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1 Introduction

In this paper we study a numerical scheme approximating the solution of the deter-
ministic two-dimensional Vlasov-Poisson (VP) system described below: Given the
initial distribution of particles density fo(x, v), (x, v) € £2, x R*> ¢ R? x R?, find
the evolution of a single species plasma formed by charged particles, at time 7, in a
bounded open set £2, C R? with a phase space density f (x, v, t) satisfying

Wf+v-Vef —Vep-Vyf =0, in£2 x [0, T],

f(x,v,0) = folx,v), in 2 =02, xR?,

—Ax(pzf flx,v,t)dv, in 2, x [0, T], (.1
RZ

px,1) =0, on 482, x [0, T],

where - denotes the scalar product. To construct numerical methods for the system
(1.1) we shall restrict the velocity variable v to a bounded domain £2,, C R? and
provide the equation with a Dirichlet type, inflow boundary condition, in the phase-
space variable. We also split the equation system to separate the Poisson and Vlasov
equations coupled with the potential ¢. Thus we reformulate the problem (1.1) as
follows: given the initial data fy(x, v) with (x,v) € 2, x 2, C R? x R?, find
the density function f(x, v, t) of the initial-boundary value problem for the Vlasov
equation

Wf+v-Vef —Vep-Vof =0, in £ x[0,T],

fx,v,0) = fox, v), in 2 =802, x£,, (1.2)
f(x,v,t) =0, on I fortel0,T]
Here for every v € 2,, I, := {x’ € 382, : n(x) - v < 0} is the inflow boundary

of £2, (see [2]) and n(x') is the outward unit normal to 92, at x’ € 9£2,, moreover,
the potential ¢ satisfies the following Dirichlet problem for the Poisson equation

—Axp= | f(x,v,0)dv, in £, x[0,T],

2, (1.3)
px,1) =0, on 982, x [0, T].

An analytic approach to solve the problem (1.3), is based on replacing f by a given
suitable function g. Then inserting the solution, say ¢g, in (1.2) we obtain a new
Vlasov equation as (1.2) with ¢ replaced by ¢,. Assume that we can solve this new
Vlasov equation, then in this way we link its solution f, to the given function g via,
fe = Alg]. Now a solution f for the original Vlasov equation is a fixed point of the
operator A: f = A[f], provided that A fulfills the conditions of a Schauder fixed
point operator, see [32] for the details. For a discrete version, in a finite dimensional
space, the argument relies on the Brouwer fixed point theorem, as in [2] and the
reference therein. For simplicity, and due to the fact that the BDM method used in our
Poisson scheme is given in 2D, we perform this study for the two dimensional case.
In three dimensions some key estimates, based on Sobolev embedding theorems, and
depending on the dimension, would become quasi-optimal, see, e.g. [3].

Positivity, existence, uniqueness and regularity properties for the continuous prob-
lem (1.1) in the full space R2 4 = 2,3, are inherited from those derived for a
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bounded positive initial data fy € LOO(RM) > 0, with the bounded second phase-
space moment: fde(l + |x1? 4+ |v|®) fodxdv < oo, see [11]. These are mainly
indicating that f is non-negative and also we have bounded mass and energy.

Further analytic approaches are given, e.g. by Horst in [22]. For a general math-
ematical framework in this study we refer to the results by J. L. Lions in [26], and
Baouendi and Grisvard in [10]. These are abstract results giving an idea about the
behavior of the solution and, in the very special cases, are leading to the closed form
analytical expressions. In this regard some specific studies for the Vlasov-type sys-
tems are, e.g. the global in time solutions of the two-dimensional Vlasov-Poisson
system by Wollman [35], global symmetric solutions of the initial value problem of
the stellar dynamics considered by Batt [8], and the classical solution in the large-in-
time of two-dimensional Vlasov equation by Ukai and Okabe [32]. Finally, in three
dimensions global existence of smooth solutions to the Vlasov-Poisson system is
studied by Schaeffer [30].

Our goal is to construct and analyze a numerical scheme which yields approx-
imate solutions (piecewise polynomials) sufficiently close to the exact solution in
certain norms specified below. In our previous studies in, e.g. [2] and [4], we assumed
a continuous Poisson solver. Then, using a streamline diffusion (SD) approach, see
e.g. [24], we derived optimal convergence rates for both the SD and discontinuous
Galerkin (DG) approximations for the Vlasov-Poisson and Vlasov-Fokker-Planck
equations, respectively. This paper concerns a fully discrete scheme for a combined
spatial discretization using a mixed DG method for the Poisson Eq. (1.3) with, a SD
based, phase-space DG approximation for the Vlasov equation (1.2). Compared to
[2] and [4], as well as [24], here we have separated the time discretization from the
previous SD-based schemes and have employed a backward Euler (BE) method in
time. The backward Euler method is well-correlated with the DG method, see [18].
In this setting, the local in time convergence rate is that of the BE method, whereas
the discretization for the phase-space has a convergence rate governed by that of the
less regular first order hyperbolic equation in (1.2) when the potential term is already
replaced by its discretized counterpart.

More specifically, in this paper we shall consider the two-dimensional case and
study the convergence of a fully discrete numerical scheme consisting of

(1) A mixed Brezzi-Douglas-Marini (BDM) finite element method for the spatial
discretization for the Poisson Eq. (1.3).
(i) A discontinuous Galerkin (DG) method for the space-velocity variables for
the Vlasov equation (1.2).
(iii)) A backward-Euler (BE) discretization in time for the Vlasov equation (1.2).

Problem (ii) being hyperbolic would require a finer mesh than the more regular
elliptic problem (i). We shall correlate these meshes at the final combined step. How-
ever, the numerical approaches for the problems (i) and (ii) are chosen independently,
therefore they are presented with the different (distinguishable) mesh sizes: / and 4,
respectively.

Our motivation for the choice of this combination lies in the fact that the BE is
unconditionally stable. For the other choices: the Crank-Nicolson scheme is condi-
tionally stable, and to derive the stability estimates for the Runge-Kutta (RK) method
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requires a rather involved and cumbersome procedure with no improvements com-
pared to the BE approach (the merit of RK methods are in the fact that they are the
only integrators compatible with an affine transformation in ODEs, but this is not in
the scope of our study in here). Likewise the DG scheme for the phase-space approx-
imation is more stable than the continuous standard Galerkin scheme. In general,
using the DG method would cause a slight reduction in the accuracy whereas the sta-
bility is enhanced, see [18]. But the high accuracy with the weak stability has no use.
Here, we have compromised through combining the BE scheme in time with the DG
approach in the phase-space and achieved desirable stability properties.

We start with a continuous time variable and a (possibly coarse) spatial mesh of
size h and solve (i) to obtain ¢p. Then, in (ii), we replace ¢ by @y, refine the mesh,
if necessary, and obtain the discrete solution f;,. The approximation ( f3, ¢p) in (ii)
may, roughly, be viewed as (fy, on) = (f, on) =~ (f, ¢). To perform (ii) we may
formulate a linearized Vlasov equation:

00 f +0-Vef —Vegn-Vof =0, with —Ah,xgah:/ fre vty dv, (14)
2y

where Ap . is the discrete Laplacian operator defined by (—Ap ,@n,u) =
(Von, Vu).

The backward Euler approximation in (iii) yields an iterative procedure. It starts
from the initial data fy(x, ) and provides the phase-space solutions at each time
level t,, n = 1, ..., N. In performing the time discretization, (p;,“l (depending on
f,;’fl ) is used to compute f;' on the next time level , which yields a fully linearized,
discrete in time, Vlasov equation. Observe that the mixed finite elements in BDM-
spaces in (i), as described, are for the spatial approximation and do not involve time
discretizations.

We derive sharp error bounds for (i) and (ii). The convergence rates for the dis-
continuous Galerkin (ii) and backward Euler (iii) methods, although each optimal,
are of different order. Then, combining (i)-(iii), an optimal fully discrete method is
constructed by assuming a compatibility condition on the mesh parameters. For the
sharp approximations, regularity requirements of type, e.g. ¢ € W™ (2,),r > 1,
and also a mesh compatibility relation like 7 = At, will be necessary.

Remark 1.1 Note that with implicit methods one can use large time steps, but still the
error in time is of order O(At), regardless of the use of implicit or explicit Euler. The
implicit method only means that we do not have stability conditions on the size of
time step. We may use the arbitrary time step. If we use the higher order polynomials
in the DG method, we can use the larger h to get the same error expansion in space
and this means we can use the larger time step.

Early numerical studies for the Vlasov-Poisson and related equations have been
dominated by the particle method approaches, e.g. by Cottet and Raviart in [16];
Ganguly, Lee and Victory in [20]; and Wollman, Ozizmir and Narasimhan in [34].
On the other hand, Raviart-Thomas (RT) and BDM approaches that are extensively
used in the finite element approximation of the elliptic, parabolic, and parabolic
integro-differential equations with memory, have substantially gained ground in more
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involved systems such as VP. Some related studies in this part are, e.g. the optimal
L study of the finite element methods for irregular meshes by Scott in [31]; the two
families of the mixed finite element methods for the second order elliptic problems
by Brezzi, Douglas and Marini in [13], where the BDM spaces are introduced; the
maximum norm estimates for the finite element approximation of the Stokes prob-
lem in 2D by Duran, Nochetto and Wang in [17]; the asymptotic expansions and Lo
estimates for the mixed finite element methods for the second order elliptic prob-
lems by Wang in [33]; the maximum norm estimates for a Ritz-Volterra projection
by Lin in [25]; the global superconvergence analysis in W !->-norm for the Galerkin
FEMs of the integro-differential equations by Liu, Liu, Rao and Zhang in [27]; and
the Loo-error estimates and superconvergence in maximum norm of the mixed FEMs
for nonfickian flows in porous media by Ewing, Lin, Wang and Zhang in [19].

For a DG approach for a semidiscrete Vlasov problem we refer to [21]. Some
relevant “theoretical numerical analysis” for a higher order semi-lagrangian DG for-
mulation, and the corresponding DG schemes for the Vlasov-Poisson equations are
given by Jing-Mei Qui and Chi-Wang Shu in [28]. The corresponding DG schemes
are studied by J. A. Rossmanith and D. C. Seal in [29]. The related numerical stud-
ies considering the Vlasov-Poisson can be found in the recent papers [6] and [15],
and some references therein. These papers are considering a somewhat different
approach, e.g. in [6] (more adequate to compare), the authors consider the Raviart-
Thomas elements rather than the BDM ones which is the case in our study (see [13]
for the crucial differences and motivations). The convergence rates in [6] are derived
for the absolute values of certain error indicators X', i = 1,2 based on measuring
the local quadrature-type estimates applied to interpolation operator. These estimates,
controlling the absolute values of K':s are sharp: O(h**!) for f € H**!. But such
convergence rate is not possible for the DG method for the first order hyperbolic
problems in L, norms, see [23]. Under the same regularity assumption: f € H k1)
in [2], we derived triple-norm estimates (may be viewed as energy norm) with the
optimal convergence rate of order O(h*+1/2), which is the best possible estimate
one can hope for, cf [23]. Our particular approach would yield a convergence rate
O(At'?2 4 p¥+172) for f e C'([0, T1, H**1), confirming the compatibility of the
BE with the DG(0), i.e. for k = 0.

In our step (i) in the present approach we use the results in [31], [13], and [33].
As for the discontinuous Galerkin approximation relevant in the Vlasov-Poisson esti-
mates we refer to the articles by Johnson and Saranen for the Euler and Navier-Stokes
equations in [24]; Asadzadeh for the Vlasov-Poisson equations in [2], Asadzadeh
and Kowalczyk for the Vlasov-Fokker-Planck system in [4], and Asadzadeh and
Sopasakis for the Vlasov-Poisson-Fokker-Planck system in [5].

An outline of this paper is as follows: in Section 2 we state the notations and pre-
liminaries and derive L,-norm error estimates for the Poisson (1.3) in mixed BDM
spaces. In Section 3 we derive the L-stability for the DG method for the time dis-
cretized system at each time level. Section 4 is devoted to the error estimates for the
DG method for the Vlasov-Poisson system.

In a forthcoming paper we shall study a posteriori error estimates of SD and DG
methods for the fully discrete problem, where the approach in [2] as well as the
scheme in the present work are considered.
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In what follows the constants will be generic and not necessarily the same at each
occurrence and independent of the other parameters, unless otherwise specified.

2 Mixed method for the poisson equation

We shall discretize the Poisson (1.3) using BDM spaces. To this end, we use the
notation (vector functions will be denoted in bold face)

—Ayp(x,t) = / fx,v,t)dv=: p(x,1),
£2,
U(x,t):= —Vypx,t),
and define a mixed form for (¥, ¢) as

U+ V=0, in £,
divy =p, in £2,, 2.1
=g, on 082,

where, to begin with, we ignore the time dependence in ¢ and ¥. Note that we shall
deal with homogeneous Dirichlet data, and the function g in Eq. (2.1) is for showing
the general form of the right hand side in Eq. (2.2) below. We shall use the following
Hilbert space

S := H(div, 2,) ={ue [Lz(.Qx)]2 cdivu € Ly(£2y)),
associated with the norm
[lul|§ = [[ull3 + [Idivul]3.

The weak form for (2.1) reads as follows: find (¥, ) € § x L,(£2y) such that

{ W,u) — (divu,¢) = —(g,u-n), Yue S, 2.2)

(div ¥, w) = (p, w), Yw € La(£2,),

2
where (-, -) is the usual inner product in either [Lz(_Qx)] or Lo(£2,) and (-, -) is the

inner product in L;(952y) and n is the outward unit normal to d2,. For g = 0, the
problems equations (1.3) and (2.2) are equivalent and the solubility of (2.2) is based
on the inf-sup condition

(div ¥, w) -

in > A, (2.3)
VeSyer, 1P slwla

due to Babuska [7] and Brezzi [12] (known as Babuska-Brezzi condition) where A is
a positive constant.

For a general domain D with a triangulation {K} and for a positive integer k, we
define Py(K) as a set of scalar valued polynomials, of degree not greater than k,
restricted to the element K and let Pi(K) = [Pr(K)]* denote the restriction of the
set of all vector valued polynomials of total degree not greater than k to K.
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Now we consider a quasi-uniform triangulation of §2, as 7;' = {r} and define

S,’;: =f{ueS:ul; ePr(r), TeT;},

Wil = {w € La(2)) 1wl € P (7), T € TN @9

Then, S’;L X W;;*l C S x L(52,) is a mixed finite element space on the triangulation
T; of §2, for which the discrete version of the Babuska-Brezzi condition holds true:
(div ¥3, wp)

inf sup ———— > ):, 2.5)

uneSt wyewtt 1Wallsllwnllz =

where A is independent of /. Note that W;;*l is the space of piecewise polynomials
of degree not greater than k — 1. The mixed finite element method for (2.2) is now
formulated as follows, see [13] and [33]: find (¥, ¢r) € S,’ib X Wg_l such that

{ (Wh,w) — (div u, 9p) = —(g,u-n), Vu e S, 2.6)

(div ¥, w) = (p, w), Yw € W]rf;].

To simplify (2.6) it is customary, see [1], to employ a Lagrange multiplier to enforce
the continuity of normal components of ¥y across inter-element boundaries.

Note that, a formal subtraction of the equations (2.6) and (2.2), in the subspaces
S,]; X W]g*] C S x L», yields the following Galerkin orthogonality for the mixed
method:

{ (¥ — W, u) — (divu, ¢ —¢p) =0, Vu e S, @7

(div (¥ —¥p,), w) =0, vw e Wi
2.1 Error estimates for the mixed method
Our main tools are existence of local projections ITp = H,’é : H(div, £2;) — S;(r
and r, = n,];_l Ly (82,) —> Wr]i_l : such that
divo T} = 7y ' o div, (2.8)
and we have, the local, orthogonality
w—m'w,¢)e =0, ¢eWy (), TeTy, 2.9)
and, under certain conditions, the global orthogonality relations
(div (u — 1), w) =0, we Wi (2.10)

The relation (2.10) is identical to (2.7) in [13], which in turn relies on a rather
involved globalization procedure for the projection operators.
Now, since div Sﬁ = W]g_l,

(div u, w — 7} 'w) =0, uce sk (2.11)

Then, it is well known that, for0 <s <kand 0 < j <k,

1/2
lw =7~ wllg-s (e, < € (Z h%‘”«”uwui,) : (2.12)

T
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Moreover, forl <r <k +1,

1/2
o — Mpul Ly, < C (Z h%’uuuf) : (2.13)
T
We shall use the following global form of the estimates (2.12) (with s = 0) and (2.13)
in Ly (§2,)-norm, justified by the construction of n,]f_l and I7 ,’f s
lw — 5 wllry@ < CR D Wiy, Yw e HY(Q), (2.14)
lu— MTull e, < CEEIDM Ly, Yue [Hk“(:zx)]d. (2.15)

Below we gather the main error estimates of these approximations in the Ly (£2,)-
norm. In order to make the paper easy to follow, we shall give a brief outline to the
proof of some key estimates. For more detailed proofs we refer the reader to [13]
and [33].

Theorem 2.1 Let {Wy, ¢p} € S,’ib X Wg_l be the solution of the mixed finite element
scheme (2.6). Then, we have the following L,(§2y) error estimates:

I — Wl <CI¥ — MW <CH W], 1<r<k+]1. (2.16)
lp = pallz =lp — 7y "ol < CH llplr, 0<r <k (2.17)

lon — 75 Yol < CRIW — TEW |2 + CA™ P — 2K 1o, (2.18)

lp = gnlla < CH" (Ioll—2 + 1glr-1/2) » 2<r=<k+2 (2.19)

Proof Using (2.11) we may rewrite the first equation in (2.7) as
(W — W) — (divu, 75 ' — gp) =0, uc Sk (2.20)
Let now €p, := H}]?Lllf — ¥y, and in (2.20) take u = €p. Then,

I1€l17 (o, = TTh¥ — Wh, &) = (¥ — Wy, &) — (¥ — [T, &)
= (diveén, 7y ¢ —on) — (¥ — MW, &) = —(¥ — ITW, &),
(2.21)
where, we used equations (2.20) and (2.11). Thus, using the Cauchy-Schwarz
inequality
lenllL, 2 = 1Y — Ta¥ Ly 20, (2.22)

and hence, by the well-known estimates for projection error, we get
¥ = Yrlly 20 = lenlliyeo + 1Y — ¥ llLy20)
<2|¥ = IIp¥ Ly < CH I, l<r=<k+1
(2.23)

This proves the first estimate (2.16) of the theorem.
Next, note that by the successive use of (2.10) and the second relation in Eq. (2.7),

(divén, w) = (div (¥ — W), w) =0, Y we WL (2.24)
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Taking w = div € we get div e = 0. Thus, by the same calculations as in Eq. (2.23),
and using projection error

o = pallLy2o = 1div (¥ — W)y = I1div (¥ — TTp¥) Ly (2.25)
= CI||div¥|l, = CH|Ipllr 0<r =k, ’

which yields the second assertion (2.17) of the theorem.
Further, let £*¢ = o, where L£* is the adjoint operator for £ := — A, and we have
that o € Ly($2) and ¢ € H%(2,) N HOI(QX). Then, we may write, see [13],

(k"o = ¢n. @) = (W =Wk, Vo= MTa(Vagp))+ @iV (¥ —¥h), p—71). (2.26)

Then, by equations (2.14)—(2.15), together with the elliptic regularity of £*, (2.26)
yields (2.18).

Finally, using equations (2.16)—(2.18), and the projection error estimates equa-
tions (2.14) and (2.15),

—1 -1
e = enllLaen < 7y '9 = enllLyen + o — 75 el (227
= C (A2 Ny + MO pl|, 4 MO g ),

which, using the elliptic regularity of £* is simplified to (2.19), (we omit the details),
and the proof is complete. O

Below, we state some of the L results, due to Wang [33], for the error ¥ — ¥y,
based on the regularized Green’s functions approach. These are intermediate steps in
the Lo studies that are relevant in our Lj-error estimates.

Proposition 2.1 Let (¥, ¢) and (W, ¢r) be the exact solution for (2.2) and the mixed
finite element approximations in the BDM space, respectively, and assume that ¢ €
WL°(2,). Then

|¥ —ITp¥ ||o < Cllog h|1/2(||W—H,’;W||oo+h|log h|“1k/2||p—n;’;*‘p||oo), k=1

where Sy, is the Kronecker function. An improved version of the above estimate for
sufficiently smooth 082 and k > 1 is given by

1% = M lloo < € (Jloghl' 1% = MW lloo + hllp = 7} ' plloc) . (228)
If in addition, ¢ € W22 (82,), then
1% = Wnlloo < CH*log b2 (@lks.co + Nog h¥ Pllpllie) . (2:29)

The estimates in Proposition 2.1 are used to derive the projection and finite ele-
ment error estimates for ||¢p — nf];_l(pﬂoo and |l¢ — ¢nllco- We use (2.29) in our
estimates.
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3 The discontinuous Galerkin method for Vlasov equation

In this section we consider the Vlasov equation (1.2), and insert the computed value
¥, from the previous section, for the discrete gradient of the potential function ¢.
Thus, we study the following linearized version of the Vlasov equation: (1.4),

f+v-Yf+¥- -Vyf=0 in £ x[0,T],
fx,v,0) = folx,v), in 2 =02, x $2,, 3.1
fx,v, 1) =0, on I’ fortel0,T].

v
We discretize (3.1) by the discontinuous Galerkin (DG) finite element method in
(x, v), combined with the backward Euler (BE) method in ¢.

Remark 3.1 Note that the BE method is equivalent to a time discretization using the
DG(0), i.e. the piecewise constant approximation in time. One can show that for the
time discretization, the error of the continuous Galerkin of order one CG(1) approx-
imation, is smaller than that of the DG(0) approximation (cf [18]). In particular, the
CG(1) method converges more rapidly than the DG(0) method as the mesh is refined.
On the other hand the stability properties of the DG(0) method is exactly as that of
the BE, and hence yields better results, e.g. for parabolic problems, than the CG(1)
method.

Letnow Cp, := {K} = {7y X 7} be a family of quasi-uniform partition of the phase
space domain 2 = £2, x §2,, with the mesh parameter h(~ h, ~ hy).

For the remaining part of the paper we let k be a positive integer and introduce the
triangular finite element spaces of test and trial functions as

Vi =V i={w e Ly(R) : w|x € P(K), YK €Ch}

v = v,?”" {w e Ly(2) : wk € Pu(K), wlyxnp- =0, VK €Cy)

Vi = Vi 1= {w € €0, T), La(2) : w(n)|x € P(K), VK € Ch)

Wi = Wi = {w € €0, 71, La(@20)  w( Dl € Pt (7). Vo € Ty |

Sh =3k = {we CqO. 71 [L2(@0P) s uC, D, € Pezo), Voo € T |

where in Sy; u - n, are continuous across all interior edges e for t, € 7;ji . Note that

the space \7;, = C([0, T1, Vp). Similar identifications for Wh and S’h would make the
notation less concrete.

Next, we formulate the discontinuous Galerkin approximation of the Vlasov
eqrefDG:VPsystem1 in x, v-variables as: given the initial data fo, and an approxi-
mate potentlal vy € Sp (computed in Section 2), find f}, € Vi, such that, for all

gEV

@ fu+ Gh(WRV fir, 8 + hGR(WR) VR + ) / [f11g+|Gn(¥h) -nldv =0,
KeCh
) 3.2)

where for (x, v) € dK, we use the jump notation [w] = wy — w_ with
wt(x,v) = ‘llimow((x, v) 5 Gp(¥h)), s =(Sx,8), x>0, sy>0,
s|l—
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and we suppress the inner product sign “-”, e.g. G,V := G, - V, and (-, -)p denotes
the scalar product over the domain D. Further we use the notation Gy (¥y) =
W, ), Vf =M f,Vuf)and dK; = {(x,v) € 3K : G (¥p) -n(x, v) < 0}. Note
that the steps (i) and (ii) (see Section 1) are performed as follows: starting with ¥y,
(computed in Section 2) first we project it on the (possibly finer) mesh with parame-
ter 4 and then compute fj using (3.2). In practice one can choose & = h for all steps
and for the clarity of presentation in what follows we use only #.

The boundary term in Eq. (3.2) is the sum of jump terms over the inter-element
boundaries in (x, v)-variables. In case of no confusion we use d K_ and d K for
0K, and 0K af , respectively.

Combining equations (3.2) and (2.6) we get the mixed discontinuous Galerkin
method for the system (1.1) in x, v-variables: find (fy,, ¥n, ¢n) € \711 X S’h X Wh such
that

@ fn + Gh(¥R)V fr, § + hGr(¥r)VE) o + Z / [/n]g+|Gn(¥h)-m|dv =0,
kec, 9K
(Wh, w) — (divu, gp) =0,
(div ¥, w) = (o, w),  forallg e V", we SF andwe Wi
3.3)
Finally, for a partition 0 = #y < #;... < ty = T of the time interval [0, T],
with t, = nAr we define f* := f(¢,),n = 0,1,..., N and apply the backward
Euler scheme in time. This gives a discrete in time formulation of (3.3). Thus, for
eachn = 1,2,..., N, we have a variational formulation for a modified stationary
Vlasov-Poisson system in (x, v)-domain, where data for the Poisson equation as well
as the source term (initial data) of the Vlasov equation, both are equal to the com-
puted solution of the Vlasov equation at the previous time level n — 1. Then, the

discrete system at the time level n reads as follows: given f ~! ¢ v, find first

(lllh" -1 (p;l'_l) € Sp x Wy, (using the mixed method for the Poisson’s equation) and
then f}' € Vj, such that

((f,? — DA+ G OV g hch(w,f—l)vg>9
+ Z / [f;:']g+|Gh(W;?7]) -n|dv =0,
IKG

KeCp
W w) — (diva, ¢ ) =0,
divey ' w) = (o), w), Y(g,u,w) € Vs x Sp x W
(34
Note that since f,:'_l is a piecewise polynomial, so its integral can be computed
exactly using a sufficiently high order quadrature rule. Thus, the scheme (3.4) oper-
ates as follows: given f,;’fl € Vi pp ~! the quantities ! ~!and (pzfl are computed
from the last two equations of (3.4). Then f;' is computed from the first equation
of (3.4).
The first equation in the problem (3.4) can be formulated in a more concise form
as

bGh(¥ Y £ e) = L(g), Vge V), (3.5)
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where b and L are, respectively, the bilinear and linear forms defined by:

L(g): = (f,;’—l,g+hGh(w,f—l)-vg)Q, and (3.6)
bui f.9) = (f + At -V ). g +hGa (¥ - Vo)
var 3 [ 1f1g41Gi@ ) nlav. 3.7)
KeC, Jokg

In contrary to b(G(¢); f, g), with G(¢) := (v, —Vx@), which appears in the vari-
ational formulation of the continuous problem equations (1.1) and (1.2), and is
nonlinear (¢ depends on f), b(Gh(lI/,ffl); £, g), with W,:“l depending on f,;’fl, is
now linear. Recall that, for the composite phase-space schemes (3.4) the final meshes
are chosen as i = hy and h, ~ h,. Therefore, in the sequel, we shall only use / as
our phase-space parameter. Finally, we introduce the following triple norm

h+ At
2

glll2 = llglh +hAt|Gh(w) - Vglls + x

x Z[a [g]2|Gh(w)-n|dv+f g4Gh(@) nldv |. (3.8)
K

KeCy 9524

Below, we prove, L,-based, stability estimates for (3.5), at an arbitrary time step 7, in
[11g11lyn—1-norm. In Section 4, we shall derive the error estimates in the same norm.
h

3.1 L,-stability estimates

Lemma 3.1 Assume that the function g satisfies the homogeneous inflow boundary
condition: g\ = 0. Then the bilinear form b(-; -, -) is coercive (elliptic) with respect
1o |||-|l| gn-1-norm, i.e.

h

DG, D80 = (L= /218l Vg €V,

where, for simplicity, we restrict the domain of g to

V,? ={geLlr(2):glk € HY(K), glr- =0, gis piecewise discontinuous on Cy}.

Proof Assume that @' ~! is known from the previous steps (for simplicity, in this
proof, we suppress all sub and superscripts: # and n — 1 in G}, and llllf_l), then
b(GW): f.8)=(f.8)a + ([, hGW¥)-Vg)a + At(g.GW¥) -V e

+ AHGW)-Vf hGW)-Vg)o+At [f1g+IG(¥)-n|dv,
KEC;, K_(G)

which, with f = g, yields

b(G(¥); g, 8) = ZC [lgl% + (h + At)(g, G(¥) - V) +
KeCy

4
+Ah |GW) - Vgllx + Atf [8lg+IGW¥) | dv] =31

K

3.9)
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Hence we only need to estimate the terms 7> and 7. Now, using the Green’s formula

1
(8. G(¥) Vek = 5 f (GW) -m)g*dv
0K

1 1
—/ g2 IGW) -n|dv — —/ 21GW) -n|dv. (3.10)
2 Jak, 2 Jok_

Next, we write [g]g+ = gi — g_g4 toget
/ [¢1g+1G(¥) -n|dv = / g21G(¥) -nldv — / g-8+1G(¥) - n|dv.
aKg aKg aKg
3.11)
Combining equations (3.10), (3.11) and the identity
Z/ gi.ZZ/ gi.—/ g3.+/ gle, (3.12)
KeCy K KeCy 9K r- Iy
we can write (note that below the added (7 4+ At)-term is identically zero),

T+Ty= ) [“TA (/3 [gi|G<av>-n|—gi|G<av>-n|]dv)
K_

KeCy,
+At/ gi|G(l1/).n|dv—At/ g+ |G(W) -n|dv
0K 0K

—i—(h-i-At)(/ g+g,|G(lI/)~n|dv—f g+g|G(lI/)'n|dv>:|
0K _ 0K

+%</ gEIG(lI/)-n|dv—f gZIG(lI/)-n|dv).
Iy ol

By the assumption g| = 0, the identity above can be written as

D=y [“AI/B 2RI = G+ a0 [ 1G@) - nidy
K_ K_

2
KeCy,
+At/ gi|G(¢/)-n|dv—Az/ g+g-|G(W) -n|dv
K _ K
+aban [ g+g|G(W>.n|dv}+%/ IGW)-nldv
IK_ Iy
h+ At s
= Z 5 [g]°IG(¥) -n| —h [¢lg+|G(¥) -m|dv
KeCy K _ oK _
+%[ g2IG(¥) -n|dv.
Iy

Using —[glgs > —[g]?/2 — gi/Z, the negative term above is bounded below,

h h
—h/ [g1g,|G(¥) -m| = ——/ [ePIG() -n| ——/ $21GW) .
aK_ 2 Jok_ 2 Jok_
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Now we use the trace estimate, see e.g. [26], fak, gi|G(lI/) -n| < Cg ||g||%(, (where
for a convex domain K; Cx < 1), to obtain the bound

h h
—h/ [g]g+|G(sv>-n|z——/ PIGW) -n| - Cx g%, (3.13)
9K _ 2 Jok_ 2

Inserting (3.13) in the last equality for 7, 4+ T4 we get the estimate

At h h+ At
UEEDY [—/ [g]2|G(w>-n|—cK—||g||i}+ / g2|G(W)n|dv.
KeC, 2 Jox. 2 2 e

Thus with a kick back argument and due to the presence of the small coefficients hg
and also the fact that Cx < 1, the contribution from the negative term can be hidden
in the first term: ||g||x in the triple-norm and we get, recalling (3.9), the desired
result:

b(GW); g, 8) = (1—h/2)llglll3,

and the proof is complete. O

Remark 3.2 Note that the above lemma may be proved similarly for the continu-
ous case, where the appearance of the G (¢"~!)-terms (instead of G, (lI/,:' _1)) would
require some more caution.

4 Error estimates

Following the standard procedure, we let f,:’ to be the interpolant of f with the

interpolation error denoted by n" = f" — f,:’ and set £&" = f/' — f7, so that
e" = f" — f' =n" — &". We shall use the following well-known results:

Proposition 4.1 Assume that $2 is a sufficiently smooth domain and let the func-
tion f € C1([0, T], Wr2°(2) N WKTL.2(2)). Then we have the interpolation error
estimates

B < (VY pk+L n < Rk
171y Gy tyay < COA T I Nirn, max 1"yt < Gl N,

“4.1)
where Cy, = C;|$2y|||¥ |loc with ¥ € S and C; is the interpolation constant.

Proposition 4.2 (Trace theorem) Suppose that K is a Lipschitz domain. Then there
is a constant Cx = C|K| such that

1/2 1/2
lwlzaox) < C Wl 1wl g

Proposition 4.1 can be proved as Theorem 4.4.3 in [14], see also [24]. For a proof of

Proposition 4.2, see Brenner and Scott [9].
In the sequel we shall assume & = At.
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Lemma 4.1 Foreachn = 1,2, ..., N, and with n"* and &" defined as above, there
are the positive constants ¢ and C' such that

b(Gr(¥y ") ", €M) < chl||&" III,J,n A CRT 5+ Cl 4.2)

U/"l

Proof We use the definition of the triple norm and estimate the bilinear form as

b@r @D €N = |(n" + AGu TV "+ hGi (e T VE")

A1 Zf ["1EL G ") n] dv

KeCy,
—1y,.n2 ny2 n—1 ny2 h2 n—1 ny2
S Ch In"|l5 + chlE" |5 + CAt|Gr (¥, VN |15 + c(ADR|Gr (¥, )VER 3

+ ChY 13 + ch3IGh (W YVE |3 + cAt||E" )3

+CALGR W)V |3+ At Z/ ["1ER1GR (@) -m] dv|.
KeCy

We use the Proposition 2.1, assumptions, and inverse inequality to bound the term
1Gh (@ DV 2 < Gl = W oo IV ll2 + Coll ¥ ool V" [12
< Coh ™" 2.

Moreover, for the contribution from the boundary terms we use the trace estimate as

e / (MEN 1GR @) mldv|<CAr Y / " PG (@) -n] dv
KeCy JOIK_(G) KeCp JIKg
tear Y / € PIGH ) mldv < ClIIIE,
KeCy Jokg

1/2 1/2
n ny2
+cAtrnaxCK( > & ||L (K.IG(w! n|)> ( > IIVéE ||L (K. Gh(d/g’")-n))

KeCy, KeCy,

+c1Ar|||s”|||2n |+ c1 (AR VE™ |2

<C
™11 L(2,1G, ()~ )nl)

lI/nl
2
= Clin"1ll o~ 1+62At|||$”|||q,n B

Now we may add up all n and &-terms in the corresponding [[1" [l2 or [[[E"[|[,n-1-

norms, use the assumption that 4 ~ Ar and represent the final coefficient by a new
constant C’ to conclude that

(G "1 < chlIIE s + R I 15+ €l

which is the desired result. o
Our main result is the following, local in time, error estimate.

Theorem 4.1 Let (f]', ¥~ I oy Y € Vu x S, x W), be the mixed discontinuous
Galerkin finite element approximation of (3.4), and (f, ¥, ¢) be the exact solution
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of the system equations (1.2)—(1.3) and (2.1), such that |V f" |2 + IVf" o < C,
"l e W2 forn = 1,...,N, and f € C'([0, T], W5 N Wk+1.2) Then,
there are the positive constants C1, Cy, ¢, independent of h, ¢ and f, but may depend
on the size of the velocity domain $§2, such that for sufficiently small h and for each

n=12...,N

1

n—1y2
— 1" I3,

1
g2, 1 = 7= (™! + Caarje" ) +

n n—1
where @" = L ;J; — fi' = 0(At), with o(At) interpreted due to the amount of
regularity of f in time.

Proof The exact solution f™ at time t = t,, satisfies

BG@"): 7, 8) = b(Ge": [, 8) — (416", g + hGH(¥} ") V)
= (/" g+ hGa@ V),

where, for the sake of simplicity, the right hand side is denoted by b°. Hence, using
the Lemma 3.1 and (3.5), we may write

(= R/DIEMIR,, -1 < bG s £ = i€
= b(Gn (W™ D): fi1 8" — DG fiL &)
= (S 6"+ hGu@HVE) =BG : 6
= 0°(G " [ 8" = bGr (W fil €M)
+ (& = e+ nGuwyver)
= [b4G @™ 1. 6m =BG 16|
+b(Gr (D", €
+ (g”*‘ - g"+hGh(w;—1)vgn> =i+ + 5.
Here, Lemma 4.1 gives a bound for the J,-term. J; and J3 are combined error indi-
cators for the mixed finite element (¥ is computed, using the DG approximated f,)

DG and BE approximations. Below, we estimate J; and J3 separately. As for the
Ji-term, using the definition of ¢ and (3.5),

Wl =|(f7+ MGV f7 - Ar6", €+ hGu W VE" )

— (/7 + MGV e + G ThVE)

= |(A11G@") = G IV 7. 8" + Gl ver)

+|(arer. & + nGuwp~Hver)

=Ji+ Jiz.
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Evidently, we may write
inl=| Qr1G " G+ Gle" ) =G IV 7, € +h G () VE")
= 4t |(1G™ = G HIV ", €+ hGa (@ ~HVe")

+4t| (16" = Gu@ =V £, & + hGi (@~ VE")

Further, using the Holder and Young’s inequalities, combined with the assumptions in
the theorem, the last estimate (2.29) of Proposition 2.1, and the constant contribution
from the linearized term Gy, (¢Z_l) — Gn(¥, —1), yield

[T11] < At|Ve(@" = @" D20V f oo lIE™ + hGr (¥~ HVE" |12
FAHVE (@ = 0 D oIV 2 1IE™ + hG R () HVE" |12
< CAtf" = " RIV f loollE™ + hGR ()Y VE |
FAHE T = o IV F 21IE" + hGr (%) VE |2
< C'(ADP|E" + hGu (¥}~ YVE |2 + C(ADR* ! log h|'/2
(9" Mlks2,00 + 1og 71%1/2] 0"k o0) 1E" + hG R (F~HVE |
= C'(A0? + (€1 + &) A (18713 + W 1Gh (Ve 3)
+Cu (AN log | (119" 12,5, + [Tog hIH1 10717 . ).
As for the Jj;-term
|Ji2 < At|O"|21|E" + hGj (W)~ VE" ||

A

_ 4.3)
< Janiom 3+ Lar (16713 + K1Gh @~ HVE )
Next, for the term J3 we have
13 < "t = E" ML lIE" + hGr (@ HVE |
“4.4)

IA

L (0 B + g 13) + 5 (g + r21Ga e 3).

Now adding the estimates for the terms Jii, Ji2, J2, J3, using the mesh com-

patibility relation Az = h and hiding the terms involving c|||$”|||2w”_], c||$”||%,
h

and the second term on the right hand side of the estimates for |Ji1| and (4.3), and

] (||g"||§ +h2||Gh(w;—1)V§"||§> from the right hand side of (4.4), in the triple

norm on the left, we end up with the bound

(2 =R "I, = Cu(ann™ <2 ("7, oo + log hI% 10"~ )

+C B "+ C
h

+3ln" B + 5185 + Ca O
< CR*H 4 318113 + Ca At 075,
4.5)
where in the last step we used the first and second interpolation error estimates in
Eq. 4.1, the fact that the second term on the right hand side is dominating the first
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one,and ¢’ =1+ (Cl + Wlu) + c. Hence, multiplying both sides of (4.5) by 2 and
dividing by 1 — 2¢’h, the proof is complete. O

Corollary 4.1 Under the assumptions of Theorem 4.1, there exist the constants C
and C», depending on T, such that

N _ ¢N < k ol
[.f Sa |||l1/hN—| <Cih"+C; 12}?1\/ 16" |2.
Proof From Theorem 4.1 we getforn=1,2,..., N,

e 112

]—h (I/nZ

g™ 112 (4.6)

vt = 7o (QR  Caanen ) +

For the clarity of further estimations, we simplify the notation using w, :=
C h%+! 4 C2At||(~)”||§ and e, := |[|€"]|2 Hence the inequality (4.6) takes the

form

l]/" 1

1 1
<
R A B

For sufficiently small # we have ch < %, which gives (1 — ch)*] < %" Thus

€n—1-

1 . .
en < en—1+ un < en_1€%" + uye*h, 4.7)
1—ch 1—ch

Iterating (4.7) and using the fact that, by Theorem 4.1, e; < M]eZCh + ¢, with
&0 = |1€°]13 = 0, we get

ey < e*M (ey_o + pun—1) + puneh
< ey 3+ eﬁ“huzv 2ty F ety S s g
26NheO+ Z eZc(N n—H)h Z eZc(N n—H)hM .

n=1 n=l1

Denoting 7, :=ty —t,—1 = (N —n+1)h, we obviously have 7, = 1,41 + h. Hence,
since ch < 1/2, we have 2ct, < 2ct,41+ 1. Further for 7,41 < v < t,,, we can write

2 "o, e 1 "o,
e~ =/ e~Indr < / P R e/ e~“tdr.
Tn+1 Tn+1 Tn+1

Summing the above inequality over n we get
7] IN
Z 2cty <= Z/ 2”(11’ — f eZcrdT — f/ eZcrd_L_
Tn+1 TN+1 h 0

— L <e2cl‘1\] _ 1) .
2ch

Now, using the above estimate and (4.8), we have that

N
e
en < 262”” max [, —(eZC’N —1) max .
— l<n<N 2ch I<n<N

S

IA
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Hence, for each n and for sufficiently small h we have the error bound

NENIEE voy < Coh™ + Comaxi<u=n 10”113
A

Now recalling that the second interpolation error estimate, cf (4.1), is of order JLan

the proof is complete. O

Remark 4.1 The term max;<,<ny [|©"|2 tends to zero with At — 0. Assuming
more regularity in time, f € Cz([O, T], wkoon Wk+1’2), we have for each n that
@] < CAt, i.e. the optimal convergence rate for backward Euler. Using higher
order approximations in time we get the optimal result as in [2].

5 Conclusions

In this paper we presented a numerical scheme for the solution of the two-
dimensional Vlasov-Poisson equation based on a hybrid of three different numerical
approaches consisting of i) the mixed finite element approximation for the Poisson
equation combined with ii) the discontinuous Galerkin finite element method for
the Vlasov equation and iii) the backward Euler scheme for time discretization. The
choice of the BE is mainly for its unconditional stability and its compatibility with
the DG method. We proved that our composite scheme possesses good stability and
high accuracy properties and yields the optimal convergence rate.

In a forthcoming paper we shall study a posteriori error estimates of SD and DG
methods for the fully discrete problem. We also plan to study some relativistic models
of the three-dimensional problem.
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