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Abstract. We construct a new family of semi-discrete numerical schemes for the approximation
of the one-dimensional periodic Vlasov-Poisson system. The methods are based on the coupling of
discontinuous Galerkin approximation to the Vlasov equation and several finite element (conform-
ing, non-conforming and mixed) approximations for the Poisson problem. We show optimal error
estimates for the all proposed methods in the case of smooth compactly supported initial data. The
issue of energy conservation is also analyzed for some of the methods.
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1. Introduction. The Vlasov-Poisson system is one of the basic and simplest
models in the mesoscopic description of large ensembles of interacting particles. In
one-space dimension and in dimensionless variables, the Vlasov equation reads

0f | 0F 4 0f _

5t Uam — Py =0 (z,u,t) € Qp xR x[0,00), (1.1)

where the electrostatic field, —®,.(x,t), derives from a potential ®(x,t) that satisfies:
Py, =plx,t) —1 (x,t) € Qp x[0,00), (1.2)

with p(z,t) being the charge density which is defined by
plx,t) = / f(z,v,t)dv  for all (z,t) € Q, x [0, 00). (1.3)
R

The above system describes the evolution of a collisionless plasma of charged particles
(electrons and ions) in the case where the only interaction (between particles) con-
sidered relevant is the mean-field force created through electrostatic effects, hence
neglecting the electromagnetic effects. f(x,v,t) is the electron distribution, which is
a non-negative function depending on the position: x € Q, C R; the velocity: v € R,
and the time: t € R, with Q, denoting the spatial domain where the plasma is con-
fined. As ions are much heavier than electrons, it is assumed that their distribution
is uniform and since the plasma should be neutral, one has

/Qw plx,t)de = /Qz /Rf(a?,v,t) dvdx =1 for all ¢ € [0, 00). (1.4)

We refer to the surveys [41, 12, 34] for good account on the state of the art in the
mathematical analysis and properties of the solutions of the Cauchy problem for the
Vlasov-Poisson system.

Many efforts have been dedicated to the numerical approximation of the Vlasov-
Poisson system with either probabilistic or deterministic solvers. Since the beginnings
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of numerical plasma simulations in the 60's, Particle methods [11] have been often
preferred because of their lower computational complexity. For these methods, the
motion of the plasma is approximated by a finite number of macro-particles in the
physical space that follow backward the characteristics of the Vlasov equation. Several
works have also analyzed their convergence in one [30, 59] and higher dimensions [58].
However, a well known drawback of these methods is their inherent numerical noise
which prevents from getting an accurate description of the distribution function in the
phase space for many applications. To overcome this lack of precision, eulerian solvers,
methods discretizing the Vlasov equation on a mesh of the phase space, have been also
considered. Their design has been explored by many authors and with many different
techniques: finite volumes [36, 37]; Fourier-Fourier transform [44]; finite elements
(60, 61], splitting schemes [33, 17]; and semi-lagrangian methods [39, 31, 16]. All these
methods present different pros and cons and we refer to [38] and the references therein
for a discussion. Finite volumes are a simple and inexpensive option, but in general,
are low order. Fourier-Fourier transform schemes suffer from Gibbs phenomena if
other than periodic boundary conditions are imposed. Semi-lagrangian schemes can
achieve high order allowing also for time integration with larger time steps. However,
they require high order interpolation to compute the origin of the characteristics,
which in turn destroys the local character of the reconstruction. Standard Finite
Element methods suffer from numerical oscillations when approximating the Vlasov
equation. In contrast, Discontinuous Galerkin (DG) finite elements are particularly
well suited for hyperbolic problems and their application to non-linear conservation
laws has already shown their usefulness [26, 25, 28].

Based on a totally discontinuous finite element spaces, DG methods are ex-
tremely versatile and have numerous attractive features: local conservation proper-
ties; can easily handle irregularly refined meshes and variable approximation degrees
(hp-adaptivity), weak approximation of boundary conditions and built-in parallelism
which permits coarse-grain parallelization. In addition, DG mass matrices are block-
diagonal and can be inverted at a very low computational cost, giving rise to very
efficient time-stepping algorithms in the context of time-dependent problems, as it is
the case here. Pioneering research on discontinuous Galerkin methods was pursued
in [51, 47, 35, 56, 3]. We refer to [24, 4] for a detailed historical overview and for
more recent developments to [54, 49, 14, 5] and references therein. However, although
DG methods can deal robustly with partial differential equations of almost any kind,
their application in the realm of numerical approximation of kinetic models has been
considered only very recently. In [20] and [9] the authors study, respectively, the use
of DG for the Boltzmann-Poisson system in semiconductors and for water-bag ap-
proximations of the Vlasov-Poisson system. In [40], an L!-analysis is carried out in
for a simplified linear Vlasov-Boltzmann equation with a given confining force field.

Despite the numerical performance of all these eulerian solvers has been extens-
ively studied, to our knowledge, the issue of their convergence and error analysis for
the Vlasov-Poisson system, has not been tackled till very recently, and only for the
one-dimensional periodic case. The convergence and error analysis for a low order
finite volume scheme is contained in [37]. More recently, semi-lagrangian schemes
have been analyzed; of first order in [7] and high order is considered in [8, 10]. In
these works the authors have also proved a-priori error bounds in different norms for
both the distribution function and the electrostatic field. We also mention that for
other kinetic models, finite differences [52] and spectral methods [46, 45] have been
also considered and analyzed.
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The present paper is concerned with the design and analysis of discontinuous
Galerkin approximation for the one-dimensional periodic Vlasov-Poisson system. We
introduce a new whole family of eulerian schemes, based on the combination of DG
approximation to the Vlasov equation with various different finite element (conform-
ing and nonconforming) approximations to the electrostatic field. The first one is a
direct conforming approximation obtained by taking advantage of the explicit integ-
ration of the Poisson equation in one dimension. Such approximation is equivalent
to what most authors, if not all, have usually considered for this system. However,
in spite of its simplicity, it might not be the most appropriate scheme in view of the
possible extension/adaptation of the numerical scheme to higher dimensions and to
more complex kinetic models. For this reason, in the present paper we also examine
a different approach: since the coupling in the Vlasov-Poisson system is through the
electrostatic field, the main interest in the Poisson problem is the approximation to
®,, rather than to ®, and therefore mixed finite element methods seem to be the right
choice. We explore Raviart-Thomas and several mixed DG approximations for the
Poisson problem.

We also deal with the convergence and error analysis for the proposed DG methods
for the case of smooth compactly supported solutions. We derive optimal error bounds
in the L2-norm for both the distribution function and the electrostatic field, for high
order methods, namely k > 1, k being the polynomial degree of the DG approximation
for the distribution function. The analysis for piecewise constant approximation (k =
0) is different and will be carried out somewhere else. Although Vlasov equation
might be seen as a simple transport equation, its coupling with Poisson, brings into
play in such equation, a non-linear (quadratic) and non-local term. This generates
some difficulties in the error analysis, precluding a straightforward extension of other
works. A key ingredient is the construction of some projection operators, inspired
in those introduced in [47, 53, 23, 62], but specially designed for the Vlasov-Poisson
system. These special projections allow for avoiding the loose of half order, typical
of the standard error analyses of finite element methods for hyperbolic problems. We
have focused on semi-discrete schemes; discussion on suitable time integrators and
design and analysis of fully discretized schemes is outside the scope of this paper and
will be the subject of future research.

Finally, we wish to note that while developing the methods, we have taken special
care in ensuring that physical properties of the continuous system are preserved. The
DG approximation for the Vlasov equation ensures in an easy way that the total charge
of the system is preserved (1.4). We also discuss the conservation of the total energy
for the proposed schemes. In particular, we propose a full DG method (DG for Vlasov
equation and a particular Local discontinuous Galerkin (LDG) for Poisson problem),
that preserves the total discrete energy of the system. To the best of our knowledge
this is the first scheme proposed in literature for which energy conservation can be
shown. Our proof however requires a technical assumption on the polynomial degree
for the DG methods, namely & > 2. Whether this restriction is really necessary or
not, will be the subject of future research. For many others full DG schemes presented
in the paper, we provide a bound on the energy dissipated by the system.

Extension to higher dimensions, numerical validation of the results presented
here and numerical performance of the presented numerical schemes in challenging
questions such as the Landau damping of Langmuir waves [63] or the Raman scattering
instability [9] will be carried out somewhere else.

The outline of the paper is as follows. In section 2 we describe the main properties
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of the continuous problem, we introduce the notations and revise some basic results
we need for the description and analysis of the numerical methods. In section 3 we
present the numerical methods proposed to approximate the one dimensional periodic
Vlasov-Poisson system. The error analysis for the presented method is detailed in
section 4. We discuss the energy conservation properties of the schemes in section
5. The paper is completed with two appendix, Appendix A and B, containing some
proofs of technical and auxiliary lemmas used in the convergence analysis.

2. Preliminaries, Notation and Auxiliary Results. Throughout this paper,
we use the standard notation for Sobolev spaces [1]. For a bounded domain B C R?,
we denote by H™(B) the L?-Sobolev space of order m > 0 and by || - |5 and
| - |;m,p the usual Sobolev norm and seminorm, respectively. For m = 0, we write
L?(B) instead of H°(B). We shall denote by H™(B)/R the quotient space consisting
of equivalence classes of elements of H™(B) differing by constants; for m = 0 it is
denoted by L?(B)/R. We shall indicate by L3(B) the space of L?(B) functions having
zero average over B. This notation will also be used for periodic Sobolev spaces
without any other explicit reference to periodicity to avoid cumbersome notations.

2.1. Continuous Problem: The 1D periodic Vlasov-Poisson System. In
the rest of the paper we take Q, = [0,1] in (1.1)-(1.2)-(1.3)-(1.4). Let fo denote a
given initial distribution f(z,v,0) = fo(x,v) in (x,v) € [0,1] x R. We impose periodic
boundary conditions on z for the transport equation (1.1),

f(0,v,8) = f(1,0,t) for all (v,t) € R x [0, 00).
and also for the Poisson equation (1.2),
®(0,t) = D(1,¢) and D,.(0,t) = D,(1,1) for all ¢ € [0, 00). (2.1)

Notice that (1.4) is coherent with the 1-periodicity of ®,. Let us also emphasize that
the correct way of including periodic boundary conditions is to assume that f and
® are the restriction to [0, 1] of periodic functions defined in R in the right spaces.
To guarantee the uniqueness of the solution ® (otherwise is determined only up to a
constant), we fix the value of ® at a point. We set

®(0,t) =0 for all ¢ € [0, c0). (2.2)
However, notice that since the Poisson equation (1.2) is one-dimensional it could

be directly integrated. More precisely, by using twice the Fundamental Theorem of
Calculus, it follows that ® is defined for all ¢ € [0, 00) as

2 x s
<I>(x,t):D+CEx+%—/ / p(z,t)dzds Vzel0,1], (2.3)
o Jo
where D and Cg are integration constants determined from (2.2) and (2.1);
1 z 1
D=0, C’Ez/ / p(s,t)dsdz—§ vVt e [0,T). (2.4)
o Jo

Denoting then by E(z,t) = ®,(z,t), and differentiating (2.3) with respect to z, we
find

E(x,t):‘Dx(x,t):CE—i-x—/mp(s,t)ds Yz el0,1], (2.5)
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with Cg defined as in (2.4). Throughtout the paper, E will be referred as the elec-
trostatic field. Although the physical one is indeed —F, we shall use this abuse in the
notation to follow the standard notation for the Poisson solvers in the Discontinuous
Galerkin community. Observe that (2.1) implies that the electrostatic field has zero
average in agreement with the charge neutrality.

In order to perform our error analysis we restrict our attention to smooth com-
pactly supported solutions f in a fixed time interval [0,7] for all T > 0. Given a
distribution function f(x,v,t), we will denote by

Q(t) = 1+ sup{|v| : 3z € [0,1] and 7 € [0,¢] such that f(x,v,7) # 0},

for all ¢ € [0,00) as a measure of the support of the distribution function. The
following result is essentially contained in [29, 57, 41].

THEOREM 2.1 (Well-posedness Continuous 1DVP). Given fy € CH(R, x R,),
I-periodic in x and compactly supported in v, Q(0) < Qo with Qo > 0. Then the
periodic Viasov-Poisson system (1.1)-(1.2) has a unique classical solution (f,E), f €
C1(0,T;CY (R, x R,)) and E € C1(0,T; CY(R,)) that is 1-periodic in x for all time
t in [0,T] for all T > 0, such that:

i) Regularity: If in addition fo € C™(R, x Ry), m > 2, then, the distribu-
tion function f belongs to C™(0,T;C™(R, x R,)) and the force field E €
c™(0,T;C™(Ry)).

it) Control of Support: There exists a constant C depending on Qo and fo such
that Q(T) < CT for all T > 0.

In the rest of this work, we will assume that the initial data f; satisfies the
hypotheses in Theorem 2.1, and thus, the unique classical solution to the periodic
Vlasov-Poisson system (1.1)-(1.2) satisfies that there exists L > 0 depending on fo, T
and Qo such that supp( f(t)) C Q for all ¢ € [0, T], where we have defined =7 x 7,
with Z =[0,1] and J = [—L, L]. The Vlasov transport equation (1.1) is regarded as a
transport equation in Qr := Q x [0, T]. Taking into account the boundary conditions,
the weak formulation of the continuous problem (1.1) reads: find (f, E) such that

//thd)dxdv—//gvf%dmdv —I—//QEfngvda:dv:O Vo € C().  (2.6)

It is well known [41, 12, 34] that the continuous solution of (1.1)-(1.2) satisfies four
important properties:

e Positivity: f(t,z,v) > 0, for all (x,v,t) € Q.

e Charge conservation: as given in (1.4).

o LP-conservation:

1fO ey = llfollri@y 1<p<oo, Vte|0,T]. (2.7)

o Conservation of the total Energy:

% </Q lv2f(z,v,t) dxdv+/I|E(x,t)|2dx> =0. (2.8)

In deriving numerical methods for (1.1)-(1.2), we will try to ensure that the resulting
schemes will be able to produce approximate solutions, enjoying some of these prop-
erties. As usual with high-order schemes for hyperbolic problems, we cannot expect
to preserve positivity of the scheme. However, we will be able to conserve the total
energy for particular method, see section 5.
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2.2. Discontinuous Galerkin Approximation: Basic Notations. Let {7}
be a family of partitions of our computational/physical domain Q =7 x J = [0, 1] x
[—L, L], which we assume to be regular [21] and made of rectangles. Each cartesian
mesh 7}, is defined as 7p, :={T}; = I, x J;, 1<i<N,, 1<j<N,} where

Ii = (7,12, Tip1/2] Vi=1,..., Ny Jj = [vj_1/2,v5412] Yi=1,...,Ny,
and the mesh sizes h, and h, relative to the partition are defined as

0< hy,= max hi :=ux; — T 0< hy, = max hY :=uv — V;_
x 1SN, i i+1/2 i—1/2 v 1<G<N, j i+1/2 i—1/2 >

being hi and hy the cell lengths of I; and J;, respectively. The mesh size of the
partition is defined as h = max (h,, h,). For simplicity in the exposition we also
assume that v = 0 corresponds to a node, v;_1,, = 0 for some j, of the partition of
[—=L, L]. The set of all vertical edges is denoted by I, and respectively, we will refer
to I',, as the set of all horizontal edges;

I, := U{xH/Q} xJj, T,:= Uli x {vj_1/2}, Th=T,UT,.
i,j ,J
By {Zn} we shall denote the family of partitions of the interval Z;

Tni={IL: 1<i<Ny} 7= Hwicip}.

Next, for k > 0, we define the discontinuous finite element spaces V¥ and ZF and a
conforming finite element space, W;f“,

Vi ={pel*T): YeP), Vo €lji=1,...N,, },
zk .= {Z€L2(Q) : ze(@k(Tij), V(xz,v) €Ty =1, x Jj, Vi,j},
Wittt = {yec®T) : xeP"), Vo €L i=1,...N,, } nL*(T)/R,

where P*(I;) is the space of polynomials (in one dimension) of degree up to k, and
QF(T;;) is the space of polynomials of degree at most k in each variable.

Trace Operators: We denote by (@h)jﬂ/z,v and (aph);rl/gw the values of ¢ at
(%i41/2,v) from the right cell I;;; x J; and from the left cell I; x J;, respectively;

(@h)?:_i_l/gm = lslﬁ)l Soh(xi+1/2 + 5,1}) ’ (gph)ij_‘_l/g = EFOlgph(xa Uj+1/2 =+ 6) )
for all (x,v) € T x J or in short-hand notation
(@h)i_l/gw = @h(xi_l/ga U) s (Wh)ij+1/2 = @h(-ra Uji_;,_l/g) , (2'9)
for all (x,v) € I; x J;. The jump [-] and average {-} trace operators of ¢ at

(Tiq1/2,v), Yv € J; are defined by

[en itz = (@h)jﬂ/g,v - (@h)ﬁl/g’v Veon € 2y,
1 (2.10)
2

{entiv1/en = [((ph)ztrl/lv + (@h);rl/Q,v} Vion € Zy; .



DG METHODS FOR ONE-DIMENSIONAL VLASOV-POISSON SYSTEM 7

2.3. Technical Tools. We start defining the space
H™(Tp) = {p € L*(Q) : )5, € H™(Tij) VT € T} m>0.

In our error analysis, since we consider a non-conforming approximation, we shall
employ the following seminorm and norms,

elin=> lelr, leltz = lelan, YeeH™T),m>0
s J

.9

Plocem = sup lelooes 1012z = 3 Mol Vo€ L/(T),

'ije h 7;,]'

for all 1 < p < co. We also introduce the following norms over the skeleton of the
finite element partition,

Iz =S / @izl dv, I9l3r =3 / (DogirplPde Ve H(T).
i, 77 i, 7L

Then, we define [|¢[|3 r, = ll@ll§ r, + ¢ll§ r,- We notice that all the above definitions
apply also for the partition Z, with the obvious changes in the notation.

Projection operators: For k > 0, we denote by P* : L?(Z) — th the standard L2-
projection onto the finite element space V}f defined locally, i.e., for each 1 <i < N,

/ (PF(w) —w) gndz =0 Vg, € P*(I;) . (2.11)
I;
This projection is stable in LP(Z) for all p [32], i.e.,

1P*(W)lLr(z) < Cllwllprzy  Ywe LP(Z), 1<p<oo. (2.12)
We next introduce two more refined projections (see [53]), which we denote by 7+,
that can be defined only for more regular functions, say w € H'Y/?*¢(I;) for all i. The

projections 77 (w) and 7~ (w) are the unique polynomials of degree at most k > 1,
that satisfy for each 1 <i < N,

/ (ﬂi(w) —w) gpdz =0, Vg, € PRI, (2.13)
I;

together with the matching conditions;

|

™ w(x?'_lm)) = w(xj'_l/Q) ; Wf(w(x;_l/Q)) = w(xi__H/Q) . (2.14)

Provided w enjoys enough regularity, say w € H*+1(I;), the following error estimates
can be easily shown for all these projections:

lw — P¥(w)|

+
[[w =7 (w)llo,z,

Ol }< Ch**  Ywleyrr,  Ywe HYFY(L). (2.15)

where C' is a constant depending only on the shape-regularity of the mesh and the
polynomial degree [21, 53]. For the standard L2-projection we will also need estimates
in the L*°-norm [55],

o — PX(w) o0,z < CHF* ]y 1,00 7- (2.16)
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Let k > 0 and let Pp, : L*(2) — ZF be the standard L%-projection (in the two-
dimensional case) defined by Pp,(w) = (P¥ @ PF)(w); i.e., for all i and j,

/. /J (Pr(w(z,v)) — w(z,v)) op(z,v)dvde =0 Vo, € ]P’k(Ii) ®]P’k(Jj) . (2.17)

From its definition, it follows inmediately its L2-stability, but it can be shown to be
stable in L? for all p [32],

[Pr(w)llze(z) < Cllwllr@y YweLP(Q), 1<p<oo. (2.18)

3. The suggested numerical methods. In this section we formulate the nu-
merical schemes we propose to approximate the Vlasov-Poisson system. The first
one is a scheme where the DG approximation for the transport equation is coupled
with a simple conforming approximation of higher degree for the electrostatic field.
The second scheme results by combining mixed finite element approximation for the
Poisson problem together with DG approximation to the transport equation. Last ap-
proach is based on fully DG approximation for both variables the electron distribution
f and the electrostatic field.

Due to the special structure of the transport equation: v is independent of z and F
is independent of v; for all methods the DG approximation for the electron distribution
function is done exactly in the same way. Therefore we start by introducing the DG
method for the transport equation (1.1), and in what follows, we denote by E! the
restriction to I; of the finite element approximation Ej to be defined later on.

Let fn(0) = Pn(fo) be the approximation to the initial data. The numerical
method reads: find (Ey, f) : [0,T] — (Wh, ZF) such that

N. N,

SO BY(Eni faon) =0 Veu € Zf (3.1)

i=1 j=1

where the bilinear form ij (En; fu,n) is defined for each i, j and @), € ZF as:

Ofhn
Bij(En; fn, on) = J: o dvdx —/
T,

depn i . Opn
5, ot vfp o dvda:—&—/Tij E} fn e dvdx

ij

+/J [(@‘P;)iﬂ/zv - (@‘PZ)iﬂ/zv} dv (3.2)

J

(@), - (@), ) e

@, j+1/2

where we have used the short hand notation given in (2.9). Notice that the expression
ij (En; fn,¢n) is in fact a bilinear form. Fj, is used only to emphasise the nonlinear
dependence on it. Here, the boundary terms are the so-called numerical fluxes, which
are nothing but the approximation of the functions vf and Ef at the vertical and
horizontal boundaries I',, and I';,, respectively. By specifying them, the DG method is
completely determined. The design of these numerical fluxes is the key issue to ensure
the stability of the numerical scheme. We consider the following upwind choice:

— [ of, ifv>0, = [ ELfff ifE >0,
”fh_{vf,j ity <o, Pnfn= E.f, ifE.<0. (3.3)
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We define the numerical fluxes at the boundary 9 by

—

(fn) 120 = (Wfn)Net1/2,00  (Bifo)wie = (Ejfr)sn,+12 =0, Y(z,0) eI x T,
so that the periodicity in x and the compactness in v are reflected. The discrete

density, denoted by pp(x,t), is given by

Z fh;vvtdv Yeel, VYte [0,T) (3.4)

Note that from the definitions (1.3) and (3.4) of p and pj, respectively, and using
Cauchy-Schwartz’s inequality it is straightforward to see that

lp(t) = pu ()15 2 < 2LIfn() = FOIG. 7 V€ [0, T]. (3.5)

One of the nice features of the DG approximation for the transport is that charge
conservation is ensured by construction, as the following result shows:

LEMMA 3.1. Particle or Mass Conservation: Let k& > 0 and let f; €
CL([0,T; ZF) be the DG aprozimation to f, satisfying (3.1)-(3.2). Then,

;/T] fh(t)dvdx;/nj fh(O)dvdz;j/Tij fodvdz =1 VYtel[0,T]. (3.6)

Proof. Note that since f,(0) = Pr(fo), from the definition of the L2-projection
(2.17) (with @5, = 1) together with (1.4) we have

Z fr(0 dvdm—Z/ P (fo) dvdx—Z/ fodvdx = 1. (3.7)

Ty,

We now fix an arbitrary T;; and take in (3.2) the test function ¢, =1 in Tjj; ¢, =0
elsewhere. Noting that such a test function verifies (¢n);,; 5, = (‘Ph)j—1/2 , =1, we
have

Byy(En - fr1) / fdvda + / (04120 — ©F0)s1 ] 0

- /I_[(Eﬁfh)m,jﬂ/z - <E;th)x7jfl/2] dx

Moreover, note that since the choice of Tj; was done arbitrarily, last identity holds
true for all ¢, j. By summing last identity over all ¢ and j, the flux terms telescope and
there is no boundary term left because of the periodic (for ¢) and compactly supported
(for 7) boundary conditions. Hence, taking into account (3.1) we have,

d
— .. . 1 —_ =
0 Eij Bij(En; fn,1) pr Eij /T frndvdz =0,

and so integration in time together with (3.7) lead to (3.6). O

We next deal with the approximation to the electrostatic field E(x,t) = ®,(x,t).
The discrete Poisson problem reads,

(Pr)ee =1—pn z€]0,1], ®p(1,t) = 5(0,¢). (3.8)
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The well posedness of the above discrete problem is guaranteed by (3.6) from Lemma
3.1 which in particular implies

(®r)z(1,t) = (Pp)2(0,1). (3.9)

To ensure the uniqueness of the solution we set ®;,(0,¢) = 0. To get the solution of
the discrete Poisson problem at least two possible approaches arise:
i) Direct integration of the discrete Poisson problem (3.8),
i1) approximation of (1.2) with some mixed finite element method; possibly dis-
continous.
We next consider in detail these approaches.

3.1. Conforming approximation to the Electrostatic potential. Reason-
ing as in section 2.1, direct integration of the discrete Poisson problem (3.8) together
with ®,(0,t) = 0 gives

2 xT s
Dy (x,t) = Cha + % - / / pn(z,t)dzds Vo e|0,1], (3.10)
o Jo

where C% is determined from the boundary conditions in (3.8),

1 z 1
Op = / / pn(s,t)dsdz — 3 vt e [0,T]. (3.11)
0o Jo
Then, differentiation w.r.t = in (3.10) leads to
Ep(z,t) =Ch + 2 — / pr(s,t)ds Yz € [0,1]. (3.12)
0

Observe that since p, € th, Ej, turns out to be a continuous polynomial of degree
k + 1; so Ej, is conforming. Its restriction to I; is given by

Ej(z,t) = B} (2i-1)0, ) + (2 — 21 2) —/ / (s, x, t)dxds Yz € I;, (3.13)
Ti_1/2 /4T

and Ej (z,t) =0for all z € T\ [€;—1/2,%i41/2]. The boundary condition (3.9) reads
Ej(z1/2,t) = B (vn, 41/0,t) Yt €[0,T]. (3.14)

To show that Ej indeed belongs to W;f“ we have to verify that it has zero average.
From (3.11) it follows straightforwardly

z? —a? z
Z/ Eh(x)dx:Eh(xl/z,t)ZhiJrZ W—Z/ / pr(z)dz = 0.
i L i i i L

T1/2

Finally, we state a Lemma that relates the error committed in the approximation to
FE, with the error in accumulated in the approximation to f. This result will be used
in our subsequent analysis and its proof is given in Appendix A.

LEMMA 3.2. Let k > 0 and let (Ep, fn) € C°([0,T]; WETY) x C1([0,T7; 2F) be
the conforming-DG approxzimation to the solution of Vlasov-Poisson system (E, f),
solution of (3.1)—(3.2)~(3.12). Then,

1E(t) = En(t)loz < Cullf(t) — fn(t)

0,1, Vte0,T], (3.15)
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where 2L =meas(J) and C; = (4L(1 + hz))l/z. Furthermore, if the force field E €
C°([0,T); HY(Z)), the following estimates also hold for all t € [0,T],

IE(t) = En()llo,c0z < Callf(8) = fa(®)llon  with  Co = ((20)* +C1), (3.16)

and

[ Er(®)ll0,00,z < Colf(t) — fa(t)

o7, +1E@®)1z (3.17)

3.2. Mixed Finite Element Approximation for the Poisson problem.
We rewrite problem (3.8) as a first order system:

Eh:% x € [0,1]; ,%:ph,1 z €10,1] (3.18)
with boundary condition ®,(0,t) = ®,(1,t) = 0. In this section, we consider a
mixed approximation to (3.18), with the one-dimensional version of Raviart-Thomas
elements, RTy k > 0 [50, 15]. In 1D the mixed finite element spaces turn out to be
the (WS, VF)-finite element spaces. Note that in particular, -L (W) = V¥, For
k > 0 the scheme reads: find (Ej,, ®4) € Wi x V/F such that for all i

/Ehzdx—i-/@hzmd:vzo vz e Wit (3.19)
A A

- /(Eh)xpdw = /(ph — Dpda VpeVy. (3.20)
A T

We refer to [50, 15] for the stability and error analysis of the method for linear second
order problems (see also [6] for the 1D-version of the scheme in the lowest order case
k = 0). However, in our case, the Poisson problem is “non linear” since the source
term in (1.2) depends on the solution through p. Therefore in the error analysis a
consistency error appears. We have the following result, whose proof can be found in
Appendix A.

LEMMA 3.3. Let k > 0 and let (Ep, ®,) € CO([0,T); W) x Vi¥) be the RTy

approximation to the Poisson problem (3.18). Then, the following estimates hold for
all t € [0,T]:

IE() = En(O)lloz + |E(t) = Ea(t)l1z SCR* I E® k412 + VL) — fa®) oz,
IE(t) = En()llo,00z < CR*HE® k1,2 + L)) = fa(®)llo7s - (3.21)
IEW () lo,00.z < [E@®)1,z + QL)2|f(8) = fa®)llo,z: + CRIE®) |z .-

3.3. DG approximation for the Poisson problem. Consider the DG ap-
proximation to the first order system (3.18): find (Ep, ®s) € V} x Vj such that for
all 4:

/ Epzdr = */ Ppzy dr + [((I/);'Zi)i-&-l/Q - (@Z+)i—1/2] VzeVy, (3.22)
I I

i

/ Epp, dv — [(E;pi)zﬂrl/? - (ELer)iflﬂ} = / (pn —V)pdx VpeVy, (3.23)
Ii Ii
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where (<I/>;)1-_1/2 and (E’;)i_l/g are the numerical fluxes. In this work we focus on the
following family of DG-schemes (see however remark 3.5):

(@)i—1/2 ={®n}i—1/2 — c12[ ®nlic1/2 + co2[ En Jiz1)2 (3.24)
(En)i—1i2 =A{En}i—1/2 +ci2[Enlici2 + e[ ®nliziy2

where the parameters c11, c12 and cz2 depend solely on x;_; /o, V4, and are still at our
disposal. At the boundary nodes due to periodicity in x we impose

(@n)1j2 = (Pn)n,t1/2s (Enijo = (En) oty

Following [18] we define

a(Ep, 2) Z/ Ehzdas—l—ZCm[[Eh]]z 1/2[[ ]]z 1/2 >

b(@y,,2) Z/ Puzsde + 3 (0} — el D=Ly
o(®n,p) 1= Zcu[[@h}]i_l/g[[pﬂi_m ,
and Z
A((Ep, @r); (2,p)) = a(En, 2) + b(Pp, 2) — b(p, Ep) + (P, p) -

Thus, problem (3.22)-(3.23) can be rewritten as: find (Ex, @) € V) x V7 such that
A(Bn )i c0) =Y [ (- Upde YEp e v (329)
i Il

Note that A(-, ) induces the following semi-norm V (z,p) € H'(Z,) x H*(Z):

|(2,0) % = Al(z,); (2,9)) = 128 7, + lle22l 2105 o, + len[PDN3 -, - (3-26)

We also define the norm for all » > 0
N, @71z :=EIF 1z + 1970z V(E,®) € HTHI) x H(T). (3.27)

We next describe the specific choices of the methods we consider (by specifying the
parameters in (3.24)). We restrict ourselves to k > 1, k being the order of approxim-
ation used for fp.

(i) Local Discontinuous Galerkin (LDG) method: we take r = k + 1 so the
spaces are V; = V’“Jrl and we set cop = 0 and ¢;; = ch™! with ¢ a strictly positive
constant. This method was first introduced in [27] for a time dependent convection
diffusion problem (with ¢;; = O(1)). In this paper we take c¢;; = ch™! with ¢ a
positive constant, and |c12| = 1/2; that is:

Y. _ , _ . -1 , 1
(En)i-1/2 {En}icia —ci2[ EnJicijo +ch™ [ @n]imi)2, 1| = = . (3.28)
(®r)ic1/2 = {Pn}tic1/2 +cr2[Pr]io1)2 2

For the approximation of linear problems, it has been proved (see [27],[18]) conver-
gence of order r 4+ 1 and r for ®;, and Ej}, respectively.
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(ii) Minimal dissipation LDG and DG methods (MD-LDG and MD-DG):
we set r = k and the spaces are taken as VI = V;*. For the MD-LDG method, the
numerical fluxes are defined by taking in (3.24) coa = 0,¢12 = 1/2 and ¢11 = 0 except
at a boundary node, that is,

Delicars = ()i n= { 0 iSNeoL g
—_— — 71 = .
(Eh)i—l/Q = (Eh)f_l/z +en[®n iz, crh i=N,.

—

For the MD-DG method the same choice applies except for (®5,);_; 5 = (@h);71/2 +
c22[ Ep Ji—1/2 with co = ch/r. For the approximation of linear problems, the MD-
LDG method was first introduced for the 2D case in [23] but with ¢;; = O(1) rather
than O(h™!) at the boundary. The analysis in the one-dimensional case for both the
MD-LDG and the MD-DG can be found in [19], where the authors show that the
approximation to F, with both methods, superconverges with order r + 1.

(iii) General DG & Hybridized LDG method: we set r = k so that the spaces
are taken as V = V¥, and we take the numerical fluxes as in (3.24) with:

1
c11 ,¢29 ,>0 |c12| bounded c11 ~ — .
C22

Superconvergence results are proved in [22] (for dimension d > 2) for the approxim-
ation of linear problems. Another option which also provides superconvergence and

could be efficiently implemented, is the Hybridized LDG method (see [22]) in which
the numerical fluxes can be recast in the form (3.24) by setting:

= - + _ -+
(En)iciye = (=5 ) En) 1+ (55— (Bn)i1jo+ \7757= ) [®rliz1y2
= + - _
@i = () @ 1+ (55 ) @1+ (7= [Budiae
where 7% are non-negative constants. To achieve superconvergence, it is enough to

take in each interval I; one 7 # 0 at one end and at the other end we set 7 = 0.
Superconvergence can be shown by following the analysis in [22] but using the special
projections defined through (2.13)-(2.14).

As it happened with RT} approximation, our poisson problem is nonlinear and
therefore the estimates shown in [18],[19] and [22] are not directly applicable. However,
we have the following result, whose proof can be found in Appendix A.

LEMMA 3.4. Let k> 1 and let (Ey, ®p) € C°([0,T]; Vi x V') be the DG approz-
imation to the Poisson problem (3.18) solution of (3.22)-(3.23)-(3.24), with any of
the three choices (i), (ii) or (iii). Then, the following estimate hold for all t € [0,T],

1E() = En()5 2, < CRPMHVIIE®), N1z +2LIF () — fa®F 7,0 (3.30)

where 1 is the order of polynomials of V; as given in (i), (ii), (iii). Furthermore, it
also holds

|(E(t) = En(t), 2(t) = @1 (1)) 24 < CRPMHVI(E (), @) 11741 7+ 2L f(6) = fu(O)IIF 7.

where r =k + 1 for (i) and r =k for (ii) and the H-LDG in (iii).
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REMARK 3.5. Since k > 1, one might consider any of the (consistent and stable)
DG methods that fit in the framework given in [4] for approzimating the Poisson prob-
lem (1.2). Most of the results shown in this paper for the general LDG discretization
(with general ¢12), hold (with minor changes in the proofs) for any of the resulting
methods. For the sake of conciseness, the details are omitted.

4. Error Analysis. We start by showing a cell-entropy inequality [43] for the
proposed DG schemes (3.1), which guarantees their L2-stability. We then derive the
error equation and give some auxiliary results that are used in the proofs of the main
results, which are given at the end of the section.

4.1. Stability. Next Proposition shows that the above selection of the numerical
fluxes is enough to preserve the L2-stability of numerical solution of (3.1)-(3.2), for
all k£ > 0.

PROPOSITION 4.1 (L%-stability). Let k > 0 and let f, € ZF be the approzimation
of problem (1.1), solution of (3.1)-(3.2), with the numerical fluzes as in (3.3). Then

[fn@llo.z, < /a0 V[0, T]. (4.1)

Proof. By setting ¢ = f3, in (3.2) we have

B (Epsfn, fn) = E)t da — }/J‘ /I.”a(af)
/ / Eh ) dvda +/ [(@f{)m/z,v - (mf,j)ifl/zyv} dv
B /I [(Eifhfh)wajﬂ/? - (Eifhf’j)z,j—l/2:| a

Taking into account that Ej depends only on x (through f;) while v is independent
of z, integration of the second and third volume terms leads to

Bih,j(Eh;fhafh) 2dt||fh||0T + [Fi+1/2,j _-Fi—l/Q,j:| +67;F71/27j

+ |:Gi,j+1/2 - Gi,j—l/Z] + @§j71/2 ) (4.2)

where }/7‘\1-+1/27j, éz’7j+1/2 are defined for all , j, as

~

Fiti/25= /Jj [Q(fh) vinfy, L+1/2,v dv
Gigorpa= [ |22y - Bihusi| 4
i,j+1/2 = 5 \Jh hJhJIp L,
L; z,j+1/2

and

@f_l/m— /[%(fh) ;f\hfh_L,l/dev /[%(fh) afﬂiil/zmdv’

B

o vo= [ [Bty - Fihsi| - [ [P -BRs] a

z,j—1/2 z,j—1/2
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We next show that the choice (3.3) ensures that both @fq/z,j and 916,;]'71/2’

and j, are non-negative. By rewriting our choice of the numerical fluxes (3.3) as:

for all ¢

R vl T A

(Ufh)zv{fh}—j[[fhl [Eifn] = Ep{fu} + 5

[fn], (4.3)

ind using that [ f2] = 2{fa}[fn], it can be easily seen that 951/2,3' and 9%71/2
ecome

. o
o oy = [ [s1-7h0a] _,, dv= [ Binltiman o

— Et
OFi_1/ :/I |:E;th[[fh]] - 7h

Ei
| 1321 ao= [ SR, e )

z,j—1/2

’lThzrefore, 6511/2,]' > 0 and 95]'71/2 > 0 for all 4 and j and so substitution in (4.2)
eads to

1d

5 frdvdx + [E‘-s-l/z,j - ﬁz’—l/z,j] + [ai,j—&-l/Q - éi,j—l/Q <0,
2dt Jr,,

By summing in the above inequality over ¢ and j, the flux terms telescope and there
is no boundary term left because of the periodic (for i) and compactly supported (for
j) boundary conditions. Hence,

1d 9 1d )
1d 1d e |
i [, vz =5 Gl <o (1.6)

and therefore, integration in time of the above inequality yields to (4.1). O

REMARK 4.2. By carefully revising the proof one realise that in fact inequality
(4.6) is replaced by the identity

1/4d
5 (5

Therefore, by defining the norm

2 2, + | |Eh|1/2[[fhﬂ||%,rv) —0. 47

t t
a1 = ”fh(t)”%,Th"’/o ol £ () 5 r, ds+ A Bl 2L fu() 11 r, ds , (4.8)

the thesis of Proposition 4.1 can be reformulated as:

£ = 1fnO)E 7, < WO for all t € [0,T].

Finally, we note that for the convergence and error analysis of numerical schemes
for non-linear problems, one usually needs to assume/prove that some a-priori estim-
ate on the approximate solution holds for all time. In fact, what is generally done is
to assume that there exists some C, > 0 such that,

|f = fullez, < Cx, Vtel[0,T],
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where ||- ||« 7;, usually refer to a stronger norm than the one for which the error analysis
is carried out. For instance || - ||« 7, = || - [l0,00,7;, if the error analysis is carried out in
the L? or energy norm, see [48]. We wish to stress that in the present work, due to
the structure of the continuous problem, such type of assumption is not required. The
main reason is that although our L2-error analysis requires a bound on || Ep| 0,007,
such an estimate would depend ultimately on pj, (zero order moment of f3), which
in general in more reqular than fj itself. In the end, this fact allows for getting a
bound for || Ep||o,c0,z depending on the L2-error || f — fn|lo.7,, for which we can easily
guarantee that there exists ¢, > 0 such that,

If = frlloz, <ce, Vtel0,T]. (4.9)

Estimate (4.9) follows from the L?-conservation property of the continuous solution
(2.7) and the L2-stability of its approximation f; given in Proposition 4.1, together
with triangle inequality and the L2-stability of the standard L?-projection, (2.18)
with p = 2,

I17@) = fa @57, < 2U1F OIS 7, + 1 @IIE.7) < 20foll§ o + 201IPK (Fo)llIF 7,)

<21+ C)Hfng,Th = Ck

Let us point out that this result allows us to obtain error estimates that hold for every
h and not only in the asymptotic regime.

4.2. Error Equation and Special Projection. To derive the error equation
the weak formulation (2.6) is of little use, since we should take the test function in
Z,. Hence, by allowing the test function to be discontinuous we find that the true
solution satisfies the variational formulation:

N, N,

SN Bi(Eifopn) =0 Ve € 2} (4.10)

i=1 j=1

of
Eqﬁhdvdar— /T

]

where

Buy(Bi foon) = |

2%

+ /J [@Fen)iiajan = @Feon) 1, do- /1 i[(Eifm;,jH o= (B!,

d da +/ E 6¢hd dr (4.11)

E' being the restriction of the electrostatic field E to I;; i.e., E* = Ej, . Subtracting
(3.1) from (4.10) we obtain the error equation,

4,J
_Zal,j f fha@h +ZN,j E f7§0h) (Ehvfhygph) v@h € Zh .
%,

where the bilinear form a(-,-) = 3>, ; a;;(,-) gathers all linear terms:

a;ij(fn,on) = //Pfh Op — v fh ]dvdx

/J [(Ufhwh Jit1/2,0 — (@90;;)1’—1/27@} dv

J
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and N/ (Ep; -,-) (vesp. N ;(E;-,)) carries the nonlinear part;

, .0
NP (s frson) = / / Eﬁfh% dvdz
1; JJ; v

- /1 {(ﬁlﬂoh)x,jﬂ/z a (%@:L,jl/?} o

Notice that due to the nonlinearity, the true solution f does not satisfy the equa-
tions defining the numerical scheme (3.1)—(3.2). In fact we have a consistency error:
NME; f,0n) — N(E; f,on) for all o, € Z,, which is "hidden” in the nonlinear error
N(E; £, 0n) = N™(En; frs on)-

Special Projection: We next introduce the 2-dimensional projection operator II;, :
CO(2) — ZF which is defined in the following way. Let T; ; = I; x J; be an arbitrary
element of 7;, and let w € C°(T; ;). The restriction of I, (w) to T; ; is defined by

0y (w) = { T ® Ty (W), if sign(E') = constant, (4.13)

Pk @ 7, (w), if sign(E') # constant,

where P denotes the standard L2-projection onto P*(I;) defined in (2.11) and 7, , 7,
are defined by

. | mf(w) fE'>0, . | my(w)  ifo>0,
(W) = { 7, (w) if B <0, To(w) = m(w) ifv <0, (4.14)

with 7 : C°(I;) — V¥ and 7 : C°(J;) — V}¥ being the special projection oper-
ators in the z and v direction respectively, defined as in (2.13)-(2.14). The definition
of projection II}, is inspired in those considered in [47, 23] and that introduced in [62]
for the analysis of Runge-Kutta methods for conservation laws, see Remark 4.4. Note
that taking into account (4.13)-(4.14) together with (2.13)-(2.14), it is straightforward
to see that IT; (w) is uniquely defined. Next Lemma although elementary provides the
several approximation results needed for our analysis.

LEMMA 4.3. Let w € H*2(T;;), s > 0 and let I}, be the projection operator

defined through (4.13)-(4.14). Then,
lw — My (w)llo,r;; < CR™™ CH2HD w1, (4.15)

[ =T (w)llo,e < CHP T2 D w1, Ve=1i, J; C 0T

Proof. From the definition (4.13) we distinguish two cases. If Tj; is an element
such that sign(E'(z)) is constant Yz € Tj;, the proof is the same as [18, Lemma
3.2]. If on the contrary, T;; is such that 3z € T;; for which E'(z) = 0, we have
I}, (w) = P* @ 7, (w). But still, since I}, is a polynomial preserving and linear op-
erator, estimates (4.15) follow also in this case from Bramble-Hilbert lemma, trace
Theorem and standard scaling arguments. Details are omitted for the sake of con-
ciseness. O

Summing estimates (4.15) from Lemma 4.3, over elements of the partition 7j,,
lw =1L (w)llo.0+h ™|l (w)llo,r < CR*wllirre — Vwe HH(Q). (4.16)
Now, denoting by
=T () = fre WS =T(f) ~ (4.17)
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we can write

= fn=a(f) = fa] = Ma(f) = f] = 0" — " (4.18)

Then, by taking as test function ¢, = w" € Z,’j, the error equation (4.12) becomes

D ol — W)+ N (B fowh) = NI (B )] = 0. (419)

We next define
wh) :ZICil,j(aneawh) ) Ehva ZK Ehva ) ’ (420)

where

lCil’j(v,ﬁwh) :/ vww dv da
Ti;

—mewﬂmm—@%wwmdm, (4.21)

J

IC2 i(En, fw hy = / Ehwewﬁ dvdx
T

(2%

- / {(Ehwe(wh)i)w,jjtlﬂ - (Ehwe(whﬁ)z,jﬂ/z} de.  (4.22)
I;

Next two Lemmas provide estimates for the terms defined in (4.20). Both lemmas
extend and generalize [23, Lemma 3.6] to the case of variable coefficients and nonlinear
problems, respectively. To keep the readability flow of the paper, the proofs of these
thecnical Lemmas are postponed till Appendix B.

REMARK 4.4. We wish to note that the definition (4.13) of I, is done in terms
of E (and v), while the definition of the numerical fluxes is done in terms of Ey, (and
v). This is due to the non-linearity of the problem and it is inspired in the ideas used
in [62]. By defining I, in terms of E rather than Ej and using the regularity of the
solution, we will be able to estimate optimally the expression K? without any further
assumption on the mesh partition Ty

LEMMA 4.5. Let Tj, be a cartesian mesh of Q, k > 1 and let fr, € ZF be the
approzimate distribution function satisfying (3.1)-(3.2). Let f € CO([0,T]); H*+2(Q2))
and let K be defined as in (4.20). Assume that the partition Ty, is constructed so that
v = 0 corresponds to a node of the partition. Then, the following estimate holds true

K (v, £,0™)| < CRE* (1 f k41,0 + CL| fllk+2,0) |w0" 0,7, - (4.23)

LEMMA 4.6. Let 7}, be a cartesian mesh of Q, k > 1 and let (Ep, fn) €
Wi x ZF be the solution to (3.1)-(3.2) with Wy, a finite element space, conform-
ing or non-conforming, of at least first order Wy = W,’f“ or Wy, = V). Let
(B, f) € CO[0, T); WHoo(T) x H*+2(2)) and let K2 be defined as in (4.20). Then, the
following estimate holds

K€% (B, f,w")| < CR¥||E — Enllo,coz | fle+1,0ll" o, (4.24)

+ R Dl o, -
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4.3. Auxiliary Results. We next prove two Lemmas that are needed for the

proofs of the main Theorems 4.9, 4.13, and 4.11. The first one reduces the expression
for the linear part of the error equation (4.19):

LEMMA 4.7. Let f € C%(Q) and let f, € ZF with k > 1. Then, the following
equality holds

a(f_fhv Z/ _wt hd.’bd’l} +Z/ |v| z 1/27jdv+lC ( ,f,wh).

Proof. From (4.18) we get a(f — fn,w") = a(w", w") — a(w®,wh). Arguing as for
(4.4) in the proof of Proposition 4.1 (note that w" € 2;), we have for the first term

bWy :Z/ / hdxdv—FZ/ |v Iie 1/2 Lav. (4.25)
i,j I; J]‘

The definition (4.21) of Ky, the continuity of f and the numerical fluxes (3.3) imply

Z//wf hdxdvf/ /vw whdzdv — Z/ vwe Z 1/2vdv
:Z/ / wiwdzdv — Kt (v, f,w").
i,j I; JJ'

which together with (4.25) completes the proof. O

The other auxiliary Lemma deals with the error coming from the nonlinear term:

LeEMMA 4.8. Let E € CO(I), f € C%(Q) and f, € ZF with k > 1. Then, the
following identity holds

Z[Nz‘,j(E; frwh) — /\[i}fj(Eh; frowh)] = (4.26)
i
Z g 1/2 4T Z ) w vde — K*(Ep, f,w").
Proof. Subtracting the nonlinear terms in (4.11) and (3.2) we have

M:J(E7f’w ) Nh (Eh7fh7 / / E’Lf Ehfh 7d’l} dx

[ (B = B e = (BT = Bl ] dee (a2)

I;
Notice that the integrand of the volume part above, can be decomposed as
[E'f = By fu] £ By f = [E' = B]f + EL(f = fu), (4.28)
and so substituting into (4.27) we find

Nij(E; f;w") = NP (B f,w") = Ty + To + T, (4.29)

]
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where

T = // — E}lful dvde, TQ:// ELlf — fulwh dv de,
Ii Jj

7= [ (B = BRI Yasorse = (D = Bl Do da

i

Since neither E nor Ej depend on v, integration by parts of 17 gives T7 = T1, + T1p:

-/ / ~ Bt dvde+ [ (B = B 11y — ()]s ol

I;

Summing now over j and taking into account the continuity of f we find for T3y,

Zle— Z/ - B (f[o" Dej—1/2dz. (4.30)

We next deal with T5. From the splitting (4.18) we have

ng/ E,’L/ whwgdvdx—/ E,’L/ wewf}dvdszga—&—Tgb,

and so, integrating the first term and summing over j we easily get

1 i O(wh)? E o
ZTQa = Z 5 Eh dvdr = *Z TH(W ) ]]ac,j—l/2 dx. (431)
j j Li T j 7l

We finally deal with the boundary terms collected in 75. Summation over j and the
continuity of F and f gives

ZT?’ = Z/J [E'f = E} fule j—1/2lwh 1o, j—1/2d .
j joo

Then, reasoning as in (4.28), we deduce for all ¢ that

—_—

(B'f = Bpfu) £Eif = (B~ Ep)f+(Eif - By fa) = (B'— Ej) f+ B (")~ B} (wF),

where in the last step we have used the continuity of f together with the consistency

of the numerical flux E} f;. Thus, substituting back into T3, we infer
ST=X [ (- B+ BAL - Bl ) o
. ~ /1, z,j—1/2
=2 Dot D Tt ) Tac.
J J J

Then, for the first term, T5,, recalling the expression (4.30), we get

D [T + Tia] = 0. (4.32)
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Next, summing T3, and Th, from (4.31) and arguing as for (4.5) in the proof of
Proposition 4.1, we find

E
Z[T2a+T3b Z' h| W2 5y jad (4.33)

J

Finally, recalling the definition (4.22) of K2 and adding up T5. with To, we get

Z[TQb + TSC] = _K2(Eh7 f7 wh)'

J

Thus, substituting the above identity together (4.33) and the expression for T}, into
the equation (4.29) we reach (4.26) and so the proof is complete. O

4.4. Approximation. We next show the main convergence results of this work
proving a-priori error estimates for the electron distribution f, for all the proposed
methods. In each case, as a byproduct result, we also get the corresponding conver-
gence results for the electrostatic field E. The section is closed with some remarks
about the comparison with the convergence of other methods. We start with the
result for the Conforming-DG method:

THEOREM 4.9 (Conforming-DG method). Let k > 1 and consider the unique
compactly supported solution of the Viasov-Poisson system (1.1)-(1.2) given by The-
orem 2.1 with f € C1([0,T]; H**2(Q)) and E € C°([0,T); W1>(Z)). Let (En, fn) €
CO([0, T; WYY x ([0, T); 2F) be the conforming-DG approzimation, solution of
(3.1), (3.2) and (3.12). Then,

1F(t) = fa(t)

where Cy depends on the time t, the polynomial degree k, the shape regqularity of the
partition and depends also on f and on E through the norms

Co = Co(lf Dllk+2.0, 1 i @llkr1.0, L | E(@)1.007) -

< Coh* Yteo,T),

Proof. Recalling the error equation (4.19)
a(W" = w,W") + N (B f,w") = N"(Ej; fr, ") =0,

and using Lemmas 4.7 and 4.8, we have

E
Z/ whw dvdx+Z/ M [w" z+1/2vd +Z/| hijJrl/Qd‘T
ij Y Tig

*Z/ wéw dv dx +Z/ [E' - E}] —w hdvde — K (v, f,w") + K*(Ep, f,w")

=T +Tp - K' +K2. (4.34)

Notice that the left hand side of the above equation, is exactly what results after
summation over ¢ and j in (4.2) from Proposition (4.1), see also (4.7). Then, it is
enough to estimate the terms on the right hand side of the above equation. The first
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term is directly estimated by using Cauchy-Schwarz and the arithmetic-geometric
inequalities together with the interpolation property (4.16)

C e
7] < S (i ll5z, + 19" 15,5) < CR** 2| full s @) + Cllw (8.1, (4.35)

The second term on the rhs of (4.34), is readily estimated by using Holder inequality
together with estimate (3.16) from Lemma 3.2, the splitting (4.18), the arithmetic-
geometric inequality and the interpolation estimate (4.16),
1| < C|E = Epllocozll folloglle’llo, < CCsllf — fa

< CCo(|wllo, 7 + 1w lo,7) [l fullo.allw” o,z

< COR*M 2[R all folloe + Call fulloollw”

0.7, | follo.allw”llo,7,

(2),9 ’ (436)

where Cy =~ L'/? is the constant in Lemma 3.2. Estimate (4.23) from Lemma 4.5 and
the arithmetic-geometric inequality give for the third term,

K < CR2P 22| fIR a0 + Cllw 13 7, - (4.37)

Last term is bounded by using estimate (4.24) from Lemma 4.6 and arguing similarly

as for T5; using estimate (3.16) from Lemma 3.2, the splitting (4.18), the arithmetic-

geometric inequality and the interpolation estimate (4.16),

K% < CR¥|| fllk+v.e (1w llo, g+ 10" o, 7)™ o,z CREFH flls2. ol Bllt oo,z 0"
< C((| 117 42,2 Bl oz + C2h™ [ fllig1.0) + CL+BE(|fllks1.0)]

0,7

wh”(Q),Th N

Then, by substituting the above estimate together with (4.35), (4.36) and (4.37) into
the error equation (4.34), we conclude

d
I O 7, < A® 1" OIF 7, +K2B(0)
with A(t) = (C+ L2 fullo + CLY2 K| flls1.0) and

B(t)= Cllf I s2.0L°HI BT a0 ) HIFellR 1,0+ CL 2 f R 41,001 Fo

Therefore, integration in time of the above inequality and a standard application of
Gronwall’s inequality gives the error estimate,

S athFlfllkr1.0) -

™ OI3.7, < CERFF2, (4.38)
where Cj is as stated in the claim. Hence, Theorem 4.9 follows from the triangle
inequality and the interpolation property (4.16). O

As a direct consequence of Theorem 4.9 together with estimates (3.15) and (3.16)
of Lemma 3.2, we obtain the following result on the error of the electrostatic field.

COROLLARY 4.10. Under the hypothesis of Theorem 4.9, the following error
estimates hold

|E(t) — En(t)]oz < CoC1R* Vit € [0,T7,
IE(t) — Ep(t)]|oo,z < CoCoh* T Wit € 10,77,
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where C1 and Cy are given in (3.15) and (3.16), respectively and Cy in Theorem 4.9.
Next result establishes the convergence for the RTy-DG method:

THEOREM 4.11 (RTy-DG method). Let k > 1 and consider the unique com-
pactly supported solution of the Vlasov-Poisson system (1.1)-(1.2) given by Theorem
2.1 with f € CH([0,T); H**2(Q)) and E € C°([0,T); H**Y(T)). Let ((En,®1), fn) €
CO([0,T); (WETE x ViF)) x CY([0,T]; 2F) be the RTy-DG approzimation solution of
(3.1), (3.2), (3.19), and (3.20). Then,

1£(t) = fa®)]loe < Cab™ Vi e[0,T],

where Cy depends on the time t, the polynomial degree k, the shape reqularity of the
partition and depends also on f and on E through the norms

Ca = Ca(lF Ollk+2.0: [fe(Ollkr1,0, L [ E@) lrt1.2)

Proof. The proof follows exactly the same lines as the proof of Theorem 4.9. In
this case, to bound the error ||E — E}||o,00,z that appears in the estimates for T» and
Ko one has to use estimate (3.21) from Lemma 3.3. We omit the details for the sake
of conciseness. O

COROLLARY 4.12. Under the hypothesis of Theorem 4.11, the following error
estimates hold

IE(®t) = En(t)lloz + |E(t) — En(t)l1.z < 2C4L2h¥ Y + CR* Y By 2
IE() = En(t)l|o.co.z < CaL 2R + CRMY By 2
or all t € [0,T], where Cy is the constant of Theorem 4.11.
[

Finally, we show the convergence for the full DG approximation:

THEOREM 4.13 (DG-DG method). Let r > k > 1 and consider the unique com-
pactly supported solution of the Vlasov-Poisson system (1.1)-(1.2) given by Theorem
2.1 with f € CY([0,T); H**%(Q)) and E € C°([0,T]; H"Y(T)). Let ((En,®1), fr) €
Co([0,T); Vi x Vi) x CY([0,T]; ZF) be the DG-DG approzimation that satisfies (3.1),
(3.2), (3.22), and (3.23) with any of the three choices (1), (ii) or (iii). Then,

1£(t) = fa®)]loe < Cab™ Vi e[0,T],

where C5 depends on time t, the polynomials degrees k and r, the shape regularity of
the partition and depends also on f and on (E,®) through the norms

Cs = Cs(lF D llk+2.0: [ fe(®)lkrr,0, L, [[(E, @)|r41.7) -

Proof. The proof follows essentially the same lines as the proof of Theorems 4.9
and 4.11, but dealing with T» we use estimate (3.30) from Lemma 3.4;

I T2| <C||E = Enllozll follo,co.0lw”lo. 7,
< |CR*H (B, ®)|||r41,z + (20)2|| f — tho,Th] Il fullo,co.2lw" |07

SCR*F (B, @)1 2 + 2L1 741,01 Follo,co.0
+(C+ L) (I follo.c0.0) 1" 113 0- (4.39)
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Also, to bound for K2 we first note that Ej, = P*T1(E},) since Ej, € V;" (and r = k+1
or r = k), so that inverse inequality, estimate (2.16) and the L°-stability of the L>-
projection give

|E = Enllo,co.z, < |1E — P*YY(E)lo,00,z, + Ch™ 2| P¥(E) — Epllo.z,
< CW** Y Elljs1.007 + Ch Y2 E = Eplloz, - (4.40)

Then, using estimate (4.24) from Lemma 4.6 together with the above estimate and
the L2-bound for the error E — Ej, given in Lemma 3.4, we get

K2 < C(A+ LY2R* 2| flligr,0) o
+ Ch*2(|B|} o 1

6.7,
7z + IE, @ 2 f R 10+ B2 1R 0)

where we have neglected high order terms of order O(h4k_1/ 1). Noting that k > 1,
the proof can now be completed by arguing as in the proof of Theorem 4.9. We omit
the details for the sake of brevity. O

REMARK 4.14. Taking into account the definition (4.8) of the norm ||| - ||| (see
Remark 4.2), observe that in the proof of Theorems 4.9, 4.11 and 4.13, similarly as
how it is obtained the error estimate (4.38), we also get

|w"(®)][|? < C2h2k+2 s=0,4,5. (4.41)

As a direct consequence of Theorem 4.13 and Lemma 3.4 we have the following
Corollary whose proof is omitted.

COROLLARY 4.15. Under the hypothesis of Theorem 4.13, the following error
estimates hold for all t € [0,

IE(#) = En(t)[3.z < CR*F2|(E(), D(t))||1741 7 + C3LA*F?
where Cs is the constant of Theorem 4.13, and
1B() ~ Bu)l3 2+ en N[ @O 113, + el BT, < Csh?+

with C¢ = C2L + C|||(E(t),<I>(t))|||f+17I where r = k + 1 for (i) and r = k for (ii)
and the H-LDG in (iii).

REMARK 4.16 (Order of convergence attained by other methods). As noted in the
introduction, there are very few works dealing with the convergence and error analysis
of eulerian solvers for the (periodic) Viasov-Poisson system. High order schemes have
been only analyzed in the context of semi-lagrangian methods [7, 8, 10]. Although, it is
difficult to compare their results with ours, since these analysis deal with fully discrete
schemes, we just mention briefly what one can expect to achieve with these methods
in the case of a constant Courant-Friederichs-Levy CFL (v = dt/h =constant) and in
the case where the time step dt were taken the largest possible. In [7], error estimates
in L of first order (for CFL=constant) and slightly better than first order (at most of
order 4/3 for the largest possible time step), are shown assuming the initial data is of
class C%. High order schemes, by using polynomials of degree k in the reconstruction,
are considered in [8, 10]. There, the authors prove error bounds for the distribution
function and the electrostatic field in L? and L™, respectively, of at most order k (if
CFL=constant) and of order 2(k + 1)/3 if the largest possible time step wants to be
used. These works typically require the technical assumption f € WF+1Lo0(Q),
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5. Energy conservation. In this section we discuss the issue of energy con-
servation (2.8) for the proposed numerical schemes. We start by showing that for a
particular choice of the LDG approximation to the Poisson-problem (1.2), the result-
ing LDG-DG method for the Vlasov system possess such conservation property, under
a technical restriction the on the degree of the polynomial spaces; namely we require
k > 2. However, we wish to note that such restriction is rather natural since we want
to use v? as test function, as it is done in the proof of (2.8) for the continuous prob-
lem. We close the section with two results that provide (under the same restriction)
an energy inequality for others full DG methods considered in this paper.

THEOREM 5.1 (Energy conservation). Let k > 2 and let ((Ep,®p), fn) be the
LDG-DG approzimation belonging to C*([0,T; (V;F x Vi¥) x ZF) of the Viasov-Poisson
system (1.1)-(1.2), solution of (3.1), (3.2), (3.22), and (3.23), with the numerical
fluzes (3.3) for the approximate electron distribution. Let (Ep,®p) € Vh]f X V}f be
the corresponding LDG approzimation to the associated Poisson problem, solution of
(3.22)-(3.23) with numerical fluzes:

(E\‘h)ifl/Q ={En}i—1/2 — %W[[Ehﬂi—lm +en[®n]iziye,
(@)1—1/2 ={®n}i—1/2 + %n(v)[[q)h]]iqp )

where c11 > 0 and coo = 0 at all nodes. Then, the following identity holds true

% ZZ;/TJ v2fh(t)dvdz+zi:/h Fu(t)? dz + e1y zi:“)h(t)ﬂ?—lﬂ =0. (5.2)

(5.1)

REMARK 5.2. Prior to give the proof of the above Proposition, we wish to point
out that we are making an abuse of notation by saying that (En, ®y) € ViF x VI is
the solution with numerical fluzes (5.1). Actually, we should talk about two solutions,
one for each sign of v. Such two solutions (one for v > 0 the other for v < 0) enter
in the Vlasov equation, when it comes to evaluate the fluzes in the v-direction (i.e.,

(Ejfn)-

Proof. To simplify the notation, throughout the proof, we drop the sub/super
indexes h from the finite element functions. The proof is carried out in several steps.

First step:

We start by noting that since f € ZF, for each fixed v € J, f(-,v) € V¥ (as a
polynomial in z). Hence, we can set z = f in (3.22)

/ Efdr = / D f, dr + [((/I;f_)i+1/2 - (§’f+)if1/2]-

Then, multiplying the above equation by v and integrating over J, we find

/j/j vEfdvdx:—/j/jiv@fmdvdx—f—/jv[(fﬁf—)iﬂm_@er)i1/2]dv

Integration by parts of the volume term on the right hand side above, gives

//vEfdvdx //ufcp dvda:Jr/ (BF = fR);,,)p— (@f = fO)F, p]dv. (5.3)
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Next, we set pp, = ® € V¥ € ZF in (3.2) (® as a polynomial in Z} is constant in v)

Z ft® dvdx — vf(®), dvdx +
) /

T/Lj Tij JJ'

—

[((U/?)q’_)iﬂ/z,v — ((Uf)q)—i_)i_l/zv} dv

+/Tij Ef(®), dvdz — /I @ [(Bi D) ssrjz — Bl )grye] da =0,

Then, note that last two terms in the above equation vanish; the volume part cancels
since ® does not depend on v, and the sum of the boundary terms telescope, due to

the consistency of the numerical flux E? f , and no boundary term is left due to the
zero boundary conditions in v. Thus we have

Z/ f@dvdxzz/ vf®, dvdx—/ [(ﬁcb—)i“m—(5}<I>+)1-_1/27v} dv. (5.4)
7 T 7 /T J;

Combining then the above equation with (5.3) and using the periodicity of the bound-
ary conditions in x we get,

Z/Tf@dvda:Zl/J(vAf[[@]] +o(@[f] - [[f<I>}]))i1/2,ilv+/TyEfdvd:z:] . (5.5)

Second step:
Now, we differentiate with respect to time the first order system (3.18) and consider
its DG approximation. The second equation (3.23) reads,

/ Eip,dx — [(E\tpi)i-&-l/z - (E\tp+)i—1/2] = / ppdz  Vpe VY,
I,; Ii

where the definition for E\t corresponds to that chosen for E but with (E, @) replaced
by (E:, ®:). By setting p = ® and replacing p; by its definition (3.4), we have

/ Et(bxd,fll - {(Eéi)i+l/2 — (E\tq)+)i—l/2:| :/ / ftq) dvdzx Vp S ‘/}f (56)

Now, taking z = E} in (3.22) and integrating by parts the volume term on the right
hand side of that equation, we find

/EEtd:c /Iq> Eyde—((PE) o —(PE)T o]+ [(R(E) )ig1j2— (®(E) T )is1ya)-

i

Then, combining (5.6) with the above equation, summing over 4, and using the peri-
odic boundary conditions for the Poisson problem, we get

Z/ EEtdx—Z/ / ftCIJdvdx—i-z [®E ] — (B[E ]+ E[®])]i_1/2. (5.7)

Third step:
We now proceed as in the proof for the continuous case, for instance see [34], and we

take p = 2 in (3.1)-(3.2),

(/ It fdvda:—/ Uf( ) dvdx+/(]‘ %2 [(ﬁ)i+1/2,v - (ﬁ)iﬂ/g,v} dv)

Tij J

w2 — —
+ Z (/T Efvdvdz — /I 0 |:(E;Lf)z,j+1/2 - (E;lf)m,jfl/Q] dﬂ?) =0.
i, ij 3
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—

Then, using the consistency of the numerical fluxes (vf) and (E} f), the boundary
terms telescope and no boundary term is left due to the periodic in x and zero in v
boundary conditions. Hence, we simply get

2
Z / ftvfdvdl’-i-/ Efvdvdz | =0. (5.8)
i \’Tii 2 Tij

Next, we use equation (5.5) to substitute the last term in (5.8),

O:%: </Tjtv;dvdac+/njft¢>dvdx—/ (;ﬂq)]]_U[[(I)f]]+v(f)[[f]])i—1/2,flv>'

Jj

Finally, we substitute the second volume term above by means of (5.7),

O:Z/TU ft?dvdx +Z/I EEth:—Z {[[fl)Et]]—(@[[Et}]+E\t[[q>]])}

i—1/2
_;[]j(ﬁﬂéﬂ —v[[(bf]]+v<f>[[f]])i_1/271?lv. (5.9)
We next define for all 7,
ol = B[E,]-[PE]+FE]P],
im1/2 A[[ [-[®E]+ A[[ I (5.10)
65—1/2,11: 7Uf[[q)]]+vﬂ(pf]]ivq)[[f]]v

so that (5.9) can be rewritten as

2
Z/T ft%dvdwrz 1 EEtd:v+Z®{{1/2+Z/J OF |y dv=0. (5.11)
i,j v i @ i i,j Vi

Thus, we only need to show that ®£1/2 and 65—1/2 , are, for all 7, either zero or

the time derivative of a non-negative function. From the definition of the numerical
fluxes (5.1), and using that

[ab] = abt —a" b = {a}[b] + [a]{b}, Va,be V], (5.12)
we find
O 1) ={E} @]+ {P}H E ]+ cul ][] - [®E ] = cua[ P, ][ @] -

Therefore since (E, ®) is C! in time,

O s = enl®. (@] = L 4 (e ®]?). (5.13)
Similarly from (3.3) and (5.12), we get
0, 1/2.0 = —v{f}H[ @] - v{®}[ f] + %[[fﬂ[[‘b]] +o-c[fI[2]+o[2f]
= Upsite)+v-colflre].
Now, recalling that ¢1o = —sign(v)/2 and noting that v - sign(v) = |v|, we also have

that 951/2 , = 0 for all 4 and so substituting the above result together with (5.13)
into (5.11) we reach (5.2). O
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5.1. Energy inequalities. The energy conservation property given in last The-
orem heavily relies on the choice of the approximation for the Poisson problem and
more precisely on the definition of the numerical fluxes, which somehow accounts for
the coupling of the transport equation with the Poisson problem. Nevertheless, for
full DG approximation of the Vlasov-Poisson system with other choices of numerical
fluxes as given in Section 3.3, we can prove some energy inequality measuring the
error in energy committed in terms of h at time t. For all ¢ € [0,T], we define the
discrete energy as

En(t) == Z/T fr(t)v? dvdz + Z/l |En(t)|? da
3 (cul @O0 + el B()]12) - (5.14)

We next state two results: the former, Proposition 5.3, requires smoothness of the
solution; the latter, Proposition 5.4, establishes a decay of order O(h) for the energy,
provided h < L, without any further regularity assumption on the solution. The proof
of both Propositions can be found in Appendix C.

PRrROPOSITION 5.3. Let m > k > 2 and consider the unique compactly supported
solution of the Vlasov-Poisson system (1.1)-(1.2) given by Theorem 2.1 with f €
CL([0,T]; H*1(Q)) and E € C°([0,T); H™Y(T)). Let the DG-DG approzimation of
the Vlasov-Poisson problem (1.1)-(1.2) be ((En, ®1), fr) € C1([0,T]; (ViF x VF) x ZF),
solution of (3.1), (3.2), (3.22), and (3.23), with the numerical fluzes (3.3) for the
approximate density and (3.24) for the DG approzimation of the Poisson problem.
Then,

‘gh(t) _ gh(0)| < h2 min (k—‘,—l,m)ﬁo + hmin (2k+1,2m) (022 + c;ll)ﬁl ,
where m = k for any LDG (3.28) and the general DG (3.24); and m = k + 1 for the
Hybridized LDG method (iii). The constants Ry and R depend on
t
S0 = 8ol | (IBL(S)ls1.2 + [€1(5)os2.2)7ds. Co).
0

t
& = &i(L / 1£()]2 41,015, Cs).

PRrROPOSITION 5.4. Let m > k > 2 and consider the unique compactly suppor-
ted solution of the Viasov-Poisson system (1.1)-(1.2) given by Theorem 2.1 with f €
C([0,T); H*1(Q)) and E € C°([0,T); H™+Y(Z)). Let the LDG-DG approzimation of
the Vlasov-Poisson problem (1.1)-(1.2) be ((En, ®1), fr) € CX([0,T]; (ViF x VF) x ZF),
solution of (3.1), (3.2), (3.22), and (3.23), with the numerical fluzes (3.3) for the ap-
prozimate density and (3.24), with c11 = ch™! and ca2 = 0 for the LDG approzimation
of the Poisson problem. Then, for h < 1/L,

En(t) = En(0)] < hL | Y en[®"(t) 17,4y + chLtFy |,

where Fy is defined as

i 1/2
Fo = [Pu(fo) "2 0lII3 75, + 1 Pa(fo)l3 7, + IENS 7, + ller [ 2o T, -
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Appendix A. Proofs of the Error Estimates of the Electrostatic field.
In this appendix we provide the proofs of all the Lemmas stated in section 3 related
to the consistency error in the approximation to the Electrostatic field.

A.1. Conforming approximation to the Electrostatic Potential.
Proof of Lemma 3.2. We first show (3.15). Since both E and E} have zero average
over Z, we deduce ||[E'— Ep| 12(z) = |[E— En|lo,z. From the definitions (2.5) and (3.13)
of the electric field F and its approximation Ej, we find for all x € I;

2

|B(2) — Ej,(2)* < 2|B(21/2) — Bp(1/2)]* + 2 /m [on(s) = p(s)lds| = 2(To +T1).

1/2

The term T can be readily estimated from (2.4) and (3.11) and Holder inequality

2

1 z
To=|E<x1/2>—E2<w1/2>|2=|0E—cg|2=\ / / on(s) — pls)] ds dz| < llon—pl2 1.

Holder’s inequality yields 77 < ||pn — P”g,r Hence, integration over I; and summation
over i and Cauchy-Schwarz inequality, gives ||[E — Exl[§ 7 < 4[lpn — pll§ 7 , and so by
using (3.5), estimate (3.15) follows.

To prove (3.16), from the conformity of the approximation (Fj, € W,]f *1), Sobolev
imbeddings together with triangle inequality, we find

IE — Enllo,ccz < I|1E — Enliz < V2(|Er — E

01+ I|En — E|11).
The first term above has been already estimated. For the second, note that

0 .
%[E — Ep] = pn(z,t) — p(x,t), Vz€ (Ii—1/2,113i+1/2) Vi,

and so,

0
BBz =3 [ |15 - B

Hence, from (3.5) and (3.15) and substituting above we reach (3.17). The proof for
the uniform estimate (3.17) follows immediately.

2
dr =3 / on(,t)—pla, ) da = llo—pull2 7, -
i Ui

A.2. Mixed Finite Element Approximation for the Poisson Problem.
Proof of Lemma 3.3. The proof of estimate (3.21) would follow from the a-priori
estimate for linear problems together with an “aplication ” of a version of Strang’s
Lemma for mixed methods. We briefly sketch it for the sake of completeness. In one
dimension, we only need to show (3.21) due to Sobolev’s imbbeding H(Z) C L>°(Z).
Using (3.19)-(3.20), we get

—/I(E —Eh)zdx—i—/l(fb —Pp)z, dx =0 Vze Wrt, (A1)

/(E — Ep)ypdr = /(P — pn)pdz VpeVy. (A.2)
I I
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being (E, ®) the continous solution to the Poisson problem. The term on the right
hand side of equation (A.2) is the consistency error. Next, let Ry, : HY(Z) — W}]f'H
be the projection operator defined by:

/I.(Z—Rh(z))quzo, qu]P’k_l(L-) , i
Rh(z)(xifl/z) = Z($i71/2), Rh(z)(ﬂﬁiH/Q) = Z($i+1/2)a

For k = 0 the definition of R}, reduces to that of the standard conforming interpolant.
It is easy to verify that R}, corresponds to the one-dimensional Raviart-Thomas pro-
jection. In particular it satisfies the approximation property

Iz = Ru(2)lloz < Ch*2llkyrz V2 € HFH(I). (A.3)

From the definition of Ry, it is straightforward to verify that
/Z—Rh(z))mpdxzo, Vze HY(I), VpeVF, (A.4)
I

which express the the commuting property of the projection Rp,: %(Rh (2)) = Pk(z,),
for all z € W,’f“, P* being the L2-standard projection. Combining (A.4) with z = E
and equation (A.2), this last equation becomes

[(Ru(E) = Eslopdo = [ (o= pupds vpevE, (A5)
I I
and so, by setting in p = (Ry(E) — Ep). € %Wf“ =V}, we have

/I (Ru(E) — )l do = / (0 — o) [RA(E) — Byl de | (A.6)

Hence, denoting by ng = Ry (E) — Ep, Cauchy Schwarz gives

1.7 = [Ru(E) — Epl1,z < Cllp — pl

InEe 0.7 - (A7)

We next get the L2-error estimate. We take z = g in (A.1) and decompose ® — &), =
[® — P*(®)] + [P*(®) — @) and E — Ej, = [E — Rp(E)] + [Rn(E) — Ep]. Then, from
the definition of the standard L2-projection P*, we find

Inslz = / Ru(E) — Ey[* de = — / B — Riu(E)ng de + / [PH(®) — @[], dr -

Note that from (A.1) and the definition of the L2-projection, we have

/@h — PH(®))z, da = —/(E _Bpedr Vre WM,
I I

and thus, we can apply this to z = ng. By setting p = (P*(®) — ®;,) in (A.5) and
substituting the result above we get,

/ Ing|? dz = / Ru(E) — Elnp de + / (on — p)(PH(@®) — @) de.  (AS)
I I I
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Then, summing (A.6) to the above equation and using Cauchy-Schwarz together with
the intepolation estimate (A.3), we find

I 2 L <|IE = Ru(E)lo, 2(Ineliz+[P*(®) — ®nlloz)
z(nsliz+|PH(@) - z) -

To conclude we need a bound for || P*(®) — ®,||o,z. Now, taking z € W;f“ such that
2y = &), — P*(®) we obtain

IP*(@) — @allf 7 < (@) = Pnlloz

where in the last step we have used Poincare’s inequality (||z|lo,z < C||2z]l0.z)- Hence,
plugging it into the previous estimate, we get

Inellsz + neli 2 < (CR* Y Ellksrz + o — prlloz)
+llp = pulloz (CR* | Eljgr,z + |77E|1 7)

<SCR" 2| Elfjz +C'llp—pnlld g + - (||77E||0 7+ neliz)
+Cllp=pullozh* M Ellksrz s
from which by a “kick-back” argument we get,
( W Bz +C'llp = palloz)?

that together with the interpolatlon estimate (A.3) and estimate (3.5) yields (3.21).

A.3. DG approximation for the Poisson problem.
Proof of Lemma 3.4. The result follows by adapting the proofs in [18, 23] and [19, 22]
for the cases (i); (ii); (iii), respectively, so that they account for the consistency
error. Notice also that for (i),(ii) estimate (3.30) follows from (3.4). Hence, for
the sake of completeness, we sketch the proof of this last estimate in some detail for
the LDG method (i) and the general DG (iii). Using (3.25) and that (E, f) is the
continuous solution, we get the following error equation:

A =B =0 (50) = X [ (0= pulpdo, V(ap) e VX VDL (A9)

The term on the right hand side is the consistency error, which is the only novelty in
the proof w.r.t those in the above-mentioned works. We decompose E — Ej, = n —n°
where ¢ = P"(E) — E and n"* = P"(E) — E},, and analogously ® — &, = &" — ¢¢
where £¢ = P"(®) — ® and ¢" = P"(®) — ®,. Then, [18, Lemma 3.3] gives
(B = Bn, @ — @3)| 4 <|(n%€)|a+ (0", 6")]a

< Kaoh™TV2|[(B, @)z + (1", €")] 4 (A.10)
where ||| - |||4 is the semi-norm defined in (3.26) and K2, ~ C(h + c22 + c11). To
estimate the second term by setting (z,p) = (9", £") in the error equation (A.9) and

using the definition of A(-,-), that of the semi-norm (3.26) and the approximation
properties of the standard L2-projection (2.15), we find

(", €M) 1% = A", €M), 0", €M) <llp = prllo.z, 1€ 0.z, +\A ((n°,€°), (77 fh))!
<llp = pulloz, (1€l00,z, + 1® = @nllo.z,) + [A((=1", "), (=n%,£%))]|
<l|lp = pullo.z,(C )

+ (" €M), Crieh" NI, @)z (A.11)
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where in the last step we have used [18, Lemma 3.6] together with [18, assumption
(2.21)] and K2, ~ C(cjj' +c2a+c11). To conclude we need an estimate for | ®—®p, o 7,
that will be obtained by duality. Let u € H?(Z) be the solution of the dual problem,
Uz = ® — P, in 7 with w(0) = u(1) =0, and let ¢ = u,. Then, it is easy to verify

A((%“)? (Z7p)) = ((I) - (Pfup)? v (z7p) € Hl(Ih) X Hl(Ih) (A12)

Thus by setting (z,p) = (E}, — E,® — ®5,) in the above equation, using the definition
of A(-,-) together with (A.9), the H'-stability of the standard L?-projection [13] and
denoting by 8, := ¢ = P"(q) and 6, := u — P"(u) we get

|9 = @3 7, = A(—g.0): (Ep — B.@ — #1)) = A(E ~ Ep.® — 21): (g.))
—A(B = Br® =8 (0= P (@u= P ) + [ (0= pu) P () d
<AW" €7): (B 60) | LA €°): (00,0l = pnll 1.2, 1P () 1.1,
<OR |l 0) oz + Kon (1r".6M)a + Kot b 12, @)1z

where the first two terms have been estimated by using Lemmas 3.6 and 3.3 from [18],
respectively, and the constants are defined by:

+Cllp = pull -1z, [ul1,7 -

Kb21 ~ C(Cl_ll + co2 + h2011), Kc%l ~ C(CQQ + h+ Cllhz)(l + h+ coo + 611)
Appealing now to the a-priori estimates for the dual problem (A.12)
[ullmizz + lglmirz <CI® = Pullmz  m=-1,0,

together with the inclusion L?(Z) ¢ H~(Z), we finally get
1@ — @0z, < OB [Koa (", €M)+ W42 Kot [[(2, 9] o] + 1o = pulloz,

Substituting the above estimate in (A.11) and using the Young’s inequality,

1 2 -
(", €M) < llp = pulld 7, (1 + 4Kinh) + 5 (" €M)+ CR* 2|1 @)74 2
+CR¥HY (B, @) |7 7 (Kip + Korh),
and so by a “kick-back argument” and taking square roots we get

1
310" €M1 < Cllo=prllo.z, +(Kio+ Ko h) 2R V2 (B, @) |z +CR [ @]z -

Substituting this estimate in (A.10), and taking into account the values of the para-
meters c¢11 and coo selected, we reach (3.4) which in particular implies (3.30).

For the MD-LDG (ii) one adapts easily this proof taking into account the values
for c11 and ca9 and replaces the L2-projection by the special projection defined through
(2.13)-(2.14). For the H-LDG (considered in (iii), the easiest way to prove (3.30) is
to introduce an auxiliary approximation, say (Ej},®}), to the continuous Poisson
problem. The error estimates in the L? norm for E — Ej are decomposed in two
parts: the error E — Ej estimated in [22] and the consistency error E} — Ej, dealt
with the ideas in this proof. We omit the details for the sake of conciseness.

Appendix B. Proofs of Lemmas 4.5 and 4.6.
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Proof of Lemma 4.5. We shall first estimate each term IC}J(U, f,wh) for fixed i, j and
then sum over 4,j. So let ,j be fixed and denote T' = T;; ,I = I; and J = J;.
The boundary of the element T consist of two vertical and two horizontal edges;
oT = Ji=1/20Ji=1/2y =12y [7+1/2 where we have denoted by J**1/2 := {z; 1 o} xJ
and [7t1/2 .= T x {vj11/2}. Notice that the definitions of both, the numerical fluxes
(3.3) and the projection I, depend on the sign of v. However, since v = 0 is a node
of the partition, v as a function does not change sign inside any element T; ; € 7p,.
Hence, denoting by vy = max{twv,0} the positive and negative parts of v, the term
K! can be rewritten as K(v, f,wh) = KV (v, f,w") — KM~ (v, f,w") with

Kl’i(vvawh) = Z’Cz]?,j(vzl:vawh) :
i,J

We can reduce ourselves to show the result for the case of vy since in the case v_
is treated analogously. Since v > 0 on 7', from the definition of the numerical fluxes
(3.3), the definition of II;, (4.13) and noting that Il |, = 7, this term reads

1,+ hy _
K:i,j (Uafaw )_/

T

s

vw® (W) pdzdv —/ o(f —m, f)" (W) " dv

Jit1/2

+ /JFI/2 u(f — ﬂ'gf)_(wh)"'dv : (B.1)

Observe (B.1) is independent of the sign(v). Let © := P%(v) denote the local projection

of v onto the constants on J. Then, summing and substracting ¢ in ICilv’jJr, we have

1,+ hy _ 1+ — h 1,+ /-~ h
K:i’j (U’f’w )_Ki,j (U—’U,f,u) )+Ki,j (Uafaw )
The last term is estimated exactly as in [18, Lemma 3.6] (see also [47]), giving

KL (8, £,0M)] < CRE ol |l I oz, (B.2)
where we have also used the stability of the L2-projection (2.12). We wish to stress
that the properties of the special projections II;, and 7 are essential for the proof of
the above estimate. We next estimate the remaining term in the expression for K1+,
From the definition in (B.1), using Holder inequality, trace inequality [2] and inverse
inequality [21] together with with the error estimates (2.16) and (4.15), we find

IKi it T (v —v,f,wh)SI/T(v - @)/Iwewf dv dx|+ /yﬂ% —0)(f =7, f)" (W) Fdv

ool (W")allo.r +C Z lv—o
m=it1/2

k+1/2 _
o0 + Chohi ™2 flern mhy 2w o

0,0 [[w"{|o, s

< Cllv = 9llo,00,5]|w* 0,00,Jm || W]

< Chobit | fllesr, byt w"
< CR* Y fllos1,rllw”]

0,T -
Then, using the above estimate together with (B.2) and summing over ¢ and j we get
ICHF (v, f,0")] < CRM I o,z (L e, + LI lls2,7)

giving the desired estimate (4.23). O
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Proof of Lemma 4.6. We follow the notation of the previous proof. We start by noting
that we cannot directly argue as in the proof of Lemma 4.5 since now the definition
of the numerical fluxes depend on the sign of Ej while the definition of the projection
depend on the sign of E. We first write

K2 (B, f,w) = K2(EL, fw) + K25 (B, f,w™) (B.3)

with
IC%V‘;(Eh,f,wh) = / Epwéw dv dx
T;

K3 (En, f,w") = 7/1 {(Ehwe(wh)f)mﬂm — (Bt (") M)ajo1/2| do

and we shall consider a further splitting of each of the above expressions. For the first
one, we set

K34 (Bn, f,0") = KZ%(En — E, f,") + K2S(E, f,0") . (B.4)
Then, Holder inequality together with inverse inequality and estimate (4.15) give

|K12,(;'(Eh - Ea fa wh)| < ||Eh - E”O,OO,L‘, f - Hh(f)”O,Ti,,j |(wh)v |0,T1‘,,j
< Chk+1h;1”Eh - E”O,oo,li |whH0,Ti,j . (B5)

f||k+17Ti,j

Now, we deal with the boundary term IC?S- in (B.3). Since the definition of the
numerical flux (3.3) on I', depends on the sign of Ej, at (z,vj11/2),

—

(Eiwe)r’j71/2 = (E;ib(x))"r[f_nh(f)];:j—l/Q_(E;-L(x))_[f_l_‘[h(f)];,j—l/Q , Vz el

where (Ej(z))+ = max (+Ej} (z),0) denotes respectively, the positive and negative
parts of E} (x). Hence, the above splitting induces a further decomposition of K20

,sz,l}(Ehvf7wh) = 'A:_J((Eh)z-vawh) + AZJ((E;L)—afawh) )

where + in AT refers to the side (from the left or from the right in the v-direction)
from which the term f — II,,(f) is evaluated, that is:

AE((E)s, ") = — /

Ln{z:£E; >0}

B A =TI, o
— (I = (")), ) e

Notice now that Hh(f)|]ji1/2 is a projection on the z-direction, and so independent
on v. Thus, this observation together the continuity of f implies that,

Tz sy = =T =T =T o € 1 Vi

7it1/2 7i+1/2

Hence, ICZ»QZ (Ep, f,w") can be rewritten as

K3l = 7/1_ E} {([f - Hh(f)}*(wh)i)w,j-&-lm —([f - Hh(f)]*(wh)+)w,j—l/2} dz ,
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where * can be taken either as + or —, without changing the final result. Note that
the above expression does not depend any more on the sign of E}. Hence, adding and
substracting E* to the above expressions, ICQb (Ep, f,w") becomes,

K2 (B, f,u") = K% (B, — B, f,w") + K2(E, f,u") . (B.6)

The first term is easily bounded by using Holder inequality together with trace and
inverse inequalities and the approximation result (4.15),

()

K (En— B, f,u™)] < Y ||E, - E
m=j+1/2

< CthE;L - Ei||070071i||f||k?+17Ti.j ||wh||0;Ti,j . (B7)

To estimate the last term in (B.6), recalling the splitting in (B.4), we define

K3(E', fwh) =Y (KP(E, f,0") + K25(E, f,u")) . (B.8)
4,9
Observe now that K3 (Ez f,wh) is a term “similar” to X' from (4.21), in the sense

that the definition of the projection II;, depends of the sign of E? on each I;. Therefore,
we argue similarly as in Lemma 4.5 to rewrite the term XC3 as

(B fow Z/cf‘“+ (B f,0") + K37 (B fowh) + K0 (B £ (B9)

where IC?”ji (E?, f,w") are the contributions coming from those elements where E is

either positive or negative in the whole I; and the term K*°(E?, f, w") corresponds to
the contribution of those elements where E restricted to I; changes sign. Therefore,
the estimates for ICi’ji(Ei, f,wh) are done similarly as for K* (v, f,w"), so we just
sketch the procedure. Adding and subtracting P°(E) we have

K3H(E 0y = K3 (B — PUEY), f,0) + K355 (PY(EY, f,0") .

The last term is bounded as in [18, Lemma 3.6]. As for estimate (B.2), the special
properties of the projections IIj, and 7 are heavily used in this proof. Using the
stability of the L2-projection (2.12),

I35 (PO(EB), f,w™)| < ChEH|E o, 1, (W lloT, ; - (B.10)

s L, g

To estimate the first term IC?V’;r = ICS’;F(E — PY%(E), f,w") notice that Hh|1,
and since f is continuous [m,} (f)]T = [r}(f)]”. Then, using the L>-estimate for the
L2-projection (2.16), Holder inequality, trace and inverse inequalities together with

the approximation estimate (4.15), we deduce

K3H < ’/Eh — PY(B)w" (") ydadv| + >
m=j+1/2

:77;|1i

/ B~ PUE)(f — nf )" de

Im

< C|E = PY(E)lo,co.1,

w0,z 2z ™ oz, + D e llo,rm iz 2w o,
m=j+1/2

< ChM Y Bl oo,1,

(B.11)

L
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We finally estimate the term IC?”J-O = IC?;JQ(E7 f,wh). Note that now Hh“ = pk I
Then, Holder inequality, estimates (4.15) together with inverse and trace inequalities
gives
3,0 ; h k h
35T < NE o0, (If = Ta(Hllo,z,; 1w )olloz, + I = PECH)llo,rm o lo,rm)
< C”El |0,0071¢hk||f”k+1,T1:,j Hwh||07Ti,j . (B'12)

Thus, to conclude we only need to provide an estimate for || E%||g oo,7,- Note that since
E changes sign inside I; there exists some x* € I; such that F(z*) = 0. Using mean
value theorem together with the regularity of E we have

/ Bu(s)ds

Substituting it into the bound for IC?V’J(-J and summing over elements, we finally get

I E 0,00.1; = su? |E(x) — E(x*)| = sup < Chy|ENco,r; - (B.13)
xzel;

zel;

K3O(E, f,0M)] < CR Y Bl ooz fllks10ll” o7

Then, summing over all the elements of the partition estimates (B.5), (B.7), (B.10)
and (B.11) concludes the proof of the Lemma.O

Appendix C. Proofs of the Energy inequalities.
Proof of Proposition 5.3. The first part of the proof follows exactly the same steps as
the proof of Proposition 5.1, till one reaches equation (5.11), which we can write as

1d
Sd Z/T frv?dvds + Z/I (En)da | +Y 08, + Z/J Of ) )5,dv =0,
.7 iJ i i i i i

(C.1)

and 6F

. H
with O i—1/2,0

i—1/2 as defined in (5.10):

Oy = O[(En):]—[®n(En)e] +E[ 1],
Of 1= —vfl®n]+v[@nfn] —v®[fu].

Then, using (5.12) and the definition of the numerical fluxes (3.24), we get for @f{l/z

0112 = {(En) e} @n] + {@n}[(En)e] + c1a[(@n)e ][ @]
+ oo En [ (En)e] — [@n(En)e[=cua[ (®n)e [[®n] + coal En 1l (En): ]

1d

=57 (c1n[®n]® + c22[ En]?)
where in last step we have used that (Ej, ®3) is C! in time. Arguing similarly, and
one easily gets for 651/2 0

OF 120 = oL B ]+ DL (201~ o{®} L] +veral o )20 ]

—vea[ [ En] + o[ ®nfr]

= (5 venn ) L@ T venl I BRI =01 T D= veaal 1L B .
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where we have denoted by ¢ = (Jv|/2 + vei2). Then, substituting into (C.1) we have

1 d
th (/ fh*dvdl‘-l-/(Eh) dz + coo[ En J7- 1/2-1-611[[‘1)}1]]1 1/2) =

= ZCQZ[[Eh]]iflﬂ/ U[[fh]]ifl/Q,vdU_Z[[(I)h]]ifl/Q/ O fn]iz1/2,0dv ,
i.j Jj J,

,J J

and therefore integrating in time from 0 up to time ¢ both sides, taking the absolute
value and using triangle inequality, we get

1| [td v?
5 /0 %; (/Tz] fh2dvdx+/1i(Eh)2d$+c22[[Eh]]?1/2+011[[(I)h]]121/2>d5 S
/ 2622 Eh]]z 1/2/ Hfhﬂz 1/2udvd3
t
+ / Z[[(I)h]]i—l/Q/ O fni—1/2,0dvds| . (C.2)
05 J;

We next bound the last two terms. For the first term, from the arithmetic-geometric
inequality we get

/ ZCQ2[[E”]]Z 1/2/ o[ flic1/2,0dvds| <

<L/ Hcl/QuEh(s)]]HZ%ds+/0tc22H|v|1/2ﬂfh(s)}]H2 ds

0,I';

For the other term, using that ¢;5 is bounded (|e12| < ¢) we can simply use the bound
|| < ¢|v|. Then, from the arithmetic-geometric inequality, we have

Z[[(I)h i— 1/2/ O fnli- 1/2,0dv| <

t
SCL/
0

Therefore, substituting back into (C.2) and taking into account the definition (5.14)
of the discrete energy we have

En(t) — E(0)] < L/ (Hc}f H ot HC%QZ[[Eh(S)]]H2m> ds

0,7z

1/2 2 K
cl{ [[(I)h(S)]]HO’y derC'cl—ll/O

1/2 2
o L)) ds

] (C.3)
+ Clea2 + Cfll)/() H|U|1/2[[fh(s)]]Ho,Fx ds

Now we observe that the first sum on the right hand side is part of the energy norm of
the DG approximation (Ej, ®p). Thus, from Corollary 4.15 and taking into account
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the regularity of the continuous solution we have

/Ot Xl: (011[[4%(8)]]3—1/2 + 622[[Eh(s)]]12_1/2> ds <

t
<m0 6l 2ds)
0
We next bound the second term in (C.3). Observe that since f € C°(f),
[/l =1 = f1=1 0 =]+ [Ta(f) = f]-

Thus, in view of the definition of the norm (4.8) and remark 4.14 we have for the first
term above

/0 olL fu(s) = T (f () Tlp, ds < Il fa(t) =TI (F@DI* < CERZMREFLmD - (C.5)

For the other term, using the interpolation estimate (4.16) together with a trace
inequality [2], we get

/ Nol[TIn(£(s)) — F(s)II2. ds < CLR2*+1 / 1£()|2s s -
0 0

Hence, this estimate together with (C.5) finally give

t 2 ) t
L et ds < apein @i ons [, )

and so by substituting the above estimate and estimate (C.4) into (C.3), the proof is
complete.

Proof of Proposition 5.4. The first part of the proof follows exactly the same steps as
the proof of Proposition 5.1, till one reaches equation (5.11),

2
(5.11) Z/T ft%dvda:—i—z:/l EEtdx+Z@§f_1/2+Z/] Of )5 ,dv =0,
i,j vAid i i i i, Vi

with 91‘1{—1/2 and ©F as defined in (5.10):

i—1/2v
O = O[E]-[PE]+E[®],
OF | p,= —vf[®]+v[@f]—vB[f].

Then, using the definition of the numerical fluxes and (5.12) it is easy to verify that
while @fl_l/2 is still given by (5.13), for @f—l/z , one gets a term for that might change
sing

OF 112 = (O] o{®) FT+ UL FI0]- L1/ T[@]+e[@f] = —v_[@]1f].
(C.6)
Then, substituting the above result together with (5.13) into (5.11) we have
1d v?
**Z ( f—dvdm + (E)Qd.’lf + CQQ[[E]]§7 + 011[[(1)]]57 )
2dt o /TJ 2 /1 1/2 1/2

J

_ %:[[‘I)]il/2/] v_[ flic1/2.0dv = 0.
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Next, we add equation (4.7) (resulting from the L2-stability; Proposition 4.1) to the
above equation, to get

2dt (/ vadvdac—l—/ f2dxdv> +Z/ dm+ZC11[[‘1>]]?_1/2
+Z/1i2|[[f]] . 1/2d$+2/ |[[f]]l 1/2,000 (C.7)

- Z li- 1/2/ [[f]]ifl/Q,vdU =0. (C.8)

J

Then, from the obvious inequality ab > —|ab| and the arithmetic-geometric inequality,
we have

Z[[(I)]]z 1/2/ U+[[ ]]z 1/2, bdv > —*Z[[‘I’]]z 1/2 — Z/J |U|[[f]]?—1/2,vdv

and so substituting back into (C.8) and neglecting the strictly non-negative terms, we
find

=

1,7 0

[fv? + f2]dmdv+/j (E)?dz + ZCM[[@]]?l/z) ~LY [®]}1/2<0.
or equivalently

1d
m?}(/ﬂ

[fv2+f2]dxdv+/ (E)2dx+cn[[<1>]]f_1/2> < gZ[[M]f_l/z,

(C.9)
Now, let us define
Fy = Z (/ [Ph(fO)UQ + (Ph(fO))z]dmdU +/ (E0)2 + 611[[(1)0]]?1/2>
i Tig h
= [P0l 7, + IPa )G 7, + 1 BollS 7, + et [ 2o I, (C-10)

Then integration in time from time 0 up to time ¢ in (C.9), yields to

) ( | i+ Polasao+ [ (©0)2de+ o 11?1/2>

ij g L

L t
< Fo+ 5/0 Z[@(z)]]f_lﬂdz,

which in particular implies,

L—l t
O<ch[[<1> 31 <Fo+ 5 /02011[[@(2)]]@2—1/251»2’

and therefore, standard application of Gronwall’s inequality (see [42]) gives,

d
i [zl: e[ 2(t) ]]2271/2

L 4
< Fpe?en
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which implies the a-priori estimate

S enl @1y < | enl @O | +Fo (7' -1)

Then, substitution of the above estimate into (C.9), leads to the thesis of the Propos-
ition.
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