The computation of the characteristics has been made with the Verlet algorithm,
or with a CK procedure, but the proof can be adapted to other algorithms such as Runge Kutta of
any order. There remains for the moment some problems using splines of higher orders, especially
concerning stability. This prevents us from reaching real high order algorithms. Numerical experi-
ments that can be seen in [ff], and confirmed here seem to prove that the method is also stable and
convergent for cubic splines. Nevertheless, there remains a problem to preserve the ' norm of the
coefficients w; j, since some of them can become non positive in the solution of the linear system
with splines of degree higher than 2. Another way of tackling the problem will probably be needed.
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Figure 1: Two stream instability.
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Figure 2: Bump on tail instability.
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