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HIGH-ORDER HAMILTONIAN SPLITTING FOR
VLASOV-POISSON EQUATIONS

FERNANDO CASAS, NICOLAS CROUSEILLES, ERWAN FAOU,
AND MICHEL MEHRENBERGER

ABSTRACT. We consider the Vlasov—Poisson equation in a Hamilton-
ian framework and derive new time splitting methods based on the
decomposition of the Hamiltonian functional between the kinetic and
electric energy. Assuming smoothness of the solutions, we study the
order conditions of such methods. It appears that these conditions are
of Runge-Kutta—Nystrom type. In the one dimensional case, the order
conditions can be further simplified, and efficient methods of order 6
with a reduced number of stages can be constructed. In the general
case, high-order methods can also be constructed using explicit com-
putations of commutators. Numerical results are performed and show
the benefit of using high-order splitting schemes in that context. Com-
plete and self-contained proofs of convergence results and rigorous error
estimates are also given.

1. INTRODUCTION

Frequently, the Vlasov equation is solved numerically with particles meth-
ods. Even if they can reproduce realistic physical phenomena, they are well
known to be noisy and slowly convergent when more particles are considered
in the simulation. To remedy this, the so-called Eulerian methods (which
use a grid of the phase space) have known an important expansion these last
decades. Indeed, due to the increase of the machines performance, the sim-
ulation of charged particles by using Vlasov equation can be performed in
realistic configurations. However, these simulations are still computationally
very expensive in high dimensions and a lot has to be done at a more theo-
retical level to make simulations faster. For example, the use of high-order
methods is classical when one speaks about space or velocity discretization.
However, for the simulation of Vlasov—Poisson systems, the use of high-order
methods in time is not well developed; generally, only the classical Strang
splitting is used and analyzed; see however pioneering works of [23, 19] fol-
lowing [24] or the recent work of [21] in the linear case. We mention also
the work [11], which tells us that the increase of order of discretization in
space should be followed with an increase of order in time.

On the other side, a literature exists around the construction of high-
order methods for ODE (see [5, 4, 13, 22]). The main goal of this work is
to construct high-order splitting schemes for the nonlinear Vlasov—Poisson
PDE system by the light of these recent references.

1991 Mathematics Subject Classification.
Key words and phrases. Vlasov—Poisson equations, Runge-Kutta—Nystrom methods,
Hamiltonian splitting, high-order splitting.
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The starting point of our analysis relies on the fact that the Vlasov—
Poisson equation is a Hamiltonian PDE for a Lie-Poisson bracket common
to several nonlinear transport equations appearing in fluid dynamics, see
for instance [15] and Section 2 below. Up to phase space discretization,
the splitting schemes we construct preserve this structure and hence are
geometric integrators in the sense of [13, 14]. Moreover, each block is explicit
in time, and can be used to derive high-order methods, taking into account
some specific commutator relations.

We consider the following equation Vlasov—Poisson equation

(1'1) atf+vaxf_ax¢(f) “Ouf =0,

where f(t,z,v) depends on time ¢ > 0 and the phase space variables (z,v) €
T¢xR? d = 1,2, 3, and where for vectors (1, ...,2q4) € T and (y1,...,y4) €
RY, we set x -y = x1y1 + - -+ + 2qyq and |y|? := y - y. Here, T? denotes the
d dimensional torus R?/(27Z%) which means that the domain considered is
periodic in space. Note that formally, the same analysis is valid on more
general domains, however, we will perform the analysis, in particular the
convergence analysis in this simplified framework. Classically, the variable
x corresponds to the spatial variable whereas v is the velocity variable.
The electric potential ¢(f) solves the Poisson equation

(1.2)  o(f)(x) =-A, [/ f(x,v)d (1)dAdXRdf(x,v)dxdv,

where A, = Z 1 x is the Laplace operator in the x variable acting of
functions with zero average. The electric field depending only on x is defined

as E(f) = —0,¢(f). The energy associated with equations (1.1)-(1.2) is
wp = [, o [ pgwrar
TdxRd 2
(1.3) = T +U).

The time discretization methods proposed in this paper are based on this de-
composition of the energy. Indeed, the solution of the equations associated
with 7 and U can be solved exactly (up to a phase space discretization, for
example by interpolation in the framework of semi-Lagrangian methods).
We denote by @b-(f) and ¢,(f) the flows associated with 7 and U respec-
tively (we postpone to Section 5 the precise definition of Hamiltonian flows).
The first one corresponds to the equation

8tf+v'axf:0a
for which the solution is written explicitly as
ft,z,v) = f(0,x — tv,v).

For the flow ¢},, we have to solve the equation

(1‘4) 8tf - am¢(f) ’ 8Uf =0,

for which we verify that the solution is given by

f(t,.%','l}) = f(Ow%v - tE(f<O)))7
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where E(f(0)) is the value of the electric field at time ¢ = 0. Indeed, ¢(f)
is constant along the solution of (1.4). Based on these explicit formulae, we
will first consider numerical integrators of the form

(1.5) Yy = e 0w oo 0 gl 0 il o i,

where (a;)5_, and (b;)i1] are real coefficients, and such that the numerical

solution after time ¢ = 7 coincides with the exact solution up to terms of
order 7P, i.e., for a given smooth function f,

(1.6) Uy (f) = o3 (f) + O(rPFh),

where 7, (f) corresponds to the exact flow associated with (1.3). We will
give a precise definition of smoothness in Section 5, and show that this
condition ensures the convergence of order p of the numerical method.

As composition of exact flows of Hamiltonians 7 and U, such schemes are
(infinite dimensional) Poisson integrators in the sense of [13, Chapter VII].
In particular they preserve the Casimir invariants for the structure for all
times (e.g. all the LP norms of f). Note that in this work, we do not address
the delicate question of phase space approximation and focus only on time
discretization effects (see [2, 6, 20]).

To analyze the order of the schemes (1.5), we will use the Hamiltonian
structure of the flows. We will show that they can be expanded in suitable
function spaces in terms of commutators, formally reducing the problem to
classical settings based on the Baker—Campbell-Haussdorff (BCH) formula
and the Lie calculus, see for instance [13, 4]. A rigorous justification will be
given in Section 5.

In the Vlasov—Poisson case, we will see that the functionals 7 and I/ in
the decomposition (1.3) satisfy the following formal relation

(1.7) ([T u],u],uj = 0,

where [-,] is the Poisson bracket associated with the infinite dimensional
Poisson structure (see Section 2). This property reduces the number of
order conditions on the coefficients (a;)?_; and (b;);*; in formula (1.5). The
situation is analogous to the case of splitting methods of Runge-Kutta—
Nystrom (RKN) type for ordinary differential equations (ODE) derived from
a Hamiltonian function, see [13, 4]. In dimension d = 1, the Vlasov—Poisson

system even satisfies the stronger property
[[Tv U],Z/{] =2mU,

where m is the total mass of f which is a Casimir invariant, preserved by
the exact flow and the splitting methods (1.5). This means that we have
naturally simpler algebraic order conditions than those of RKN type for
the specific Vlasov—Poisson system in dimension 1. In any dimension, it
also turns out that the exact flow of the Poisson bracket [[T,U],U] can be
computed up to space discretization. We will retain these ideas to derive
new high-order splitting integrators involving also the flow of this nested
Poisson bracket with optimized coefficients and number of internal steps, in
a similar way as in the ODE setting [5, 4]. The paper is organized as follows:
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e In Section 2, we discuss the Hamiltonian Lie—Poisson structure of the
Vlasov—Poisson equation, and give the expressions of some iterated
Poisson brackets. They will form the cornerstone of our analysis.

e In Section 3, we will first make the link between the standard Lie
calculus and the Hamiltonian structure, and then derive high-order
splitting methods based on the formula (1.5). We will then consider
generalizations of these methods using explicitly calculable flows of
iterated brackets.

e In Section 4 we give numerical illustrations of the performances of
the methods: we mainly exhibit the order of the method, but also
address the question of Casimir invariant preservation (e.g. the LP
norms), regarding the influence of phase space discretizations.

e Finally, Section 5 is devoted to the mathematical analysis of the split-
ting method: we give convergence results in some function spaces.
To this aim, we first give a local existence result of the Vlasov—
Poisson equation with precise estimates (following in essence [8]),
then prove some stability estimates. The results presented in this
section can be compared with the one in [10] for the Strang splitting,
where however only compactly supported solutions are considered.

2. HAMILTONIAN STRUCTURE

2.1. Poisson brackets. We define the microcanonical bracket {f, g} of two
(sufficiently smooth) functions by the formula

{f7g} = axf : avg - avf : axg~

With this notation, we can write the Vlasov—Poisson equation as

(2.) o — h1). f =0,
where )
M) = 4 o))

is the microcanonical Hamiltonian associated with f. Recall that for a given
functional G(f), its Fréchet derivative is the distribution %( f) evaluated at
the point f, being defined by the formula

67 +3N - 9N = [, F3(NM)sf(w)dedv+O(S)
TdxRrd 0.f
for all smooth variation 0 f. In general, a Fréchet derivative is an operator
acting on f, hence a rigorous writing of the previous formula necessitates a
loss of derivative in f. We will discuss these issues in Section 5.
Considering the two functionals 7(f) and U(f) defined in (1.3), their
Fréchet derivatives read explicitly
6T . |v]? ou

T =1 E) = o).

where ¢(f) is given by (1.2). Due to the relation H = T + U, the Vlasov—
Poisson equation can be written as

(2.3) onf - {?]f(f), fy=o0,

(2.2)
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which is a Hamiltonian equation for the Poisson structure associated with
the following Poisson bracket: for two functionals H(f) and G(f), we set

e o= [ NG e = g,

of
where the Fréchet functionals are evaluated in f. Note that the skew-
symmetry is obtained using the relation

{fg,h} = fg,h} +g{f h},

for three functions of (x,v) and the fact that the integral in (x,v) of a
Poisson bracket of two functions always vanishes. Moreover, this bracket
satisfies the Jacobi identity

519, M1 + 19, M, FI] + [H, [F, 6] = 0.

We refer to [15] for discussions related to this structure. Note that to give a
meaning to all the previous expressions, we usually have to assume smooth-
ness for the function f and deal with loss of derivatives, see for instance
(5.5) of Section 5.

The Hamiltonian—Poisson structure defined above possesses Casimir in-
variants, meaning quantities preserved for every Hamiltonian system of the
form (2.1), and not depending on the specific form of . This is essentially a
consequence of the fact that the nonlinear transport equation (2.1) involves
divergence free vector fields. Let ¢ : R — R be a smooth function, and
consider the functional

(2.5) U(f):= /]de]Rd U(f(z,v))dz dv.

Its Fréchet derivative is ‘;—‘]If( f) = ¢/'(f) and using the definition (2.4), we
can observe that for all Hamiltonian functionals H, we have

oH, -
)= [ T S do =0,

owing to the fact that {¢/(f), f} = 0 for all functions ¢» and f. Hence the
functionals (2.5) are invariant under any dynamics of the form (2.3) (see
(3.1) below). They are called Casimir invariants of the Poisson structure.
Typical examples are given by the LP norms of the solution f.

2.2. Relations between 7 and U. Let us remark that, using (1.2) we
have

LiEnwpa= [ one [ seomwa,

and hence the potential energy I/ can be written
1

Uif) = / F(,0) k(@ — y) fly,w) de dy do du,
2 (TdXRd)Q

where

1 -2 ik-x
m(w):(%)d > |kt

kezd/{0}
is the kernel of the inverse of the Laplace operator in the x variable.
The aim of this subsection is to prove the following result:
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Proposition 2.1. For any smooth function f, the functionals T(f) and
U(f), satisfy the following relation:

(2.6) ([T ul,Ul(f) = 2m(f)U(f) + V()
where

1
(2.7) m(f) = @) /’]I‘dx]Rd f(z,v)dzdv

is a constant of motion of (1.1), and

/ Aud(F) ()06 (f) () 2de,

where ¢(f) is defined in (1.2). In dimension d =1, we have V(f) =0, and
in any dimension d > 1, the relation

(2'8) [HT7 U],U],U](f) =0
holds for all functions f.

Proof. Using (2.2), we calculate the following

SU 6T
T = /deéf S fyade

= [ ontL pasa
Td xR

:/ S(f) (@) - Do f (2, v)dz dv.
TdxRd

Let us calculate the Fréchet derivative of this functional. To this aim, we
evaluate this functional at f 4+ df, where ¢ f stands for a small perturbation
[ satisfying [1a, ga 0f = 0. First, we have

(2.9) O(f +6f)(x) = o(f)(z) = AT" [ 6f(z,w)dw+O(3f?).

R4
Hence, we get

T +30) = [Tl + [ o7)(a)o- 0,67, 0)dado

—/ (A;l 5f(x,w)dw>v-8wf(a:,v)dxdv—|—(’)(5f2).
Td x R4 R4

We see that, using an integration by parts in x, the third term can be written
as

—/ ( 0f(z, v)dv) AN (w - Oy f (z, w))dadw.
TdxRd \ JRd
We dedtg([:% th?t
U = —v- x)— Hw - x,w))dw
S = =0 00)@) = [ A7 - duf (e w)d
= v-E(f)(x) + Z(f)(2).

Using this relation, we calculate

(T = [ (20 + v BO@HNE). e 0)dado

= — /TdXRd(Z(f)(x) v B(H) @) (B(f)(x) - 0y f (z,v))dzdo.
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Now we see that the term involving the function Z(f)(z) vanishes, as the
integral of 9, f(x,v) in v € R? is equal to 0. We can thus write after an
integration by parts

([T, U, U] = /’[rded f(z,v)|E(f)(z)]*dzdv.

In other words, we get
(2.10)

(T = [ oD@ B @P, with () = [ o
But we have with (2.7) and (1.2)
p(F)(x) = m(f) — Dz (f) (),

and this yields (2.6). In dimension d = 1, we can further write that

Dad(f)(2)|0:0(f)(2)* = %3x(3x¢(f)(fv))3

and conclude that V is identically equal to 0. In any dimension d, as the
Fréchet derivatives of U and V depend only on z, we automatically obtain
(2.8). |

2.3. Flow of the Hamiltonian [[7,U],U]. As mentioned above, the Fréchet
derivative of the Hamiltonian [[T,U],U] only depends on x. Hence its ex-
act flow can be calculated explicitly, making it possible to be included in
the splitting methods blocks in any dimension. The situation is completely
analogous to Hamiltonian systems in classical mechanics when the kinetic
energy is quadratic in momenta, see e.g. [4, 17, 18].

From the expression (2.10) of the Poisson bracket [[T,U],U], we can cal-
culate its Fréchet derivative.

Proposition 2.2. For any smooth function f and using the notations in-
troduced above, we have

ST ul,ul _
T K(z, f),
where K satisfies
d
(2.11) ~ AK = —2mAp—2 Y (00,05,0)7 + 2(A00)?.
ij=1

Denoting by E;, j = 1,--- ,d the components of the electric vector fields
FE, we get in the case d = 2

(212) = AK = —2mAy¢ — 4 (0p, Er,) (02, By ) + 4 (02) Eay) (O, By )

and in the case d =1, 0, K = —2mE.
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Proof. Let us calculate [[T,U],U](f + 5 f)
(TUUNF+30) = [ old +5DIEG + 8P

— / p(f + 65)|0ab(f + 6F)Pda

2

- / o(f +61) +O(5)

0:0(f) — axAgl/éfdw

= [ots+5n [IBGIE ~ 200087 [ 570 as + 0067
where we used (2.9). Hence we have

[[T,U],Z/{](f + 5f) - [[T,Z/{],U](f)
= [1BEra -2 [ ot [am o [ 5fdw} dz+ 0@ f?)

:/]E\Q/dfdwdx—Q/am : (p(f)E)A;l/dfdwdx+O(5f2>

:/|E\2/5fdwdx—2/A;1 [0y - (pE)]/éfdwdm—i—O(&fQ).
We deduce, that
S[[T, U, U

(2.13) Ko, )= =5

Let us consider its Laplacian of K

(f) = |EP — 24, 'div(pE).

A K = =2 Z (00, B;)” — 2 Z Ey,02 By, + 2div(pE)
7.] 1 ,] 1

d
= =2 (04,00,0)" — 2 Z ;0 02,00,

,j=1 ,j=1

d d
—2) 00,0000 =20y 35,0,
=1 =1

where E,, j =1,---,d, denote the components of the electric vector fields
E. Using that — xgb = p —m, with m independent of x;, we obtain

d
(2.14) — ApK = —2mApp —2 Y (00,05,0)" + 2(D00)?.
ij=1
In dimension d = 2, we get
ALK = —2mA.¢ —4(0r,05,0) +4 (02, 6) (02,0),
= —2mlA.¢ —4 (ale:m) (amEfm) +4 (8$1E$1) (8962Eﬂ€2> ’

which can be solved, the right hand side being of zero average. Let us remark
that the two last term are nothing but the determinant of the Jacobian
matrix of the electric field F.
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In dimension d = 1, we have from (2.13)
0. K = 2F-0,E—20,(A;'div(pE))
= (_2amx¢ - 2P)E
= —2mFE
as expected. |

With the previous notations and Proposition 2.2, the equation associated
with the Hamiltonian [[T,U],U] is given by

(2.15) of—{K,f} =0 f —0.K-0,f =0.
Hence the flow associated with [[T,U],U] is explicit and given by
(2.16) Pl ()@ v) = (02,0 + 10, K (z, £(0))),

because, K depending only on x and integrals of f in v, it is constant in the
evolution of the flux associated with [[T,U],U].

In dimension 2 and 3, K (and then 0,K) can be easily computed in
Fourier space by solving (2.11): in particular, the computational cost of a
term of the form goz{ ([T is essentially the same for v = 0 (standard

splitting) as for v # 0.

3. DERIVATION OF HIGH-ORDER METHODS

The splitting methods (1.5) are composition of exact flows of Hamilton-
ian equations of the form (2.1). To analyze their orders of approximation,
we will use the algebraic structure of the Vlasov—Poisson equation. For a
Hamiltonian equation of the form (2.3), let us define

adif = {(Zf(f),f}-

This notation is justified by the fact that the equation (1.1) is equivalent to

31) VG, ig(f):m,g](f):—/ 0 day f e dv,

Rd x T4 of
where G here are functionals acting on some function space. We will not
discuss here the mathematical validity of such an equivalence, but taking for
instance G(f) as a norm of a function space (see Section 5), we can prove
that the solution f(¢) admits a formal expansion of the form

k
(3.2) 7(6) = 3 Hadiyfo = exp(tadse) fo

k>0
By using similar expansions for the flows we have
¢ th ¢ "k
Sr(f) = adif and ol (f) =) adyf

N k!
k>0 k>0

By using (3.1) and the Jacobi identity, we see that the following relation
[adT, ady] := ady o ady — ady o ady = adr

holds true. We deduce that the classical calculus of Lie derivatives also
applies to our case.
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Using this identification, (see also [4]) we can write formally the exact

flows as

t oot b tU t
pr=1e", gy =e", and @y

with the operators T and U satisfying the relation [[T, U], U] = 2mU in di-
mension 1, where m is a constant, or the RKN-type relation [[[T, U], U], U] =
0. To derive splitting methods in dimension d > 2, we will also consider nu-
merical schemes containing blocks based on the exact computation of the
flow associated with the Hamiltonian [[T°, U], U]. In this section we will con-
centrate on the derivation of high-order splitting methods of the form (1.5)
satisfying these formal relations.

Scheme (1.5) is at least of order 1 for the problem (1.1) if and only if the
coefficients a;, b; satisfy the consistency condition

_ HTHD),

s s+1
i=1 =1

We are mainly interested in symmetric compositions, that is, integrators
such that Agy1—7 = Qq, strQ,i = bi, so that
(34) w; _ eblTU ea1'rT ebQTU . ebQTU eaer eb17‘U.

In that case, they are of even order. In particular, a symmetric method
verifying (3.3) is at least of order 2 [13]. Notice that the number of flows in
the splitting method (1.5) or (3.4) is 0 = 2s + 1, but the last flow can be
concatenated with the first one at the next step in the integration process,
so that the number of flows o7, and (7. per step is precisely s.

Restriction (1.6) imposes a set of constraints the coefficients a;, b; in
the composition (3.4) have to satisfy. These are the so-called order condi-
tions of the splitting method and a number of procedures can be applied to
obtain them [13]. One of them consists in applying recursively the Baker—
Campbell-Hausdorff (BCH) formula in the formal factorization (3.4). When
this done, we can express ¢, as the formal exponential of only one operator
(35) 1/]; — eT(T+U+R(T))’
where

(3.6) R(7) = 7pu[T, U]+ 7%(ps1[[T, U], T] + ps2[[T, U], U])+
7—3(]741[[[T7 U]a T]v T] + p42[[[T7 U]? U]? T] + p43[[[T, UL U]? U]) + 0(7—4)’

and p;; are polynomials in the parameters a;, b;. Here we assume that the
coefficients satisfy (3.3).
The integrator is of order p if R(1) = O(7P), and thus the order conditions

are po; = p31 = p32 = -+~ = 0 up to the order considered. For a symmetric
scheme one has R(—7) = R(7), so that R(7) only involves even powers of
7. In consequence, pa1 = p4y1 = pa2 = -+ = pa, i = 0 automatically in
(3.6) and we have only to impose p3; = p32 = -+ = pap+1, = 0. The total

number of order conditions can be determined by computing the dimension
of the subspaces spanned by the k-nested commutators involving T" and U
for k =3,5,..., see [17].

For the problem at hand [[[T,U],U],U] = 0 identically, and this intro-
duces additional simplifications due to the linear dependencies appearing at
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]Orderp\Q 4 6 8‘

d>1 |2 4 8 18
d=1 |2 4 8 16

TABLE 1. Numbers of independent order conditions to
achieve order p required by symmetric splitting methods
when [[[T,U],U],U] = 0 (d > 1), and when [[T,U],U] =
2mU, with m constant (d = 1).

higher order terms in R(7). The number of order conditions is thus corre-
spondingly reduced. In Table 1 we have collected this number for symmetric
methods of order p = 2,4,6,8 (line d > 1). Thus, a symmetric 6th-order
scheme within this class requires solving 8 order conditions (the two consis-
tency conditions (3.3) plus 2 conditions at order 4 plus 4 conditions at order
6), so that the scheme (3.4) requires at least 15 exponentials. In fact, it is a
common practice to consider more exponentials than strictly necessary and
use the free parameters introduced in that way to minimize error terms. In
particular, in [5] a 6th-order splitting method involving 23 exponentials (11
stages) was designed which has been shown to be very efficient for a number
of problems, including Vlasov-Poisson systems [12].

We have shown in the subsection 2.3 that, besides the flow corresponding
to U, the flow associated to [[T,U],U] can also be explicitly computed in a

similar way as ¢],. Moreover, since [[[T,U],U],U] = 0, both flows commute
so that we can consider a composition (1.5) with the flow cpb i replaced by
‘Pbiu e [T U] Equivalently, in the composition (3.4) we replace e’V by

7%, where C; = b;U + ¢;7%([T, U], U]:

(3.7) YT = oTC1 17T (7Co | ;7C2 17T ;7C1
In that case the order conditions to achieve order 6 are explicitly
(3 é—)&-l 1 s+1 s+1 s+1
Zb (Z; ) =3 Zaz(zba) —22%— :
s+1 Jz PR s+1 i—1 i 5 6
S (o) =L Sou(Xn( X w) ) -5
i=1 j=1 i=2 j=1 k=j+1
S (2 a(Sa)  Sw S a(Sn)(Tm)) = 4
i=2 j=1 —j j=1  k=j+1 t=j m=
2§al<b1§cj +a b)) +zs:a, (2( S b) (ick)
i=2 j=1 j= i=2 j=it+1 —
1 i— -1 s+1 -1
v 3 0) () + (20) 3 () (X)) -5
=i —t = o

together with the consistency conditions (3.3). Here asy1 =0, as+1-; = a4,
bst+2—; = b;. The two equations in the first line of (3.8), together with (3.3),
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lead to a method of order four. With the inclusion of C; in the scheme,
the number of exponentials can be significantly reduced (one has more pa-
rameters available to satisfy the order conditions): the minimum number
of exponentials required by the symmetric method (3.7) to achieve order 6
is 0 = 9 instead of 15 for scheme (3.4). There are several other systems
where the evaluation of the flow associated with [[T,U],U] is not substan-
tially more expensive in terms of computational cost than the evaluation
of eV, and thus schemes of the form (3.7) have been widely analyzed and
several efficient integrators can be found in the literature [4, 18].

We have considered compositions of the form (3.7) with o = 9,11, and
13 exponentials. When o = 9 there is only one real solution of equations
(3.8). More efficient schemes are obtained by using more exponentials: the
corresponding free parameters can be used to optimize the scheme (for in-
stance, by annihilating higher order terms in R(7), reducing the norm of
the main error terms, etc.). In Table 2 we collect the coefficients of the best
methods we have found. The most efficient one (see Section 4) corresponds
to o = 13. In this case the two free parameters have been chosen to vanish
the coefficient multiplying the commutator [T, [T, [T, [T, [T, [T, U]]]]]] at or-
der 7 and such that b; = by. This procedure usually leads to very efficient
schemes, as shown in [16, 3]. The scheme reads

(3.9)
wé’ _ eTCl ealfT e‘ng eaer eTCg eag‘rT eTC4 eag‘rT eTCg e(lQTT e‘ng ealfT e‘rCl

and its coefficients are collected in Table 3. Notice that all b; coefficients
are positive and only one a; is negative. All methods from Table 2 will be
tested and compared in Section 4.

In the one-dimensional case, d = 1, we have in addition [[T, U], U] = 2mU,
so that the operators C; in scheme (3.9) are simply C; = (b; + 2¢;m7?)U.
But in this case one can do even better since this feature leads to additional
simplifications also at higher orders in 7. Specifically, a straightforward
calculation shows that

Ws1 = [U[U[T,[T,U]]] = 4m*U
(3.10) Wi = [U,[T,[U[U, [T, [T, U] = —8m°U

Wro = [U[U U T[T, [T, U]]]]]] = 0,
and the number of order conditions is further reduced, as shown in the third
line of Table 1 (d = 1). Although this reduction only manifests at orders

higher than six, we can incorporate the flows of W51 and Wy into the
composition, namely we can replace the e*™V in (3.4) by e™Pi where

D; = bU+ CiTZ[[T, Z]]7 U] + dz‘T4W571 + €iT6W7’1
= (bi +2eim7” + 4dm’7" — 8e;m*T°)U.

In this way it is possible to reduce the number of exponentials in the compo-
sition and obtain more efficient integrators tailored for this special situation.
In the particular case of a 6th-order symmetric scheme it turns out that the
d; and e; coefficients can be used to vanish some of the conditions at order
seven, and thus reduce the overall error. The composition

(311) wg _ eTDl eal‘rT eTDQ eagTT eTD3 eagTT e‘ng eagTT eTD2 ealfT eTDl
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a; = 1.079852426382430882456991
as = —0.579852426382430882456991
by = 0.359950808794143627485664
T of the form (3.7) by = —0.1437147273026540434771131
with o =9, d>1 by = 0.567527837017020831982899
c1 = 0
o = —0.0139652542242388403673
c3 = —0.039247029382345626020
ay = Qa2
as = 0.303629319055488881944104
a3 = —0.2145172762219555277764167
by = 0.086971698963920047813358
:
wfiftﬁf the f‘irm d(?;? by = 0.560744966588102145251453
Wit =25 by = —0.1477166655520221930648117

c1 —1.98364114652831655458915 - 1076
c2 0.00553752115152236516667268
cs = 0.00284218110811634663914191

a1 = 0.270101518812605621575254

as = —0.108612186368692920020654
az = 0.338510667556087298445400

by = b
n by = 0.048233230175303256742758
i‘;tﬁf;h_e f‘;rm d(3>'? by = 0.236139260374249444475399
- by = 0.334788558550288084078170

c1 0.000256656790401210726353
c2 = 0.000943977158092759357851
c3 = —0.002494619878121813220455
cs = —0.002670269183371982607658

TABLE 2. Coeflicients for symmetric schemes of order 6 for the
Vlasov—Poisson equation in the general case (d > 1) for 0 = 9,11

and 13.
with
Dy = (b1 + 261m7'2)U
Dy = (by+ 2eomT? + 4d2m274)U
D3 = (b3 + 2csm7? + 4dzm>1* — 8esm>r0)U

and coefficients collected in Table 3 (d = 1) turns out to be particularly
efficient, as shown in [1]. Here the parameters ¢;, d; and e; have been chosen
to satisfy 4 out of 8 conditions at order 7.

The methods we have considered here are left-right symmetric composi-
tions whose first flow corresponds to the functional U. It is clear, however,
that similar compositions but now with the first flow corresponding to T
can be considered. In that case, the schemes read

(312) ¢; — out7T eTCl .. eTCl el
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a;r = 0.168735950563437422448196

a2 = 0.377851589220928303880766
a3 = —0.093175079568731452657924
by = 0.049086460976116245491441
by = 0.264177609888976700200146
g of the form (3.11) bs = 0.186735929134907054308413
with o =11, d=1 c1 = —0.000069728715055305084099
c2 = —0.000625704827430047189169
cg3 = —0.002213085124045325561636
dy = —2.916600457689847816445691 - 10~

ds = 3.048480261700038788680723 - 1075
e3 = 4.985549387875068121593988 - 107

TABLE 3. Coefficients for a symmetric scheme of order 6 for the
Vlasov—Poisson equation in dimension d = 1.

This corresponds to a different class of methods, in general with a differ-
ent behavior and efficiency, since this problem possesses a very particular
algebraic structure that is not preserved by interchanging 7' and U. We
have also analyzed 6th-order schemes of this class, but we have not found
better integrators than those collected in Tables 2 and 3 in our numerical
experiments.

4. NUMERICAL EXAMPLES

This section is devoted to numerical illustrations of the previous splitting
methods in the cases d =1 and d = 2 (in (1.1)).

The splitting methods introduced above enable to reduce the numerical
resolution of the Vlasov—Poisson problem (1.1) to one-dimensional linear
transport problems of the form

(4.1) Of +ad.f =0,  f(t"2)=g(z), zeT,

where z can denote the spatial direction x or the velocity direction v, a is a
coefficient which does not depend on the advected direction z, and g denotes
an initial condition given on a uniform grid of NV points. Typically, a is the
component of the vector v or of the electric field frozen at some grid point
in the z-variable.

To deal with the one-dimensional advection equations, a semi-Lagrangian
method is used (see [9, 6, 7]). Since the characteristics can be solved exactly
in this case (a does not depend on z), the error produced by the scheme
comes from the splitting (error in time) and from the interpolation step
(error in x and v). Note that the interpolation is performed using high-
order Lagrange polynomials (of order 17 in practice) so that the numerical
solution of (4.1) writes

f(t"“, zi) = Tg(z — at),

where 7 is an interpolation operator (piecewise Lagrange interpolation in
our case). We refer the reader to [2, 9, 6, 7]) for more details. After each
advection in the velocity direction (U part), the Poisson equation (1.2) is
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solved to update the electric potential ¢. Note that in the case d = 2, the
Hamiltonian splitting leads to 2-dimensional advections U and 7. These
subproblems are split again leading to one-dimensional advections; this does
not introduce additional errors since it concerns linear advection for which
this subsplitting is exact. The numerical resolution of the Poisson equations
(1.2) and (2.12) to get ¢ and K is performed using a spectral method. Their
derivatives are computed using high order finite differences.
We consider the following initial condition for (1.1) with d =1

(4.2) ft=0,z,v) = exp(—v?/2)(1 + 0.5 cos(kx)),

1
V2T
with x € [0,27/k], v € [—Umax, Umax)s Vmax = 8 and k = 0.5. In the case
d = 2, the following initial condition for (1.1) is chosen
(4.3)

1
ft=0,2,9,vs,vy) = o exp(—(v2 + vz)/Q) (14 0.5 cos(kx) cos(ky)) ,
T
where x,y € [0,27/k],v = (vz,vy) € [~Vmax; Vmax)*> Umax = 8 and k = 0.5.
We are interested in the total energy conservation H(f) given by (1.3).
Indeed, this quantity is theoretically preserved by (1.1) for all times, so it
represents an interesting diagnostic. For a given time splitting, we introduce
the discrete total energy H(fx)(t) (integrals in phase space are replaced by
summations) where fj, denotes the solution of the splitting scheme and we
look at the following quantity

HMW@)

H(f)(0)
where ¢; > 0 is the final time of the simulation. We are also interested in
the L? norm || f5,(t)||z2 of fr (which is also preserved with time) and we plot
the quantity

(4.4) erry = max

)
te[0,t¢]

| fa ()] 12 1

1 (0)ll 2
Different splitting will be studied regarding these quantities to compare
their relative performances. First, we consider some splitting methods from
the literature: the well-known 2nd-order Strang splitting (STRANG, o =3
flows per step size, even if we take o = 2 in all the figures, since the last flow
can be concatenated with the first flow at the next iteration), the so-called
triple jump 4th-order composition [24] (3JUMP, o = 7 flows) and the 6-th
order splitting method proposed in [5] (06-23, o = 23 flows). Then, the
splitting methods introduced in this work are considered. When d = 1, the
method of Table 3 (06-11, o = 11 flows), and in the case d > 1 the schemes
of Table 2: 06-9, 06-11 and 06-13, with ¢ = 9,11 and 13 flows, respectively.
In the following figures, we choose a final time ¢ and the quantities (4.4)
and (4.5) are plotted as a function of o /7, where o is the number of flows
of the considered method and 7 is the time step used for the simulation.
This choice ensures that all the diagnostics are obtained with a similar CPU
cost. In the sequel, we consider 70 different time steps in [0.125, 8] for d = 1
and 100 different time steps belonging to the interval [0.1,30] for d = 2.

(4.5) eIT;2 = max

te[0,t¢] ’
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Finally, we denote by N the number of points per direction we use to sample
uniformly the phase space grid.

In Figure 1, we first focus on the d = 1 case. We plot the quantity relative
to the total energy erry defined in (4.4) for STRANG, 3JUMP, 06-23 and
our 06-11 (see Table 3) using N = 256 points per direction and tf = 16.
The expected orders of the different methods are recovered. However, even
if 06-23 and 06-11 are both of 6th-order, 06-11 presents a better behavior
since the total energy is better preserved up to two orders of magnitude than
06-23, with a comparable time CPU. Note that the 06-11 scheme has also
been used with success in the one-dimensional context in [1]. In Figures 2,
the same diagnostics as before is shown, but with two smaller values of V.
For N = 64, we can also observe the plateau for small 7 which reveals the
phase space error. The level of this plateau can be decreased by increasing
N.

On Figure 3, the time evolution of H(fp,)(¢) and || fr(¢)| 2 are displayed
for the four splitting methods with different N at a almost constant CPU
time: STRANG with 7 = 1/8, 3JUMP with 7 = 0.4, 06-23 with 7 = 4/3
and 06-11 with 7 = 0.64. It appears that the conservation of the total
energy is very well preserved for 06-11. For the conservation of the L?
norm, the benefit of high-order splitting is not so clear since all the curves
are nearly superimposed. When N increases, we observe that the eruption
time increases; the eruption time corresponds to the time at which the finest
scale length of f reaches the phase space grid size. After this time, the error
rapidly blows up (see [23]). Finally, on Figure 4, we display the whole phase
space distribution function at time ty = 16 obtained with 06-11. We can
observe the fine structures (filaments) which are typically developed in this
nonlinear Landau test case.

Next, we focus on the d = 2 case. In Figure 5 we plot the quantity relative
to the total energy erry defined in (4.4) as a function of o/7 for N = 64
and ty = 60. First, on the left part of Figure 5, methods of the literature are
displayed: STRANG (order 2), 3JUMP (order 4), and 06-23 (order 6). This
diagnostic enables us to recover the expected order of the different methods.
Then, on the right part of Figure 5 we focus on our new methods 06-9, 06-11
and 06-13 (see Table 2). All the methods in this figure are of order 6, so
that it enables to study the influence of the number of flows o (the reference
06-23 method is also displayed) on the total energy conservation. Even if all
the methods are of order 6, they have not the same precision. Indeed, adding
some flows in the splitting method enables in our context to generate a more
efficient method. Two explanations can be made: first, the coefficients can
be chosen smaller and few of them are negative and second, the error term
can be optimized (see Section 3). Finally, the 06-13 method appears to be
the best method, reaching an error of about 1070 with 7 ~ 0.2.

In Figure 6 we plot the quantity erry2 defined in (4.5) as a function of ¢ /7 for
the different methods in the case d = 2. This diagnostic enables to quantify
the dissipation (small details of the solution are eliminated) of the numerical
methods (see [7]). As mentioned in the case d = 1, the benefit of high-order
time integrator is not very clear. We can also remark that the influence
of the number of flows is not very significative (see right part of Figure 6);
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FIGURE 1. Case d = 1. erry (defined by (4.4)) as a function
of o/7 where o is the number of flows and 7 the time step,
for the different splitting methods. N = 256.

001 |- 001

0.0001 |- 0.0001

1e-06 |- 1e-06

le-08 |STRANG —+— 1e-08 |STRANG ——
3JUMP —o— 3JUMP —o—
L 06-11 B le-10 | 06-11 —x—
06-23 + 06-23 +
2 2
len2f 4 le-12 |-

0.1 1 10 100 1000 0.1 1 10 100 1000

FIGURE 2. Case d = 1. erry (defined by (4.4)) as a function
of o/7 where o is the number of flows and 7 the time step,
for the different splitting methods. From left to right, N =
64, 128.

indeed, when 7 is small we observe that all the methods converges towards
a constant (which is 0.04 for 3JUMP, 0.03 for 06-23 and a close value of 0.03
for the other methods). Here, 3JUMP and 06-9 are the worst methods; this
may be linked with the fact that they contain large negative coefficients and
then they present important zigzag (see [13]).

5. CONVERGENCE ESTIMATES

This last section is devoted to the rigorous mathematical analysis of
Vlasov—Poisson equations and their approximation by splitting methods of
the form (1.5) satisfying the order conditions to ensure (1.6).
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06-11 di=0.64 ——— Le0s |- |
Le0s 0623 di=4/3 y 4
05 | ]

1e-06 | <
le-12 |- 4
STRANG di=1/8 ——
1e-07 | 4 e L 3IUMP di=04 —— |
~ A 06-11 dt=0.64 ——
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le-08 | | | | | | | le-16 | | | | | |
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F1cure 3. Case d = 1. Time history of H(f3) (left column)
and of || f(t)]|z2 norm (right column). From top to bottom,
N = 64,128,256. Comparison of STRANG, 3JUMP, 06-11
and 06-23 at almost constant CPU time.

For a given multi-index p = (p1,...,pq) € N%, we denote by 9% the multi-

derivative O5} - - - 9. Moreover, we set |p| = p1 + ...+ pg. Similarly, we set

"™ = oM -'mfi”d for v = (v1,...,99) € R® and m = (my,...,mg) € N¢
As functional framework, we will consider the spaces H,, equipped with the

norms

OIS S W e A

(m,p,q) EN? x N x N¢
[p|+lq|<r
|m|<v

where, 0% and 9¢ denote the usual multi-derivative in the 2 and v variables.
In such spaces - already considered in [8] - and for r and v large enough,
the Vlasov—Poisson equation is well-posed and satisfies stability estimates
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FiGURE 4. Case d = 1. Phase space distribution function
f(t =16, x,v) obtained with 06-11. N = 1024.
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FIGURE 5. Case d = 2: erry (defined by (4.4)) as a function
of o /7 where o is the number of flows and 7 the time step,
for the different splitting methods. N = 64.
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FIGURE 6. Case d = 2: err2 (defined by (4.5)) as a function
of o/7 where o is the number of flows and 7 the time step,
for the different splitting methods. N = 64.
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ensuring the convergence of stable and consistent numerical methods, see
Theorem 5.4 and Lemma 5.5 below for precise estimates.

Before giving a complete proof of these results, we will state some useful
estimates. In the following, we will denote by L% and L9 for ¢ = 2 and
q = oo the standard L spaces on T¢ and T¢ x R? respectively. Similarly, for
r >0, H and H" denote the standard Sobolev spaces on T¢ and T? x R4
respectively.

Lemma 5.1. Let v > d/2. Then we have for p = (p1,...,pq) € N¢

(52) 826N 3 < Ol oo,
and
(53) 8860 e < CUFI oreoar,

Proof. For a given function g(z,v), we have

[ oteoi] < ([ o) ([ sl ateofa)

as soon as v > d/2. Applying this formula, we first see with the definition

(5.1) that
/T d /R gl v

We then obtain (5.2) by applying this formula to
g(z,v) = AF1OLf(x,v).
After using the Gagliardo-Nirenberg inequality (easily obtained in Fourier)
106D oo < CllS@) oo »
for v > d/2, we then deduce the second equation (5.3) from (5.2). O

2
2
dx < CHQHHQ .

We will first give a meaning to the expansion (3.2). To do this we will
use the two following inequalities: for » > 1 and v > d/2,

2
(54) v Gafllyy < I llyger s and (10:8(F) - Oufllyy, < Cllfllpge -

Indeed, the first is clear from the definition of the ), norm. To prove the
second, we use the fact that for given (m, p, ¢) € (N%)? satisfying |p|+|q| < r
and |m| < v as in the definition of (5.1), we have

10050502 (f) - Do )l 2 < CllOUyyrrioo 1 F 1151

where W£+1’°° denotes the standard Sobolev space in the x variable, con-
trolling (r + 1) derivatives in L*°. Now, we conclude by using

H¢(f)||W;+1,00 S CHf‘|H§71+’Y )

for all v > d/2 (see (5.3) above) with d = 1,2,3 and v < min(v,2). Using
the Hamiltonian formalism adyf = v - 0, f and ady f = 9.¢(f) - Ouf, the
estimates (5.4) can be written

2
(5.5) lad7 fllyy < I3 and ladufll,, < Cllfll
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and a similar inequality for the operator ady. Hence, the expansion (3.2)
can be easily interpreted as follows (using a Taylor expansion in time):

Lemma 5.2. Letr > d/2+ 1, d = 1,2,3 and N € N, and B a bounded
set of ”HZ:[%E Then there exists tog and C such that for all t < ty and all
feB,
N tk
650 = 37 Tradbuf I, < OV,
k=0 "

Of course the same lemma holds for the exact flows cptT and ¢},. Using
these expansions and the identification between splitting method (1.5) and
methods based on composition of exponentials (3.4) which is done using the
relation (3.2), we can make precise the notion of order that we consider in
this paper. The algebraic conditions analyzed in Section 3 and the previous
estimates yields order p methods in the following sense:

Definition 5.3. The method (1.5) is said to be of order p, if there exist
vy, vp > 0 and 9,1, > 0 such that for all v > vg, v > 1o and all bounded set

B of H TP there exist 70 and C' > 0 such that for all f € B and all 7 < 19,

v+uvp?
(5:6) I3 (F) = Y7 (Dl < Cr7t

We will show in the next sections that the condition (5.6) implies the
scheme is of order p in the sense that it approximates the solution in HJ,
over a finite time interval [0, 7] with a precision O(7P), provided the initial
data is in ’Hf,ﬂ}; .

5.1. Existence of solutions. The goal of this subsection it to prove the
following result:

Theorem 5.4. Let v > d/2, v > 3v. There exists a constant C,, and
Ly, such that for all given B > 0 given and fo € HI 2+ such that
”fOHHr+2v+1 < B, then for all a,, f € [0,1], there exists a solution f(t,x,v)
of the Viasov—Poisson equation

Of +av-0uf — BOLo(f) - Ouf =0,
with initial value f(0,2z,v) = fo(xz,v), on the interval
Cr,u
T 1+ B
such that for all t € [0,T], we have the estimate

(58)  Vte0.7), | O)llypreser < min@B, | folla

(5.7)

Moreover, for two initial conditions fo and go satisfying the previous hypoth-
esis, we have

(5.9)  Vte,T], [f) —gOl,, < U~ o, -

Equations (5.8) and (5.9) show that the flow is locally bounded in H/+2+!
and locally Lipschitz in H], for r large enough (v being essentially d/2).
Before proving the theorem, we will show a stability lemma that will be
useful both for the local existence of solutions and the analysis of splitting
methods.
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Lemma 5.5. Let a,f € Ry, v > d/2 and r > 3v be given. There exists a
constant C' > 0 such that the following holds: Assume that g(t) € H), and
f(t) in H;, are continuous function of the time, and let h(t) be a solution of
the equation

(5.10) Oth + av - 0yh — BOLo(f) - Oph = g.
Then we have

(5.11)

t
VE>0, (A, < kO], +C /0 (a+ Bl (@), Ih(@)]5,, do

t
+2 [ 1000, 110l o
Proof. Let L, be the operator L,.h = {k, h} with
«
() = ol + o) x).

The equation (5.10) is thus equivalent to ;b — {k,h} = g. Let D be a linear
operator. We calculate that

d
DAl = 2ADh,DL) 2+ 2(Dh, Dy) 2
= 2(Dh, L.Dh)2 + 2(Dh,[D, L]h) 12 + 2(Dh, Dg) >,

where [D, L,;]] = DL,, — LD is the commutator between the two operators.
The first term in the previous equality can be written

2(Dh, L. Dh) 2 = (1, L. (Dh)?) 12 = (LX1,(Dh)?) 12 = 0,

where L is the L? adjoint of L., upon using the fact that Hamiltonian
vector fields are divergence free. Hence we get

d 2
SR, = 2(Dh,[D, £aJ) 12 +2(Dh, D) 2.

Now we consider the operators D = D™P4 = ¢™9L0¢ for given muti-indices
(m,p,q) € N3 such that |m| < v and |p| + |q| < r. It is then clear that the

second term in the right-hand side can be bounded by 2[|A[|, [[g]l,,, . and

we are led to prove that
2
(5.12) (DR, [D, £4Jh) 2] < Clav+ Bl 1L, ) 112 -

The operator £,; can be split into a linear combination of operators of the
form L = v;0,, and L} = —05,¢(f)(x)0y, for i = 1,...,d. We compute
that for any smooth function A
[D™P4 L1 = ™I (v;0p,h) — (1;0,, )0 IPIIh
= 070,000 (vih) — viv™ 0y, 0P 0h
G0y, 020V h 4 0™, OP0; 0% h — v;0"™ D, OLOTh,
Qsz7p+ <l>,q—<’b>h

I

where (i) is the multi-index with coefficients d;; the Kronecker symbol, for
j=1,...,d (we make the convention that D"P¢ = (0 when p or ¢ contains
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negative index). Hence, as [p+ (i)| + |¢ — (i)| < r as soon as |¢ — (i)| > 0 we
get
ILD™ P4, LoJAll o < CllAll,,,

where the constant C' depends on r. This gives the first term in the right-
hand side of (5.12).
For the second term, we compute

DP9, Lilh = o3RO (Ds, $D,h) + (9§D, R
(5.13) = (8, 0)0™ D PO — Z( ) k0, GOk 9D, h,
k40

(with the usual convention that v™ = 0 if m contains a negative index). The
first term is easily bounded: we have

10z, @)0™ ORI, < Cll, &l e 1D, -

and using (5.3) with p = (i), we obtain the estimate, as r > v — 1.
In the second term, when |k| + v — 1 < r we can estimate directly

10500, )0 R 080 1o < 11070, 6(F)| oo 1Rl 5,
< ClFl ez ([P,

after using (5.3), which gives the desired bound.
When |k| > r 4+ 1 — v we can estimate

(040, 0)0™ 00 D101l o < 10500, 0708 0000 .
< CU s 08 0000, b
< Uy Il zosio-srviasn

by using (5.2) and Gagliardo-Nirenberg inequality in T¢ x R?. Now in the
sum of the second term in (5.13) we have |k| < |p| < r otherwise the term is
zero. We thus have |p—k|+|q| < |p| — |k|+]q|. As |p|+ |g| < r, then under
the condition |k| > r + 1 — v considered here, we have |[p — k| + |¢| < v — 1.
We thus get the result, provided 3v < r, in order to bound both terms in
the previous equation with the help of #, norms. O

Proof of Theorem 5.4. We define the sequence of function (f,(t,2,v))neN
as follows: for ¢t € [0,T)], fo(t,z,v) = fo(x,v), and for n > 0, given f, €
HIF2HL we set fni1(t, w,v) the solution of

(5'14) 8tfn+1 +av - 8:cfn+1 - 5a$¢(fn) : 8vfn+1 =0
with initial value f,4+1(0,2,v) = fo(x,v). Let h, be the Hamiltonian

hale,v) = ol + Bo(fu) @),

and ! (x,v) its flow. Note that as f,, is in HL 2! the flow of the micro-
canonical Hamiltonian h,, is well defined. Moreover, this flow exists globally
in time, since ¢(f,)(x) is bounded as z € T a compact domain. The func-
tion fp41(t,z,v) is thus well defined using characteristics: fp11(¢,z,v) =

folxz" (2, ).
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Let us apply Lemma 5.5 with the space H7F2"*1. We get for all ¢ > 0,

2 2
[ a1 (@) 5re2vir < ol o0

t
2
€ [ (@t B0 a0 s do
0 v v
This shows by induction that we have
Vn, Vi e [O,T], an(t)HHZJr2V+1 < 2”f0HH7;+2V+1 < 2B,

provided T is small enough, namely CT' (v + 26| foll,s+2041) < 1/4 (which

is implied if we assume (5.7) for a suitable constant C,,). An application
of Gronwall’s lemma then implies (5.8).
Now we can write that

8t(fn+1 - fn) +av - 8x(fn+1 - fn) - B8x¢(fn) : 8v(fn—i—l - fn)
= ﬂazﬁb(fn - fn—l) ' avfn-

Using Lemma 5.5 with the space H],, there exists a constant C' such that
t
2 2
it (6) = (03, < Cla+288) [ funs() = fu(o)y, do

t
2 [ fusa(0) = )y 10000 = Fus) - Duily o

Now for an operator of the form D = v™9L0¢ with [p|+ |q| < r and |m| < v,
we have

ID@ed(fn — fa1) - Dufi)l
<ol — Fuadlyrr 3 00200 ful e

la|+[b|<r+1
< Cllfa— Fatllyg, 1 fallygenes

using (5.2) and Gagliardo-Nirenberg inequality in T x R?. Hence, using the
previous uniform bound on || fu|, 12,41, We obtain

2

| fusr(®) = fa()ll3, < C(L+ B) /0 |fae1(0) = Ful0)]1, do

+C(1+B) /0 1foe1(0) = Fa(@)lyg, 11fa(0) = Faca(0) ], do

From this estimate we deduce by a Gronwall inequality that

T
2 2
[ frt1(t) — fn(t)HHZ < 63(1+B)T/2(1 + B)/2/0 [ fnlo) — fn—l(U)HH; do.
For T(1 + B) - see estimate (5.7) - sufficiently small, this shows that

1
su nt1(t) — fn(t , < = su n(t) — fno1(t .-
te[o}vT] [ frt1() = Fa(®)l 5, 2te[0,I;“] 1£n () = Fra ()]l

We deduce that the sequence f, converges in H,, uniformly in time. The
limit is then a solution of the Vlasov—Poisson equation in C1([0, T], H?).
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Now, if we take two solutions, we have as before

6t(f - g) = —Qu- az(f - g) + 5az¢(f) : av(f - g) + Baz¢(f - g) : avg'

Using the previous lemma and the estimates we have on f and g on the
interval [0, 7], we get as before

17(t) = g(t)HiZ < [£(0) = g(0)[l,,,
2

t
4 63(1+B)T/2(1 + B)/2/0 I|f(o) — g(U>HH,C do,

from which we easily deduce the second estimate (5.9) (using (5.7)). O
5.2. Convergence of splitting methods.

5.2.1. Classical splitting methods. We can now prove the following conver-
gence result:

Theorem 5.6. Let 7 a splitting method of the form (1.5) fulfilling the

condition of Definition 5.3 for some number p and sufficiently large indices

Vo, Vp,T0,Tp. Then it is convergent in the following sense: For given v > 1y
r+rp

and r > 1o, there exists Cy such that for f € Hygu,s @%(f) exists for
t € [0,T) with T = C.(1 + B)~! with B = ||f||HT+rp , and there exist 19 and

+vp
C such that for all T < 19, we have

(5.15) 1) () = (), < CT,
fort=nr <T.

Proof. We can assume that 9 and v (and hence r ans s) are large enough
to ensure that the solution <p§{( f) exists over the time interval T' = C,. (1 +
B)~! given by Theorem 5.4 with a = 3 = 1, see (5.7).

Now let us consider a splitting method of the form (1.5) with coefficients
(@i, b;). Using Theorem 5.4 with the indices (r +r, —2v —1,v +1,), we can
apply (5.8) alternately to ¢7*" (i.e. § = 0) and @ZT (i.e. o =0), and we
obtain

HZZ);(f)”H;fVZ < eL(HB)THfHH;:ZZ :

where
s+1

s
L= Lr+rp—2u—1,y+yp<z ‘az‘ + Z ’b2’> :
=1 =1

This implies the bound
vt T W) (Pl < MHTB = B,
v+vp
where « is a factor depending on 7,7, and v, but not on B. Let us use
the notation f(t) = ¢4, and f, = (¢])"(f). We can write
(5.16)
[ fat1 = )l < Mp(Fa) = o2 (fadllyyy + 02 (fn) = 02 (F D)5y, -

By applying again Theorem (5.4) with the constant " B instead of B, we can
define the flow ¢!, over a time interval of the form C\(1+ B)~! by possibly
adapting C, (this is due to the fact that x does not depend on B), and such
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that for all f and g satisfying [|f|[,+m < €"B, and [[f| r+r < €"B, we
v+vp v+rg

have
167 (F) — PR @y, < &N — gl

for some constant L. depending on 7, v, s, and v.
From (5.16), we obtain

1 foir = Fne)lly < 105 (f) = @ (Fn)llyyy + €N S = £ty -

Using now the definition 5.3 of the order p of the method, applied with the
bounded set B defined as the ball of radius "B in the space H,[;°, we
obtain

[t = Flbnsa)lly, < CTPH 0B ot

which gives the result by induction. U

5.2.2. Splitting methods with iterated commutators. To end this section, we
give arguments to show that Theorem 5.6 still holds for more general split-
ting methods defined by formulas (3.9) and (3.11) using flows associated
with iterated commutators.

Let us first consider the one-dimensional case d = 1. In this case, the flow
of [[T,U],U] = 2mU, as well as the flows of the high-order commutators
W 1, Wy 1 and Wr o (see (3.10)) are in fact flows of the Hamiltonian U scaled
in time. Hence, all the previous convergence results extend straightforwardly
to numerical schemes of the form (3.11).

In the higher dimensional cases d > 2, the flow ‘Pf[’r,u],u} is given by the
formulas (2.15), (2.16). We see that it has the same structure as the flow
¢}, but the potential ¢(f) is replaced by the potential K (f) given by the
formula (2.14). This potential satisfies the following estimates (compare
with Lemma 5.1)

Lemma 5.7. Let v > d/2. Then we have forr > 2+ d/2

(5.17) IEWD @)y < C (1l + 17152 )
and
(5.18) IEWD@ype < (1 llygrins + 1 ez ).

Proof. Using the definition (2.11) of K, we have

d
K=2m¢ -2 (~A80) 7" (00,00,0)° +2(—Ax) T (Ag0)?.

ij=1
We deduce that for r > 2,
T

<Ol yyree + sup || (95,02,0)" [l yr-2e + 1| (Bad)® || yr—2.00
L,J=100

2 2
< O(I0llygoe + D 19202, 6120+ 800l 2 ).

i,0=1,...,
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and we deduce (5.17) from the estimate (5.3) for ¢(f). For the L? estimates,
we have

1Ky < C(I00 g, + 51D [1O0,02,0) 0 g2 + 1 (306)? ] g2 ).

i,7=1,...,d
and we conclude in a similar way by using the fact that for o > d/2,
Vo€ By, uvl o < Cllul g llol o
for some constant C' depending only on a and d. We then deduce the result
by applying the estimate (5.2) on ¢(f). O

With these estimates in hand, it is easy to show that an existence result
like Theorem 5.4 holds for the flow gofw. U] with similar estimates. Con-

vergence results for splitting methods (3.9) can then be easily shown as in
the proof of Theorem 5.6.

6. CONCLUSION

In this work, new time splitting schemes are proposed for the Vlasov—
Poisson system. They are based on the decomposition of the Hamiltonian H
between the kinetic T and electric U part. In the one-dimensional case, the
relation [[T,U],U] = 2mU enables to design very efficient (with optimized
number of flows) high-order splitting using the modified potential approach.
This can be generalized to arbitrary dimension, the price to pay being to
compute the flow associated to the commutator [[T,U],U] which only de-
pends on the spatial variables; in this case also, new high-order splitting are
proposed which turns out to be very efficient compared to the existing split-
ting of the literature. Finally, a convergence result of such splitting methods
applied to the Vlasov—Poisson system is obtained.

REFERENCES

[1] B. AFEYAN, F. Casas, N. CROUSEILLES, A. DopHy, E. Faou, M. MEHREN-
BERGER, E. SONNENDRUCKER, Simulations of Kinetic Electrostatic Electron Non-
linear (KEEN) Waves with Two-Grid, Variable Velocity Resolution and High-Order
Time-Splitting, EUR. PHYS. J. D 68, p. 295 (2014).

[2] N. BESSE, M. MEHRENBERGER, Convergence of classes of high-order semi-
Lagrangian schemes for the Viasov equation, MATH. COMP. 77, PP. 93-123 (2008).

[3] S. BLANES, F. Casas, A. MURUA, Composition methods for differential equations
with processing, SIAM. J. Sc1. COMPUT. 27, pp. 1817-1843 (2006).

[4] S. BLANES, F. Casas, A. MURUA, Splitting and composition methods in the numer-
ical integration of differential equations, BOL. SOc. Esp. MAT. ApL. 45, Pp. 89-145
(2008).

[5] S. BLANES, P. C. MOAN, Practical Symplectic Partitioned Runge-Kutta and Runge-
Kutta-Nystrom Methods, J. COMPUT. APPL. MATH. 142, pp. 313-330 (2002).

[6] F. CHARLES, B. DESPRES, M. MEHRENBERGER, Enhanced convergence estimates
for semi-Lagrangian schemes. Application to the Viasov—Poisson equation, STAM J.
NUMER. ANAL. 51, pp. 840-863 (2014).

[7] N. CROUSEILLES, M. MEHRENBERGER, E. SONNENDRUCKER, Conservative semi-
Lagrangian schemes for Vlasov equations, J. COMPUT. PHYS. 229, pp. 1927-1953
(2010).

[8] P. DEGOND, Global existence of smooth solutions for Viasov—Fokker—Planck equation
in 1 and 2 space dimension, ANN. Sc1. Ec. NORM. SUP. 19, PP. 519-542 (1986)

[9] B. DESPRES, Uniform asymptotic stability of Strangs explicit compact schemes for
linear advection, STAM J. NUMER. ANAL. 47, PP. 3956-3976 (2009).



28 F. CASAS, N. CROUSEILLES, E. FAOU, AND M. MEHRENBERGER

[10] L. EINKEMMER AND A. OSTERMANN, Convergence analysis of Strang splitting for
Vlasov—type equations, SIAM J. NUMER. ANAL. 52, Pp. 140-155 (2014)

[11] M. FALCONE, R. FERRETTI, AND T. MANFRONI, Optimal discretization steps in
semi- Lagrangian approximation of first order PDFEs, IN NUMERICAL METHODS FOR
VISCOSITY SOLUTIONS AND APPLICATIONS (HERAKLION, 1999), SER. ADV. MATH.
AppL. Scl. 59, M. FALCONE AND C. MAKRIDAKIS, EDS., WORLD SCIENTIFIC, RIVER
EDGE, NJ, pp. 95-117 (2001).

[12] Y. GUgLU, A.J. CHRISTLIEB, AND W.N.G. HITCHON, Arbitrarily high-order con-
vected scheme solution of the Vlasov—Poisson system, J. COMPUT. PHYS. 270, PP.
711-752 (2014).

[13] E. HAIRER, C. LuBIiCH, G. WANNER, Geometric numerical integration: Structure-
Preserving Algorithms for Ordinary Differential Equations, SPRINGER SERIES IN
COMPUTATIONAL MATHEMATICS, 2006.

[14] B. LEIMKUHLER AND S. REICH, Simulating Hamiltonian dynamics, CAMBRIDGE
UNIVERSITY PRESS7 CAMBRIDGE MONOGRAPHS ON APPLIED AND COMPUTATIONAL
MATHEMATICS 14, 2004.

[15] J. E. MARSDEN AND T. S. RATIU, Introduction to Mechanics and Symmetry,
SPRINGER-VERLAG, NEW YORK, 1999.

[16] R.I. MCLACHLAN, Families of high-order composition methods, NUMER. ALGO-
RITHMS 31, PP. 233-246 (2002).

[17] R.I. MCLACHLAN, R. QUISPEL, Splitting methods, ACTA NUMER. 11, pp. 341-434
(2002).

[18] I.P. OMELYAN, I.M. MRryGLOD, R. FOLK, Symplectic analytically integrable decom-
position algorithms: classification, derivation, and application to molecular dynamics,
quantum and celestial mechanics simulations, COMPUT. PHYS. COMM. 151, PP. 272-
314 (2003).

[19] E. PonN, M. SHOUCRI, G. KAMELANDER, Fulerian Vlasov codes, COMPUT. PHYS.
ComM. 166, pp. 81-93 (2005).

[20] T. REspauD, E. SONNENDRUCKER, Analysis of a new class of Forward semi-
Lagrangian schemes for the 1D Viasov—Poisson FEquations, NUMER. MATH. 118, ppP.
329-366 (2011).

[21] J. SCHAEFFER, Higher order time splitting for the linear Viasov equation, STAM J.
NUMER ANAL. 47, pp. 2203-2223 (2009).

[22] M. SOFRONIOU, G. SPALETTA, Derivation of symmetric composition constants for
symmetric integrators, OPTIMIZATION METHODS & SOFTWARE 20, PP. 597-613
(2005).

[23] T. H. WATANABE, H. SUuGAMA, Vliasov and Drift Kinetic Simulation Methods Based
on the Symplectic Integrator, TRANSP. TH. STAT. PHYS. 34, pp. 287-309 (2005).

[24] H. YosHIDA, Construction of higher order symplectic integrators, PHYSICS LETTERS
A 150, PpP. 262-268 (1990).

IMAC AND DEPARTAMENT DE MATEMATIQUES, UNIVERSITAT JAUME I, 12071-CASTELLON,
SPAIN.
E-mail address: Fernando.Casas@uji.es

INRIA-RENNES BRETAGNE ATLANTIQUE, IPSO PROJECT AND IRMAR (UNIVERSITE
DE RENNES I)
E-mail address: nicolas.crouseilles@inria.fr

INRIA-RENNES BRETAGNE ATLANTIQUE, IPSO PROJECT AND IRMAR (UNIVERSITE
DE RENNES I)
FE-mail address: Erwan.Faou@inria.fr

IRMA (UNIVERSITE DE STRASBOURG AND CNRS) AND INRIA-NANCY-GRAND EsT,
TONUS ProJECT
FE-mail address: mehrenbe@math.unistra.fr



	1. Introduction
	2. Hamiltonian structure
	2.1. Poisson brackets
	2.2. Relations between T and U
	2.3. Flow of the Hamiltonian [[T,U],U]

	3. Derivation of high-order methods
	4. Numerical examples
	5. Convergence estimates
	5.1. Existence of solutions
	5.2. Convergence of splitting methods

	6. Conclusion
	References

