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Discontinuous Galerkin gradient discretisations for
the approximation of second-order differential
operators in divergence form

Robert Eymard*and Cindy Guichard'

Abstract

We include in the Gradient Discretisation Method (GDM) framework two numerical schemes based on
Discontinuous Galerkin approximations: the Symmetric Interior Penalty Galerkin (SIPG) method, and
the scheme obtained by averaging the jumps in the SIPG method. We prove that these schemes meet the
main mathematical gradient discretisation properties on any kind of polytopal mesh, by adapting discrete
functional analysis properties to our precise geometrical hypotheses. Therefore, these schemes inherit the
general convergence properties of the GDM, which hold for instance in the cases of the p—Laplace problem
and of the anisotropic and heterogeneous diffusion problem. This is illustrated by simple 1D and 2D
numerical examples.

Keywords: Gradient Discretisation method, Discontinuous Galerkin method, Symmetric Interior Penalty
Galerkin scheme, discrete functional analysis, polytopal meshes

1 Introduction

Discontinuous Galerkin (DG) methods have received a lot of attention over the last decade at least, and
are still a subject of interest. They present the advantage to be suited to elliptic and parabolic problems,
while opening the possibility to closely approximate weakly regular functions on general meshes. Although
the convergence of DG methods has been proved on a variety of problems (see [8] and references therein),
note that the stabilisation of DG schemes for elliptic or parabolic problems has to be specified with respect
to the problem, and that there are numerous possible choices [2].

On the other hand, convergence and error estimate results for a wide variety of numerical methods applied
to some elliptic, parabolic, coupled, linear and nonlinear problems are proved on the generic “gradient
scheme” issued from the Gradient Discretisation Method framework (see [9] and references therein). This
framework is shown to include conforming Galerkin methods with or without mass lumping, nonconforming
P! finite elements, mixed finite elements and a variety of schemes issued from extensions of the finite volume
method. Convergence and error estimate results are then proved in [9] for the following problems:

1. elliptic problem with constant or unknown dependent diffusion,

2. steady or transient p-Laplace problem and more generally Leray-Lions problem,
3. parabolic problem with constant or unknown dependent diffusion,

4. degenerate parabolic (Richards or Stefan-type) problems,

provided that the Gradient Discretisation is coercive, GD-consistent, limit-conforming, compact and in
some cases with piecewise constant reconstruction (the precise mathematical meaning of these core prop-
erties is recalled in Section 2 of this paper).

The aim of this paper is to build Gradient Discretisations from the DG setting. Considering two ways of
accounting for the jump terms (pointwise or by mean value), we define on one hand the Discontinuous
Galerkin Gradient Discretisation (DGGD) and on the other hand the Average Discontinuous Galerkin
Gradient Discretisation (ADGGD). In both cases, we show that all the core properties of GDM are satisfied
on general polytopal meshes in any space dimension. This immediately extends the range of problems which
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can be handled by Discontinuous Galerkin methods to all the above problems, as we show in this paper by
considering the case of the p—Laplace problem. Indeed, we can immediately apply a convergence and error
estimate result derived from the Gradient Discretisation Method framework. This approach is different
from that of [4] where a specific stabilisation term is introduced in the variational formulation, whereas
the present work has significant common points with the stable DG method without penalty parameter
proposed in [15] (where a scheme, which can enter into the GDM, is proposed, the main difference with
the present paper being the lifting of the jumps for computing the discrete gradient).

It is then interesting to remark that the gradient scheme resulting from the DGGD is identical to the
Symmetric Interior Penalty Galerkin scheme in the case of linear diffusion problems, as we detail in section
6. Note that the gradient scheme resulting from the ADGGD is not identical, in the case of the elasticity
problem, to the scheme introduced in [13], in which the volumetric part is handled with average jumps but
the deviatoric part is handled with pointwise jumps.

This paper is organised as follows. Section 2 includes the main definitions for the Gradient Discretisation
Method in the case of homogeneous Dirichlet boundary conditions. In Section 3, we study a gradient
discretisation version of Discontinuous Galerkin schemes suited to polytopal meshes in any space dimension
using pointwise jumps, and we prove that this gradient discretisation satisfies the core properties which are
sufficient for convergence and error estimates results. We turn in Section 4 to the case of average jumps,
that is studied owing to a result of equivalence of norms between the DG norm build with pointwise jumps
and that build with average jumps. We then take an example of application of the preceding results in
Section 5, where the gradient schemes issued from the DGGD and ADGGD methods are shown to satisfy
a convergence and error estimate in the case of the p—Laplace problem. We then handle in Section 6
the case of linear elliptic problems, and we show that the scheme issued from the DGGD is identical
to the Symmetric Interior Penalty Galerkin method. A numerical example shows the role the numerical
parameter used in the design of the scheme plays in its accuracy. A short conclusion is then proposed,
before the adaptation of the Sobolev inequalities proved in [7, 8] to our setting and definition of the DG
norm in Appendix A. Note that the assumption that the mesh cells are star-shaped with respect to some
point (not made in [7, 8]) enables to prove that the constant involved in these inequalities do not depend
on the regularity factor of the mesh.

2 Main definitions of Gradient Discretisations for homogeneous Dirichlet
boundary conditions

In this paper, we make the following assumptions: p € (1, +00) is given and
Q is an open bounded polytopal connected subset of R (d € N*), (D)

where polytopal means that it is the union of a finite number of simplices.
The following definitions, first introduced in [12], are given in [9] for a larger variety of boundary conditions.

Definition 2.1 (GD, homogeneous Dirichlet BCs):
A gradient discretisation D for homogeneous Dirichlet conditions is defined by D = (Xp,0, [Ip, Vp), where:

1. the set of discrete unknowns Xp o is a finite dimensional real vector space,

2. the function reconstruction lIp : Xp,o — LP(Q) is a linear mapping that reconstructs, from an
element of Xp o, a function over €2,

3. the gradient reconstruction Vp : Xpo — LP(Q)? is a linear mapping which reconstructs, from an
element of Xp o, a “gradient” (vector-valued function) over Q. This gradient reconstruction must
be chosen such that ||[Vp - || 1p(q)e is a norm on Xpo.

Definition 2.2 (Coercivity): If D is a gradient discretisation in the sense of Definition 2.1, define Cp as the
norm of the linear mapping Ilp:
Cp= max M, (2)
veXp,0\{0} HVDUHLP(Q)(!
A sequence (D )men of gradient discretisations in the sense of Definition 2.1 is coercive if there exists
Cp € Ry such that Cp,, < Cp for all m € N.
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The consistency properties indicate how accurately a regular function and its gradient are approximated
by some discrete function and gradient which are reconstructed from the space Xp .

Definition 2.3 (GD-consistency): If D is a gradient discretisation in the sense of Definition 2.1, define Sp :
Wy P(2) = [0,+00) by

Vo € WyP (), Sp(p) = mino (”H’DU —¢llLp) + IIVov - V‘PHLP(Q)d) : (3)

vEXD,

A sequence (Dr, )men of gradient discretisations in the sense of Definition 2.1 is GD-consistent, or consistent
for short, if
Vi € Wy (Q), lim Sp,, () =0. (4)
m—>0o0

The concept of limit-conformity which we now introduce states that the discrete gradient and divergence
operator satisfy this property asymptotically. Since we shall be dealing with non linear problems, we
introduce, or any g € (1, +00), the space W% (Q) of functions in (L9(Q2))* with divergence in L(Q):

Wi, () = {p € LY(Q)" : dive € LY()}. (5)

Definition 2.4 (Limit-conformity): If D is a gradient discretisation in the sense of Definition 2.1, let p’ = Py
and define Wp: W:i’:;(Q) — [0, +00) by

) / (Vou(zx) - p(x) + Upv(x)dive(x)) de
Ve € WL (Q), Wo(p) = sup &

vEXp 0\{0} ”V’DUHLP(Q)UZ

(6)

A sequence (Dp,)men of gradient discretisations is limit-conforming if

Vo € WEL(Q), lim Wp, (p) =0. (7)

m—r 00

Dealing with generic non-linearity often requires additional compactness properties on the scheme.

Definition 2.5 (Compactness): A sequence (Dp)men of gradient discretisations in the sense of Definition
2.1 is compact if, for any sequence um € Xp,, 0 such that (||Vp,,unl 1r0)e)men is bounded, the sequence
(Ilp,, um)men is relatively compact in LP(Q).

Definition 2.6 (Piecewise constant reconstruction): Let D = (Xp,0,1Ip, Vp) be a gradient discretisation in
the sense of Definition 2.1. The operator IIp : Xp,o — LP(Q) is a piecewise constant reconstruction if
there exists a basis (e;)icp of Xp,o and a family of disjoint subsets (€2;);ep of Q such that Ilpe; = 1q, for
all i € B, where 1q, is the characteristic function of €2;.

It is shown in [9] that all the considered examples of Gradient Discretisations (as listed in the introduction
of this paper) meet four of the core properties (coercivity, GD-consistency, limit-conformity, compactness),
and that mass-lumped versions satisfy the piece-wise constant reconstruction property. They therefore
satisfy convergence and error estimates for the range of problems passed into review in the introduction
of this paper. The next sections aim to build a Gradient Discretisation with the discontinuous Galerkin
setting, and then to prove that it satisfies the core properties as well.

3 Discontinuous Galerkin Gradient Discretisation (DGGD)

3.1 Meshes and discrete operators

Let us provide a definition for a polytopal mesh of 2, which is a slightly simplified version of that given
in [9].

Definition 3.1 (Polytopal mesh): A polytopal mesh of Q is given by ¥ = (M, F,P), where:
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1. M is a finite family of non empty connected polytopal open disjoint subsets of Q (the “cells”) such
that Q = Uxem K. For any K € M, let 9K = K \ K be the boundary of K, |K| > 0 is the measure
of K and hx denotes the diameter of K, that is the maximum distance between two points of K.

2. F = Fint U Fexs is a finite family of disjoint subsets of  (the “faces” of the mesh — “edges” in 2D),
such that, for all ¢ € Fint, 0 is a non empty open subset of a hyperplane of R? included in © and,
for all o € Fext, 0 is a non empty open subset of 92; furthermore, the (d — 1)-dimensional measure
|o| of any o € F is strictly positive. We assume that, for all K € M, there exists a subset Fx of F
such that 0K = Usc 7, 0. We then denote by M, = {K € M,0 € Fx}. We then assume that, for
all o € F, either M, has exactly one element and then o € Fext or M, has exactly two elements
and then o € Fin. For all K € M and for any o0 € Fk, we denote by nk,, the (constant) unit
vector normal to o outward to K.

3. P is a family of points of  indexed by M, denoted by P = (zk)xem, such that for all K € M,
xx € K. We then denote by dk,, the signed orthogonal distance between xzx and o € Fi (see
Figure 1), that is:

dx,e = (& — k) - Nk, forall x € o. (8)

We then assume that each cell K € M is strictly star-shaped with respect to ¢k, that is dx,- > 0
for all o € Fi. This implies that for all € K, the line segment [z x, ] is included in K.

For all K € M and o € Fg, we denote by Dk , the cone with vertex x and basis o, that is
Dk ={xx +s(y —xx), s€(0,1), y€o}. (9)
The size of the polytopal mesh is defined by:
ha = sup{hk, K € M}. (10)

Finally, for a given polytopal mesh ¥ we define a number that measures the regularity properties of the
mesh:
hr h

h
ng:max({iJrE, UEEnt7 Ma:{KvL}}U{

dK ,KeM,aefK}u{#fK,KeM}), (11)
K,o

P

where we denote by #Fk the cardinal of the set Fik.

Fig. 1: A cell K of a polytopal mesh and notation on Dk

Let us now define, using the discontinuous Galerkin framework, a gradient discretisation in the sense of
Definition 2.1.
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Definition 3.2: [Discontinuous Galerkin Gradient Discretisation
(DGGD)] Let ¥ = (M, F,P) be a polytopal mesh of © in the sense of Definition 3.1. Define the
Discontinuous Galerkin Gradient Discretisation D = (Xp,0, IIp, Vp) by the following.

1. For a given value k € N*, we consider the space W}, defined by
Wp={ue L?(Q) : ulxk € Px(K), VK € M}. (12)

Recall that the dimension of Py(RY) is (ktd! " and therefore the dimension of Wi is equal to

klal
(ljjj)!#/\/l. Let (xi)ier be a family of piecewise polynomial basis functions of degree k on each

cell, spanning W};,. We set

Xpo={v=(vi)icr : v; ERforall i € I}. (13)
2. The operator IIp is the reconstruction in L? () of the elements of Xp o:
Yov € X’D’O, IIpv = Z’Uixi. (14)
i€l

In this paper, we denote, for all K € M and v € Xp,o, by llzv € Py (K) the piecewise polynomial
defined by IIpv on K, extended on K, and we denote by Vv = VIIjwv.

3. For v € Xp,o, for K € M and for any o € Fk, we set, for a.e. * € Dk o,

[v]K.0 (Y (2))
dK,J

Vou(z) = Viv(e) + ¢(S(z)) MK, (15)

where (see Figure 1):

e we denote by S,Y the functions S : Dk, — (0,1] and Y : Dk, — o such that & =
zx + S(x)(Y(x) — zk), which means

_(x—xK) nKo _ T — TK
S(x) = T P and Y (z) = xx + 5@)
e for all K € M and all o € Fx, we denote by
. 1
Yy o, i Mo = (K, L}, Do (y) = 5 (Tzo(y) ~ Ticv(y)) 16)
else if M, = {K}, [v]k,o(y) =0 — Izv(y),

e Let B € (0,1) be given. Let ¢p : (0,1) — R be the function such that ¢(s) = 0 on (0, §),
Y1) € Pr—1([B, 1) and

/1 w(s)sdflds =1, 17
B . |
Vi=1,..., k-1, / (1 —s)4(s)s? 'ds = 0. (18)
B

Remark 3.3: Assumption (17) is mandatory in the proof of the limit-conformity of the scheme (see (34) in
Lemma 3.15), whereas (18) is used in the same equation for the high-order accuracy. The cut-off parameter
B € (0,1) is necessary for getting the equivalence (20) between the norm of the discrete gradient and the
Discontinuous Galerkin norm (defined by (21)). Note that 8 = 0 is considered in the numerical examples,
but the present convergence analysis is no longer available in this case. Lower and upper bounds of ||%]|
are provided by (57) in Lemma A.1.
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In the case k = 1, the function )51 € Po([3, 1]) has the constant value ﬁ.

For the general case k € N*, considering the basis (1, (1 - s),...,(1 - 5)*71) of Px_1([B,1]), and writing
the function % as (s) = 25:1 a;i(1 —s)"!, we see that the matrix A of the linear system issued from
(17)-(18) (it is a Gram matrix), with unknowns («;)i=1,... ., is such that

.....

,,,,,,,

1 k
UtAU — / (Z"M(l _ S)i—1)28d—1d57
B =1

which implies that A is symmetric definite positive, hence leading to the existence and uniqueness of .

We split Dk, into DE,?)G and Dk o \ DEKB)G with

DY) i {2 € Dicore = wxc + sy — wxc),s € (0,6], € o}
and K = U Dﬁffm (19)

oc€FK

(note that we have |Dg o \ D%gu = %dKHJD.

Remark 3.4: The above definition for the discrete gradient Vpv can be seen as a regularisation of the
gradient of v in the distribution sense, by replacing the Dirac mass on the faces of the mesh by a function
with integral equal to 1.

Remark 3.5: It is possible to consider Sk ., instead of a constant 3, without changing the mathematical
analysis done in this paper.

Remark 3.6 (Piecewise constant reconstruction): One can for example replace IIp by Iip such that, for all
K e M,and ae. = € K, ﬁpv(:c) = ﬁ fK T v(x)de, which provides a piecewise constant reconstruction
in the sense of Definition 2.6, choosing a basis (x;)ier such that, for each K € M, there exists i € I with
v; = ﬁ fK IIxv(zx)de for all v € Xp .

Remark 3.7 (Definition of the jump at the faces of the mesh): Note that, in Definition 3.2, the jump at the
faces is divided by 2 at the interior faces. This allows to keep the same definition for Vp on all Dk , in
the two cases, 0 € Fint and 0 € Fext.-

3.2 Mathematical properties of the DGGD method

Let us first state and prove the following lemma, which provides a connection between the discrete gradient
defined by (15) to a norm suited for the study of discontinuous Galerkin methods in the framework of elliptic
problems.

Lemma 3.8: Let D be a DGGD in the sense of Definition 3.2. Then there exists A > 0, depending only on
p, k and d, such that

4 (k—1)

Yv € Xp,o, A ‘DGJN (20)

Al
1-58

[vlpey < [[VoollLe@)e <

where

Ivlbe, = 3 ([ Vv@rde s 3 oo [ ibleo@raw). (21)

—1
KeM o€FK e
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Remark 3.9 (DG norm): Note that Definition (21) for the DG norm is slightly different from [7, eqn. (5)]
or [8, eqn. (5.1)], with the use of dk - instead that of diam(c), and with notation (16) for the jump at the
faces of the mesh, owing to the fact that we make the assumption that the grid cells are star-shaped with
respect to a point (this assumption is not made in [7, 8]). This allows the application of discrete functional
analysis results without regularity hypotheses on the polytopal mesh.

Proof. Let K € M and 0 € Fi. Using * = xx + s(y — k), and using, for some ¢ > 0 to be chosen
later, a + b7 < (1+ ¢ (Jaf” + |2]7) with L + 1 =1, a = Vgu(a) + L@y (5(@))n, and

dK .o
b= —Vgv(x), we have
[ merae = [ wr@ras S [ o) + e @)y gan e [Fda
K K(B) \D(ﬁ) dK’g
cE€FK Dk,o
> [ Vgee)Pde - Vgo(@)de
K(8) P Jr\K®B)
1 [v]x.o (Y () P
+ : / : P(S(x))nk,o| de.
(1+c)p1 erfK e DD ’ drcs (S(x))nx
Writing
d d
< Z |0:Igv|” < [Vgol? < d”/?> " |0 TIzv[? (22)

=1 i=1

and applying Lemma A.3 to the polynomial 0;Ilzv € Pk,1(Rd) fori=1,...,d, we can write

/ |vv(m)|Pdm>Mzd:/ O TTev(@)[Pda > 2557V /|V—v(w)\pdm
ke K - dkp=1 = /K K - N P ’

denoting by C,, , = leipp/% We then define ¢ by & = pitPt= Y | Remarking that

C;)’k
((Cp e+ 1T

1 pirt=hcoy dp(k—1)
— > p(R—
(14 )1 ((/@der(kfl)CI’7 L)P/P 4 1)pt 28

and using |nk .| =1, we get

/ Vo) Pde > gLH70—D (c;,k / Vo(@)|Pdz
K K

Cyx
(Cpr+ 1T

+

p
dm) .

We then apply the change of variable & € DK o (y=Y(x),s = S(x)) € 0 x (0,1). We then have
x = zxk + s(y — xk) and therefore de = dxk, -5 d7( )ds, leading to

~/DK7U\D55,)G ’WWS@)) ’d / |U]Z§:J / (et

1 P p d—1
= g [P [

2 /DK’U\D%E‘) ‘%w(s(m))

oeFK

Using (17) and Holder’s inequality, we have

1:/[:1/1(5)sd1ds < (/; |w(3)|psd1ds); (/ﬁ1 4= lds)

1 1
Y I

-(/ poreas)” (152)7,



3 Discontinuous Galerkin Gradient Discretisation (DGGD) 8

leading to

! p d—1 d Pt p—1
‘/ﬁ ‘1/)(8)' S ds 2 <ﬁ> 2 d .

This completes the proof of the left inequality in (20). Turning to the proof of the right inequality of (20),
we have

P p—1 . p p—1 [V]k,o (Y (x))
/ I / (el +2 / K)g\})g}g\idm $(5(@))

! /D |vﬁ<w>|"dw+< 2 ) / o]0 () Py () /ﬁ (s Ps*ds,

dK,o’

dx

which completes the proof of the right inequality in (20), since, using (57),

(1-pher _ e
A1 —pyp = d1- By

[ wtepsttas <
B

We can now state and prove that [|Vp - ||s(qye is @ norm on Xp o.
Lemma 3.10: Let D be a DGGD in the sense of Definition 3.2. Then ||Vp - || 1p(q)a is @ norm on Xp,o.

Proof. Tt suffices to check that, if v € Xp o is such that |[Vpv||1pq)a = 0, then v = 0. Indeed, owing
to Lemma 3.8, we get that ||v||pa,p, = 0. We can apply Lemma A.7, since in the case d = 1 or d = 2, it
applies without restriction to ¢ = p, and in the case d > 3, there holds p < p* = pd/(d — p). Hence we
deduce that ||IIpv||pr(q) = 0, which concludes the proof. L]

We now prove the core properties of the DGGD, as described in Section 2, gathered in the following
theorem.

Theorem 3.11 (Properties of DGGDs): Let (Dy)men be a sequence of DGGDs in the sense of Definition 3.2,
defined from underlying polytopal meshes (%,,)men. Assume that (ns,,)men is bounded (see (11)), and
that A, — 0 as m — oo.

Then the sequence (D )men is coercive, GD-consistent, limit-conforming and compact in the sense of
Definitions 2.2, 2.3, 2.4 and 2.5.

Proof. The limit-conformity, coercivity, GD-consistency and compactness are obtained by applying
Lemmas 3.15, 3.12, 3.14, 3.13. [

Let us now prove each of the lemmas involved in the proof of the above theorem.

Lemma 3.12 (Coercivity): Let D be a DGGD in the sense of Definition 3.2. Let C'p > 0 be defined by (2).
Then there exists Cp depending only on [, 8, p, k and d such that Cp > Cp, which means that any
sequence (D)men is coercive in the sense of Definition 2.2.

Proof. We again apply Lemma A.7, since we noticed in the proof of Lemma 3.10 that it applies to the
case ¢ = p. [

Lemma 3.13 (Compactness): Let (D)men be a sequence of DGGDs in the sense of Definition 3.2. Then,
for all (vm)men such that, for all m € N, vm, € Xp,,,0 and such that the sequence (||[Vp,, vm| Lr(0))men
is bounded, the sequence (Ilp,,vm)men is relatively compact in LP(Q2), which means that any sequence
(D) men is compact in the sense of Definition 2.5.

Proof. We first extend IIp,, v, by 0 in R% \ Q. We then have, for all m € N, applying Lemma A.6,

d
V€ € RY, |TIp,, v (- + &) = p, vimll 11 ey < O 16D 1Tp,, vmllBy
=1

d
< O l&DCd((d+ D) 7 [Tp,, v [pc,p.

i=1
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This implies that the sequence (Ilp,,vUm)men is relatively compact in L'(R?). Thanks to Lemma A.7,
the sequence (Ilp,,Vm)men is bounded in Lq(]Rd) for some ¢ > p. We thus deduce that the sequence
(Ip,, Um )men is relatively compact in LP(R%), which concludes the proof of the lemma. L]

Lemma 3.14 (Estimate on Sp for DGGD): Let D be a DGGD in the sense of Definition 3.2, with underlying
polytopal mesh . Take ¢ > ns (see (11)) and let £ € {1,...,k}. Then there exists C; > 0, depending
only on on Q, 3, p, k, £, d and p, such that

Vo € WHHP(Q) N WeP(Q), Sp(e) < Crbiu lellweria » (23)

where Sp is defined by (3).
As a consequence, any sequence (D)men of DGGDs such that hs,, tends to 0 as m — oo while 7g,,, remains
bounded is GD-consistent in the sense of Definition 2.3.

Proof. In this proof, C is a generic notation for various positive numbers depending only on 2, 3, p,
k, ¢, d and g. Let ¢ € W*P(Q) N WP (Q) and, for K € M, denote by 7f : L'(K) — Pyx(K) the
L?(K)-projection on polynomials over K of degree at most k. By [6, Lemmata 3.4 and 3.6],

H‘p B Wf&”m(x) < OH el (24)

[ve = vakol|,, o0 < OPic il (25)
e+1-1

voe P, o ke, < OnT lelwesng (26)

The functions (W’f(w)xeM define an element of W},. Since IIp : Xpo — W3 is an isomorphism (see its
definition (14)), there exists v € Xp,o such that (Ilpv)|x = v = 7 for all K € M. Then, raising
(24) to the power p and summing over K € M yields

¢
lle — HDUHLP(Q) < Ch/\jtrl

lellwetr.0 () - (27)
Let us now analyse the jump terms in Vpv. Let o € Fine with M, = {K, L}, and y € . Writing

i (8) = 5 (Tzo() — (y) + $(y) ~ Tgo(y) = 3 (o) — o) + 5 (o) -~ Theow),

and using (26) in cells K and L yields

e+1-1 o41-1
H[U]KaUHLP(o) <Ch, " H‘PHWHLp(L) +Chyg 7 HS””WHLp(K)

¢ 1—1 1—1
< Ot (7% ellwsnny + i ? elhwrsnage )

1_4 1 4 1_4 14
By definition of ¢, di,c > ¢~ 'hxk and di,; > 0 'dr,e > 0 *hr, so df; , < Ch = and df , < Ch} .

Hence,
1

1 9 y
dfy Nolxollzoio) < Ch (Iellwesiogy + I€lwennm ) -
Using change of variable  — (y = Y (x),s = S(x)), we infer

/DK,U Vou(a) - Vgo(e)de = | N w(s(a) s D) g
= [ s s [ aczie il @ < O (Kol +lelfengo) - @9

Since ¢ = 0 on 012, performing the same steps as above shows that (28) also holds if o € Fx N Fext,
by removing the term involving L. By summing (28) over ¢ € Fx and K € M, using the definition
Vv = V([Izv) = V(7% ), (25) and the triangle inequality, we infer

2
”vDU - V‘P”LP(Q)d < Ch/\/l HSD”WIH'LP(Q) .
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Combined with (27), this completes the proof of (23).

We then show that any sequence (D)men of DGGDs such that hs,, tends to 0 as m — oo while 7, remain
bounded is GD-consistent in the sense of Definition 2.3, by applying [12, Lemma 2.4] since W***?(Q) N
Wy P(Q) is dense in W, *(Q). n

Lemma 3.15 (Estimate on Wp(¢) for DGGD): Let D be a DGGD in the sense of Definition 3.2, with un-
derlying polytopal mesh T. Take ¢ > ns (see (11)) and let £ € {1,...,k}. Then there exists Cs, depending
only on 2, 8, p, k, ¢, d and p, such that

v§0 € W&p (Q)d7 W'D(Lp) S Cth\/l H‘P'lwﬂm’(n)d ) (29)

where Wp is defined by (6).
As a consequence, any sequence (D)men of DGGDs in the sense of Definition 3.2 such that hz,, tends to
0 as m — oo is limit-conforming in the sense of Definition 2.4.

Proof. In this proof, C' denotes various constants having the same dependencies as C2 in the lemma.
Let ¢ € wer (Q)d. Using the definition of Vpv and Ilpv yields

/ (Vpu(x) - p(x) + Hpv(z)dive(x)) de = Ty + 1>, (30)
with T = Z / ) - () + pv(x)dive(xz)) de,
KeM

and T, = Z Z/ Mnfg,owp(w)dm.

KeMocFy ' PK.o K.
Stokes formula in each cell K yields

ni=> > /va(y)cp(y)wx,adv(y) (31)

KeMoeFk

Let 7h " . LP(K) — Py_1(K)? be the component-wise L*(K)-projection over polynomial vectors on K
of degree at most k — 1, and write

Ty =151 + T2, (32)
with Toq1 = Z Z / Mnfgg (p(x) — 7 o(x))da,

d
KeMoeFyg ' DKo Ko

and T2 = Z Z/ Mnxg-ﬂf{lgo(m)dw.

d
KeMoCFy DKU Ko

Similarly to (24) we have Hcp — ke < Ch% ¢l e.07 (rya- Hence, owing to Holder’s inequalities

‘PHLP’(K)d
and the change of variable @ — (y = Y (x),s = S(z)) and Lemma 3.8 , we get

1/p
Ton] < Chiv [ @llywer e | D Z/ s)[Ps?'ds /d (y)[Pdy(y)
KeMoeFg ' PK,o
£ —(£+(k—1 £
< Ch 1@l e [10lpe p < CAB™ S DR @l e s e VD0 Loy - (33)

We now turn to T 2. Since W’f(_lcp is a polynomial of degree k — 1 or less, using the change of variable
xz+— (y=Y(x),s = S(x)) and a Taylor expansion in s about s = 1, we have

™ lo(@) - nre =mh to(y) o + me )1 —s)"
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where pn, is a polynomial in y. Hence, reporting this expression into that of T5 2, the second term of the
right hand side vanishes owing to (18), and the first term is equal, owing to (17), to

To= Y > [ Wro)ri ') nxody. (34)

KeMoeFg v

Therefore, with (31),

TitTop= ) ) / (Mrv@)e(®) + bl )7k 0®)) - nicody(y) = Ts + T,
KeEMoeFg "7

with

Ty= Y > [ (gv(y) + vk () () - nr0dv(y),

KeMoeFg 7

Tu= Z Z Wk.o (W) (75 (y) — @(y)) - ni.ody(y).

KeMoeFrg v

Ifo € Fine with My = {K, L}, Tigv(y) +[v] k.0 () = 5 (gv(y)+T1zv(y)) and thus, since ni o +nr,0 =0,

/ (To(y) + [v]x.0(©)) 9(y) - nc.ody(y) + / (Tpo(y) + (o]0 () 9(¥) - L0 dy(y) = 0.

If 0 € Fext with M, = {K}, then IIzv(y) + [v]k,o(y) = 0. These arguments show that 73 = 0, and
thus that 7% 4+ To,2 = T4. Similarly to (26), we have |[¢ — ﬂf(_lgoHLp/(U)d < Chﬁ(_l/p el e (eya <
C’hf\,,d;{,lép, lellvye.or (reya (use di.o < hi). The Holder’s inequalities thus give

1/p

EXIBIDY / BN lxo @ dvw) | B Il oy

KeMoeFg v
< O lollpgp Wt Il
< CAﬂi(%Hkil))hﬁvt IVl o gya 1ellwes (ya -
Combined with (33) and plugged alongside (32) into (30), this concludes the proof of (29).
Then, considering a sequence (D)men of DGGDs in the sense of Definition 3.2 such that hs,, tends to 0

m

as m — oo, we get that it is limit-conforming in the sense of Definition 2.4 by density and applying [12,
Lemma 2.4] (this is possible owing to Lemma 3.12 which states that (D)men is coercive).

Remark 3.16: Note that the application of Lemmas 3.14 and 3.15 to the error estimate [12, Lemma 2.2,
eqns. (6) and (7)] provides an error in hxq in the case of the linear elliptic problem (52) under Hypotheses
(53) in one, two or three space dimensions, when the exact solution belongs to H?(Q).

4 Average discontinuous Galerkin gradient discretisation (ADGGD)

This section presents a second gradient discretisation associated with discontinuous Galerkin methods.
In this GD, called the Average Discontinuous Galerkin Gradient Discretisation (ADGGD), the discrete
gradients are defined from average jumps instead of pointwise jumps. This idea can be found in [13] in the
case of the elasticity operator (see Introduction), and in [3] with a non-symmetric scheme.

Let Xp o, IIp, ¢ and S be defined as in Definition 3.2 in Section 3. We substitute to (15)-(16) the following
definition: for v € Xpo, K € M, 0 € Fg and a.e. « € Dk o, set

Vou(a) = Vieo(@) +6(5(@) D (35)



4 Average discontinuous Galerkin gradient discretisation (ADGGD) 12

where the average jump [v]% ,, which replaces the pointwise jump in (15), is defined by

[y

if 0 € Finy and M, = {K7 L}7 [U]?(,a = 7(”%,0 - U?{,o):

if o c fext and Mg = {K}, ['U]l;{,g =0- U(Il(,o'a
defining

\V]

(36)
1
VK € M, Yo € Fk, vk, = ol / Hzv(y)dy(y)-

We remark that Vpo, as defined by (35)-(36) is piecewise constant in the case k = 1. It is identical to
that defined by (15)-(16) in the 1D case, letting k = 1, but it leads to much simpler computations in the
2D or 3D cases (see Remark 5.2 in Section 5).

In order to prove that the GD such defined satisfies the properties listed in Section 2, we assume in the
next lemmas that all the faces of the mesh are convex, which can easily be satisfied in the case of polytopal
meshes: the faces being polytopes as well, they can be split into convex sub-faces if needed, without
increasing the cost of the method (it does not enlarge the stencil). Let us first show the following result of
comparison between pointwise and average values at the faces of the mesh.

Lemma 4.1: Let D be a DGGD in the sense of Definition 3.2, with underlying polytopal mesh ¥ such that
all the faces o € F are convex. Let ¢ > nz (see (11)). Then there exists C3 > 0, depending only on p, k,
o and d, such that

1
Yv € XD,O, VK € M, Yo € .FK, F/ |HfU(y) — ’U(Il(’d|pd’y(y) S 03/ |V?’U(.’B)|pdm (37)
Ko Yo D

K,o
Proof. Let us prove (37). Applying Jensen’s inequality and to Fubini’s theorem, we get

[ Motw) —vicalrante) = [

P

dvy(y)

1
o / (Tv(y) — Tigv())dy (x)

= /g % /, Mzv(y) — Hgv(z)|” dy(z)dy(y).

Thanks again to Jensen’s inequality, we have

/a 7 / rev(y) ~ Tev(@)]” dy(@)dy(v) = 1 //

diam(co)?

< Qo) [ [ [ Vrole + s(y — @) dsdy(z)d(y)
_ dia%(r’)p (/01/2 Tl(s)ds—&-/l; Tl(s)ds> 7

Ti(s) = / / Vao((L - )z + s) [ dy()d ().

We remark that, thanks the change of variable s
eqrefeqintintadgain Lemma4.1to(1 — s) and exchanging  and y, we can write

/1 " Ty(s)ds = /0 Y (o).

/2

P

/0 Vv(@ + sy — @) - (y — 2)ds| dy(@)dy(y)

with

For a given s € (0, 1), we make the change of variable ¢ — z = (1 — s)& + sy € o (recall that we assume
that o is convex), and we denote by

oy = {z € 0, such that (z —sy)/(1 —s) € o}.
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We then have
16 = g [ P aenw
<2t [ [ V@ dr@iw) =102 [ 190l ¢ 2)

Gathering the above results leads to

/ Mv(y) — v [Pdy(y) < diam(o)?2? / Vu(2) [P dy(2).

For any i = 1,...,d, we then apply Lemma A.4 to 0;Ilv, which is a polynomial with degree lower or
equal to k — 1 with respect to & € R%. From (59), we then get
kPt kPt

T p I T p I . g
dK,o ||81HKUHLP(U) < Cpin ||81HK,UHLP(DK,U) < Cort ” |VK'U| ”LP(DKﬁy

Since diam(o) < hx < dk,-0 by (11), the two previous inequalities and the inequality

d
[ Vvl HLp(g) < Z ||aiH?UHLp(U)

=1

lead to (37).

Let us now show the following result of equivalence of norms, which enables the application of the Discrete
Functional Analysis developed in the appendix.

Lemma 4.2: Let D be a DGGD in the sense of Definition 3.2, with underlying polytopal mesh ¥ such that
all the faces o € F are convex. Let ¢ > nz (see (11)). For any v € Xp,o, let us define ||v||apa,p by

lolne, = 3 /K Vev@Pde + 3 A9 s, (38)

b o7 T
(see (36) for the definition of [v]% ). Then there exists B > 0, depending only on p, k, ¢ and d, such that
Vv € Xp,0, [vllapcpy < vllper < Bllvllapc,p, (39)
where ||[v||pg,p is defined by (21).

Proof. We first remark on one hand that Jensen’s inequality implies, for any K € M and o € Fk,

o llfe)%ol” < / o]0 () [Pd(x),

which leads to the left inequality in (39), and on the other hand that, if ¢ € Finy and M, = {K, L}, we
have

/ o]0 () Py ()

<3 ([ 130w — vk Parta) +lollelical” + [ 15 0izow) ~ ok Pl )

and if o € Fexy and M, = {K}, there holds

[ o P arta) <2 ( [ 1Mreo(w) - vk Pantw) + |a||[v1‘;<,a|P) ,

We then deduce the right inequality in (39), using (37) in Lemma 4.1.

We can now state and prove that [|Vp - || (g« is @ norm on Xp,o.
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Lemma 4.3: Let D be a ADGGD in the sense of Definition 3.2, where (15)-(16) is replaced by (35)-(36),
with underlying polytopal mesh T such that all the faces o € F are convex. Then ||Vp - ||1p(q)« is a norm
on Xp,o equivalent to || - |pa.p-

Proof. We first remark that, following the proof of Lemma 3.8 with replacing the pointwise jump by
the average jump, we obtain the equivalence between ||Vp - || 1p(qye and [ - [[apa,p. The conclusion follows
from Lemma 4.2. n

We now state the core properties of the ADGGD, as described in Section 2, gathered in the following
theorem.

Theorem 4.4 (Properties of ADGGDs): Let (Dm)men be a sequence of ADGGDs in the sense of Definition
3.2, where (15)-(16) is replaced by (35)-(36), defined from underlying polytopal meshes (T ,,)men such that
all the faces o € Fy, are convex. Assume that (nz,,)men is bounded (see (11)), and that haq,, — 0 as
m — 0o.

Then the sequence (D )men is coercive, GD-consistent, limit-conforming and compact in the sense of
Definitions 2.2, 2.3, 2.4 and 2.5.

Proof.

e The coercivity property results from Lemma A.7 and from the equivalence of norms stated in Lemma
4.2.

e The compactness property uses in addition Lemma A.6, as in the proof of Lemmas 3.12 and 3.13.
e Lemma 3.14 holds, by replacing the pointwise jump by the average jump.

e Replacing the pointwise jump by the average jump in Lemma 3.15, the whole proof holds except
that, instead of T3 = 0, we find

=Y Y [ (Hgu(y) — vko)e®)  nx.ody(y)

KeMoeFg "7

= > Y [ (Hgv(y) — vko)(ey) — TxPY)) - Nk cdY(Y).

KeMoeFg "7
We then write, owing to Young’s inequality,

A
o7

=

1 . ,
mi< | 3% o [ M) i) | | Y di o= el
K,o Y0

KeMoeFg KeMoEeFKk
Similarly again to (26), using dk,. < hx, we can write

0 1-1/p’ —1/p’
ll = %@l 1o (oya < Chic P @l reya < Chandi 27 100w o sy »

where C only depends on €2, p, d and p. The two preceding inequalities, in addition with inequality
(37) in Lemma 4.1, allow to conclude (29) with ¢ = 1, which is sufficient for the limit conformity of
the method. Note that we can nevertheless let k > 1 in the definition of the ADGGD, but this does
not increase the order in the conclusion of Lemma 3.15 which remains equal to £ = 1.

5 Application to the p—Laplace problem

This section shows, on the example of the p-Laplace equation, the interest of plugging DG methods in the
GDM framework.
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5.1 Convergence and error estimate

We consider the following problem.

—div(|Va|P~*Va) = f + div(F) in Q, (40a)

with boundary conditions
u =0 on 09, (40Db)

under the following assumption, in addition to p € (1, +00) and (1):
fer’ (), FelL Q)" (41)
Under these hypotheses, the weak solution of (40) is the unique function @ satisfying:

W € WyP(Q) and, for all v € Wy (),

/Q VAP va() - Vo(e)dz = /Q F@)o(@)de — /Q F(z) - Vo(z)da. (42)

Definition 5.1 (Gradient scheme for the p-Laplace problem): Let D = (Xp,0,Ip,Vp) be a Gradient Dis-
cretisation in the sense of Definition 2.1. The corresponding gradient scheme for Problem (42) is defined
by

Find v € Xp,o such that, for any v € Xp o,

/ |Vou(e)|” *Vou(x) - Vpu(z)de = / f(z)pv(z)de — / F(z) - Vpu(z)de. (43)

Q Q Q

Remark 5.2: Either the DGGD scheme or the ADGGD scheme can be selected for defining the discrete
operators used in (43). Note that, for any v € Xp o, the discrete gradient Vpv defined by the DGGD
scheme (15)-(16) is piecewise polynomial, even for k = 1 in the case d > 1. In this case, the computation
of the left hand side of (43) implies the use of quadrature methods, which can be exact if p = 2 or
approximate in the general case. On the contrary, using the ADGGD scheme with & = 1, the discrete

gradient Vpv defined by (35)-(36) is piecewise constant, and the computations are much easier (see the
numerical examples in Section 5.3).

The following lemma, which is a consequence of the underlying minimisation problems and is proved in
[9], establishes the existence and uniqueness of the solutions to (42) and (43), as well as estimates on these
solutions.

Lemma 5.3: Under Hypotheses (41), there exists one and only one solution to each of the problems (42)
and (43). These solutions moreover satisfy

1

|f||LP/(Q) + HFHLP/(Q)d)p_l

IVl Lo oya < (Crp (44)

and
1
IV oull Loyt < (Collfll o @y + 1F Il Lot ) 7T (45)

where Cp,, is the continuous Poincaré’s constant in Wy '*(Q), and Cp is defined by (2).
Theorem 5.4 (Control of the approximation error): Under Hypotheses (41), let @ € W,y'?(2) be the solution

of Problem (42), let D be a GD in the sense of Definition 2.1, and let up € Xp o be the solution to the
gradient scheme (43). Then there exists Cs > 0, depending only on p such that:

1. If pe (1, 2],
||Vﬂ — VDUD”L;)(Q)d < S’D(ﬂ) +Cy [WD(|Vﬂ‘p72Vﬂ+ F) + S’D(ﬁ)pil]

x [Sp@" + [(C + Crp)lf o ) + 1PNl ya) 7] - (46)
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2. If p € (2,400),
V% — Voun|| oy < Sp(@) + Ci [WD(wa\Hw 1+ F)
+ S0 @[(Crall ) + [Pl ) 7 + S0 @] 2] 77 (47
As a consequence of (46)—(47), we have the following error estimate:

@ —Tpup|Lee) < Sp(@) + Cp(Sp(@) + ||V — Voun| e 9)e)- (48)

The application of the previous theorem and of Lemmas proved in Section 3.2 allows to state and prove
the following corollaries.

Corollary 5.5 (Convergence of schemes issued from DGGD or ADGGD for the p—Laplace problem):

Under Hypotheses (41), let (D)men be a sequence of DGGDs (or ADGGDs) such that hs,, tends to 0 as
m — oo while s, remains bounded (the faces of the meshes being convex in the case of ADGGDs). Let
7w and up,, be the respective solution to Problems (42) and (43) for all m € N. Then Ip, up,, (resp.
VD, Up,, ) converge to @ in LP(Q) (resp. to Vu in LP(Q)P) as m — oco.

Proof. Owing to Theorem 3.11 (for DGGDs) or 4.4 (for ADGGDs), Cp,, remains bounded, whereas
Sp,. (@) and Wp,, (|VG[P"2Va + F) tend to 0 as m — oco. Hence (46) or (47) on one hand, and (48) on
the other hand, show the conclusion of the corollary. u

Corollary 5.6 (Error estimate of the discontinuous Galerkin methods for the p—Laplace problem):
Under Hypotheses (41), let us assume that p € (1,2], Q = (0,1), f € L>=(Q2) and F(z) =0 for all z € Q.
Let D be a DGGD (in this case identical to ADGGD) in the sense of Definition 3.2 where the polytopal
mesh of Q is uniform. Let @ and up be the respective solution to Problems (42) and (43). Then there
holds

@ — pup|| ey + ||VT — Voup||pr@) < ChiL ", (49)

where C' only depends on f, 3, p and k.
Proof. In this particular case, the continuous solution @ satisfies that there exists C' € R with
v € [0,1], @ (@)% () = C - / F(s)ds,
0
and therefore . -
Vo € [0,1], @(z) = |C - /O f(s)ds| 77 sign(C — /O F(s)ds).

Then, since p—il > 1, we get that @ € WP (Q) N W>°(Q) and [@'[P~*@ € W'*°(R) (extending f by 0
outside 2). Therefore we apply Lemmas 3.12, 3.14 and 3.15, which, in addition to (46), complete the proof
of (49). n

Note that this error estimate provides, in the case p = 2, the order 1 for the error estimate of the derivative
of the solution, which is confirmed by the numerical results below. But it does not provide the order 2
observed on the error estimate of the solution.

5.2 Numerical results in the one-dimensional case
We consider Problem (40a) where d = 1, Q@ = (0,1), f(x) = 1 and F(x) = 0. The analytical solution is

then given by
/(p—1) p/(p—1)
_ p—1 1\?

We consider a mesh with constant space step h = 1/N (with N € N*) and we use Scheme (43) together
with the Discontinuous Galerkin gradient discretisation given by Definition 3.2, with k = 1 and 8 = 1/2

1
r— =
2
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—analytic
—DGGD
o5 os o5 o5 o7 o

(c)p=4

Fig. 2: Exact and DGGD approximate solutions for the p-Laplace equation (k = 1, 8 = 0.5,
N =06).

(note that in the one-dimensional case, the two definitions (15) and (35) for the discrete gradient are
identical, so the DGGD is identical to the ADGGD).

We see in Figure 2 that the approximate solution matches quite well the analytical solution for N = 6,
considering the three cases p = 1.5, p = 2 and p = 4. The convergence orders which are given in Table 1,
are higher than that which could be expected from Corollary 5.6 in the case p < 2.

p=1.>5 p=2 p=4
U Vu u Vu U Vu
N =10 | 5.51E-04 | 6.34E-03 || 9.65E-04 | 9.40E-03 || 1.48E-03 | 8.11E-03
order 1.85 1.55 1.96 1.50 1.62 1.33
N =20 | 1.53E-04 | 2.17TE-03 || 2.48E-04 | 3.32E-03 || 4.80E-04 | 3.23E-03
order 1.92 1.61 1.98 1.50 1.60 1.29
N =40 | 4.02E-05 | 7.11E-04 || 6.29E-05 | 1.18E-03 || 1.58E-04 | 1.33E-03
order 1.96 1.64 1.99 1.50 1.59 1.59
N =80 | 1.03E-05 | 2.28E-04 || 1.58E-05 | 4.15E-04 || 5.24E-05 | 5.51E-04
order 1.98 1.65 2.00 1.50 1.59 1.26
N =160 | 2.62E-06 | 7.26E-05 || 3.97E-06 | 3.97E-06 || 1.74E-05 | 2.30E-04

Tab. 1: Errors and rates of convergences, on the functions and the gradient, for the ADGGD
scheme applied to the p-Laplace equation in dimension 1. “Order” represents the rate of
convergence from the line above to the line below.
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5.3 Numerical results in the two-dimensional case

We consider Problem (40a) with d = 2, Q = (0,1) x (0,1), f(x) = 2 and F(z) = 0 for all € Q. We define
xo = (1/2,1/2) and we prescribe non-homogeneous Dirichlet boundary conditions in agreement with the

analytical solution

£ - (1)p/(p_1) — |p/(p—1) (51)
p V2 ’ '

We apply Scheme (43) together with the Average Discontinuous Galerkin Gradient Discretisation given

by Definition 3.2 and definition (35) for the discrete gradient, letting k = 1 and 8 = 4/5. The triangular

meshes from the family mesh1 of [14] are used for the numerical tests.

a(w) = 21

—analytic
— ADGGD

(a) mesh1_1 (b) p=15

—analytic
— ADGGD

(c) p=2 (d)p=4

Fig. 3: Mesh mesh1_1 and exact and ADGGD approximate profiles along the line zo = x; + 0.01
for the p-Laplace equation (k =1, 8 = 0.8, using mesh1_1).

Figure 3 presents the profile of the approximate solution along the line 2 = x1 + 0.01, for the three cases
p=1.5, p=2 and p = 4, on the coarsest triangular mesh. We notice a rather good match of approximate
solution on this line.

Table 2 shows that the practical rates of convergence are better than the theoretical ones from Theorem
5.4; however, the rates for the gradient are degraded with respect to the similar test case in dimension
d=1.

6 Application to the heterogeneous Dirichlet problem

6.1 Link with the SIPG scheme

Let us prove that the gradient scheme issued from the DGGD defined in Section 3 is identical to the
Symmetric Interior Penalty Galerkin (SIPG) method [1, 2, 10] for the following elliptic problem:

e Hy(Q), Vo € Hi(Q), /

Alz)Vu(z) - Vo(z)de = / f(@)v(z)de, (52)
Q Q
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p=1.5 p=2 p=4
U Vu u Vu U Vu
meshi_1 | 0.944E-03 | 0.314E-02 || 0.120E-02 | 0.423E-02 || 0.138E-02 | 0.432E-02
order 1.96 1.48 1.95 1.42 1.32 1.41
meshl_2 | 0.243E-03 | 0.113E-02 || 0.308E-03 | 0.158E-02 || 0.555E-03 | 0.162E-02
order 1.97 1.48 1.98 1.38 1.57 1.16
mesh1_3 | 0.621E-04 | 0.405E-03 || 0.783E-04 | 0.608E-03 || 0.187E-03 | 0.727E-03
order 1.98 1.40 1.99 1.31 1.67 0.93
meshl 4 | 0.157E-04 | 0.154E-03 || 0.197E-04 | 0.245E-03 || 0.587E-04 | 0.381E-03
order 1.99 1.29 1.99 1.23 1.73 0.85
mesh1 5 | 0.396E-05 | 0.630E-04 || 0.495E-05 | 0.105E-03 || 0.177E-04 | 0.211E-03

Tab. 2: Errors and rates of convergences, on the functions and the gradient, for the ADGGD
scheme applied to the p-Laplace equation in dimension 2. “Order” represents the rate of
convergence from the line above to the line below.

where the assumptions are:

e A is a measurable function from 2 to the set of d x d
symmetric matrices and there exists A, X > 0 such that,
for a.e. € Q, A(x) has eigenvalues in [\, ],

o [ € L*(Q).

(53a)
(53b)

Using the DGGD D = (Xp,0,Ip, Vp) in the sense of Definition 3.2, the gradient scheme for the discreti-
sation of (52) is given by:

u € Xp,o, Vv € Xp,o, /QA(m)VDu(a:) - Vopu(z)de = /Qf(a:)HDv(m)dm. (54)

It is proved in [12, Lemma 2.2] that the solution u to (54) satisfies
IVa - Voullaae < 5 [WD(AVu) + X+ X)Sp(@)], (55)
|7 — pul| 2y < X [CoWp(AVE) + (CpX + A)Sp(T)] (56)

where Cp, Sp and Wp are defined in Section 2. The error estimate (55)-(56) together with Lemma 3.12
for a bound on Cp, estimates (23) on Sp (@) and (29) on Wp(AV7) yield the high order error estimate of
the method.

Let us assume that A restricted to K € M is constant in K (this is not needed for the DGGD scheme,
but it is necessary for defining the SIPG scheme in a heterogeneous case (see [8, Assumption 4.43]).
Then the left hand side of (54) can be developed in this particular case, using the change the variable
z— (y=Y(x),s = S(x)). Indeed, we first write

/D A)i(S(x)

/A dKo'

Let us now remark that the function ¢(s) =

[u] .0 (Y (2))

nk,o - Vgvu(z)de
dK o

/ Vev(z(y, s N(s)s® tdsdy(y)dr,o.

Vgv(xx + s(y — xx)) - nk,o is such that

nKo+me

m=1

1—5 ,

p(s) = Vgo
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where, for m =1,...,k — 1, pm(y) is a polynomial with degree less or equal to k — 1 with respect to the
coordinates of y. Therefore, (17)-(18) imply that fﬁl Vu(2(y,s) - nk,o¢(s)s 'ds = Vgu(y) - nk.o.
Hence we get

[ulk,o (Y (2))

ng,s - Veu(z)de
dK,a

/D A@)b(5(=)

- / Al o ()10 - Vreo(5)dy(w),

We also have

ng— dKa'

- AK"IM"KU/ Y(s)’st 1dS/[ |k,0(Y)[V] K, (y)dY(y)-

dKU

/D A(z) [u]K’U(Y(w))nK,cr Plro(@) ni ¥ (S(x)) de

Then the bilinear form involved in Gradient Scheme (54) satisfies

/A(w)VDu( ) - Vou(w)da

(/ AxVgu(z) - Viv(z)dz
KeM

+ Z (/ Ak ([u]k.o(y) VoY) + [V]K.0 (¥) VEu(Y)) - Nk ody(y)

cEFK

A o o 2 1
n K"ZKUnK / (s s dS/[UKcr ,U(y)dw(y))>-

We then recover the SIPG scheme as presented in [10] or [8], the penalty coefficient 7, (term

eqn. (11)], term # of [8, eqn. (4.12)]) being equal, in the preceding relation, to

s of [10

1
B

dK’a' dL,o'

and )
Tg:/w( 2d1d AKnKo NK,o fMg—{K}
B

dKU

Note that, since the Cauchy-Schwarz inequality implies

1
/1,0 dlds /w 2d1ds/ d—ld57

1
2 d—1 d
/B 1/1(8) S ds Z 1—7/8d Z d7

which provides a minimum value for 7, letting 8 — 0 (such minimum values are given, for example, by
[8, Lemma 4.12]. In our setting, it does not depend on the regularity of the mesh nor on the maximum
cardinal of Fx (in the DGGD scheme, we don’t handle separately the case d = 1 and the cases d > 1).

we get that

Remark 6.1: The above expressions prescribed for 7, involve the arithmetic averaging of the diffusion ten-
sors in the cells K and L. An interesting point to be studied is the numerical comparison on heterogeneous
cases with [11, 5], where the authors introduce an expression involving the harmonic averaging of these
diffusion tensors.
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6.2 Numerical results

The aim of this section is to assess the influence of the parameter S € (0,1) on the accuracy of the gradient
scheme (54) issued from the DGGD for the discretisation of (52). We consider the 1D case Q = (0,1),
and the polytopal mesh T defined, for N € N* and h = +, by M = {](i — 1)h,ih[, i = 1,...,N},
F={{ih}, i=0,...,N}, P={(i— 3)h, i=1,...,N}. We consider one of the test cases studied in [10],
that is Problem (52) with A = Id and %u(z) = cos(8mz) — 1 (hence f(x) = (87)? cos(87x)). Considering
first degree polynomials, the set Xp o is a vector space with dimension 2/N. In Table 3, the columns “FE”
correspond to the conforming P! Finite Element solution, we check that the results provided by “[10y”
with o, = 4.5, which corresponds to 8 =1 —1/0, for the interior faces, and 8 =1 — 2/0,, for the exterior
faces, are close to ours: Although we did not prove that the linear systems are invertible when 8 = 0, we

N\p 0 0.5 0.9 0.99 FE [10] N\p 0 0.5 0.9 0.99 FE (10]

10 0.496 | 0.241 | 0.347 | 0.394 | 0.399 | 0.247 10 13.233 | 11.533 | 11.360 | 11.349 | 11.348 | 11.777
order || 1.438 | 1.529 | 1.734 | 1.843 | 1.855 order || 0.172 | 0.781 | 0.862 | 0.863 | 0.863

20 0.183 | 0.083 | 0.104 | 0.110 | 0.110 | 0.083 20 11.743 | 6.714 | 6.251 | 6.240 | 6.240 | 6.421
order || 1.092 | 1.706 | 1.909 | 1.959 | 1.964 order || 0.010 | 1.004 | 0.966 | 0.965 | 0.965

40 0.086 | 0.026 | 0.028 | 0.028 | 0.028 | 0.024 40 11.666 | 3.348 | 3.199 | 3.197 | 3.197 | 3.253
order || 1.013 | 1.894 | 1.973 | 1.989 | 1.991 order || -0.008 | 1.034 | 0.992 | 0.991 | 0.991

80 0.043 | 0.007 | 0.007 | 0.007 | 0.007 80 11.728 | 1.635 | 1.609 | 1.608 | 1.608
order || 0.999 | 1.967 | 1.992 | 1.997 | 1.998 order || -0.007 | 1.014 | 0.998 | 0.998 | 0.998

160 || 0.021 | 0.002 | 0.002 | 0.002 | 0.002 160 11.781 | 0.810 | 0.805 | 0.805 | 0.805

L? error of the solution L? error of the broken gradient

Tab. 3: Errors and rates of convergences, on the functions and the gradient, for the DGGD scheme
applied to Problem (52). “Order” represents the rate of convergence from the line above
to the line below.

note that in practice a solution is obtained but that the broken gradient does not seem to converge. In
this very regular case, the L? error is the lowest for 8 = 0.5 but the convergence seems slightly better for
[ closer to 1, and it tends to the results of the finite element method as § — 1.

7 Conclusion

The two versions of the DG method included in the GDM framework have the advantages to hold on any
polytopal mesh provided that the grid cells are strictly star-shaped, to involve Discrete Functional Analysis
results which do not depend on the regularity of the mesh, and to apply on any problem on which the
GDM is shown to converge (like the example of the p—Laplace problem taken in this paper). The DGGD
scheme, identical to the SIPG method in the case of linear diffusion problems with constant diffusion in
the cells, applies to the case of any measurable diffusion field. In the first order case, the ADGGD scheme
presents the advantage of yielding simple computations owing to piecewise constant discrete gradients.

A Discrete functional analysis

Since our geometric hypotheses are different from those done in [7, 8], we now provide the Sobolev in-
equalities suited to Definition 3.1 of polytopal meshes. The techniques of proof are identical to that of [8,
Theorem 5.3]. In this section, we denote, for £ € R? by |¢| = (37_, €2)'/? the Euclidean norm of €.

Lemma A.l: Let k,d € N*, 8 € (0,1) and let ¢ : (0,1) — R be the function such that (s) = 0 on (0, 8),
Pi1a.1) € Pe—1([B,1]) and that (17)-(18) hold. Then there exists C' > 0, only depending on d and k, such
that o

d
T pd <l < -3 (57)

denoting for short by |||, the L*°((0,1)) norm of .
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Proof. Thanks to (17), there holds

_ ! d—1 Ya _ 1— B¢
1= [ w@s s <l [+ = Il T

which proves the left inequality of (57). Writing, for s € (8,1), ¥(s) = Zi-:ol ui(1 — s)%, multiplying (17)
by ug and (18) by u;, summing all these equations for i =1,...,k — 1, we get

k—1

/B (Zuz(l — )% s = wo.

1=0

Making the change of variable t = (1 — s)/(1 — 3), we get
1 k-1 o
/ (D w1 = B)t)* (1 —t(1— )" (1 = B)dt = uo.
0 =0
Owing to 1 — (1 — 8) > 1 — ¢, we can write
1 k-1
(1— 5)/ (3 w1 = B'#)*(1 = )" dt < wo.

0 =0

Let ag,q > 0 be the lowest eigenvalue of the Gram matrix M defined by M;; = fol =21 — )4 de,
i,5 =1,..., k. This value is such that

k—1 1 k—1
V(’U(),...,vk_1) GRk, ahdZv? < / (Zvitl)Q(l 7t)d71dt.
i=0 0 =0

We then have, letting v; = u;(1 — ) fori=0,...,k— 1,

(1= awa(ud + S - B < w.

=1

yielding on one hand ug < m and therefore on the other hand
k—1 - 1/2 1
u; (1 — 8)" < — .
(Z( R

We then get, using the Cauchy-Schwarz inequality, that

k—1 _ k—1 O\ 2 VE
Vs € (B,1), [¥(s)] < Z luil(1 = B)" < \/E< (wi(1=B)") > < W7
i=0 i=0 k.,d
hence leading to the right inequality of (57). [

The constant Cy,, > 0, introduced by the following definition, is used in the course of this mathematical

study for (¢,n) = (p,k — 1), and (q,n) = (dpf’ip, k) when p €]1,d].

Definition A.2 (Comparison of norms on R™*!): Let d € N*, n € N and ¢ > 0 be given. We denote by
Cyq,n > 0 the greatest constant, depending only on n, g and d, such that

1 n n
W(ao, ..., an) € R™, / 13 @757 s > Con 3 Jal. (58)
0 =0 i=0

The following lemma plays an essential role in the study of [|[Vp - || 1pq)a-
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Lemma A.3: Let n € Nand 8 € (0,1) be given. Let ¥ be a polytopal mesh in the sense of Definition 3.1.
Then there holds
Yo € P, (RY), VK € M, Vo € Fk,

P!
Py < (n+ p
/DKU @)l dw < garme, /D;f> e)fde

where Cp , is defined in Definition A.2 with ¢ = p, and where D%”U is defined by (19).

Proof. For K € M and o € Fgk, we compute fD(B) |v(z)|[Pde with making the change of variable
K,o

xz— (y =Y (x),s = S(x)), where y € ¢ and s € (0,3). We then have dz = dk ,s* 'dy(y)ds, which
leads to

B
[ o W@ Pae= [ [+ sty - @x)Pdsos dsta ).
K,o g

For a given y € 0, s — v(xk + s(y — xxk)) is a polynomial with respect to s with degree lower or equal to
n, that we write under the form v(xx +s(y —xx)) =Y ., ai(y)s’. We then use the notation introduced
in Definition A.2, which provides

B8 ) 1z o
/ | Z a; (y)51|p3d71d5 =p? / | Z a; (y)ﬁltl|ptd71dt
- —

> BChn > lai(@)B'" = B Cpn Y lai(y)”
i=0

i=0
This leads to "
[y W@ = 5470, [ o (3 )P (w).
K,o g 1=0

On the other hand, we have

/ CRES [ [ et oty wrp P asintw)

1 n
— [ [ 1 aws st dstr )
aJO0  —p

< (nt 1) / (> las(@)[)dxc.0d1(y).

i=0
Hence, gathering the above relations, the lemma is proved. n
Lemma A.4: Let n € N be given. Let T be a polytopal mesh in the sense of Definition 3.1. Then, for all
q € [1,+00), there holds

q—1
Yo € P, (RY), VK € M, Vo € Fx, dK,U/ lv(y)|?dy(y) < % /D |v(x)|de, (59)
o a,n K,o

where Cy,,, is defined in Definition A.2 with p = gq.

Proof. Let K € M, 0 € Fx and v € P,,(R?) be given. For a given y € 0, s — v(xx + s(y — xx)) is a
polynomial with respect to s with degree lower or equal to n, that we write under the form v(zk + s(y —
xK)) =>." ,ai(y)s’. We then use the constant introduced in Definition A.2, which provides

1 n n
[ 15> o Sl
0 =0

=0
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and therefore

/ @) = d. / / \Z 15" dsdo(w) 2 Oy | (iﬁ;mi(y)r])dww.

Remarking that y = xx + s(y — zk) for s = 1, we have

n

[ pwranw = [ Zaz () < 0+ )" [ (3 e (w).

i=0
Gathering the two previous inequalities gives (59). L]

Since our geometric hypotheses are different from those done in [7, 8], we now provide the Sobolev in-
equalities suited to Definition 3.1 of polytopal meshes. The techniques of proof are identical to that of [8,
Theorem 5.3].

Lemma A.5 (Comparison of DG norms): Let D be a DGGD in the sense of Definition 3.2. Then, for 1 <
p < q < 400, there holds

Vo € Xpo, [[vllpc, < ((d+1)]Q) 7 ollpe.q- (60)

Proof. We have
e, = 3 ([ Wro@rae+ ¥ - / e @AY @))-
KeM oeFK

Thanks to Young’s inequality, we have

r/q
e, < | 3 ([ Wrv@ie+ 3 / o) ()" ()
KeM ocEFK Ko- o
(¢—p)/
x| > (1K1+ ) ,
KeM oEFK
which leads, since >° - dx.o|o| = d|K], to the result. L]
Lemma A.6 (Comparison of DG norm and BV norm): For & € L'(R?), let us define
[olley = ZSUP{/ z)dz, € Ce(R), [|¢llo <1} € (RF U {+00}).
Then, extending [Ipv for all v € Xp o by 0 outside €2, we have
Vp € [1,4ool, Yo € X, [ovllsy < d((d+ DI T [[v]pa. (61)
Proof. We have, for all v € Xp o, thanks again to (16),
Movllov <d 3 ([ [Vrv@lda+ 3 [ fiiowinw).
KeM ceFK
Thanks to Young’s inequality, we have
1/p

Mooy <t | 3 (f (Wre@rdas 3 o [ Ibles )l diw)
KeM

oceFK
(p—=1)/p

x| S0 (IK1+ Y dicolel)

KeM oceF K
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The results follows. u

We now state the discrete Sobolev inequalities result.

Lemma A 7 (Discrete Sobolev inequalities): Let D be a DGGD in the sense of Definition 3.2. Then, for all
ge[l,£]if 1 <p < dand g€ [1,400] otherwise, there exists C, depending only on |Q|, k, p, ¢ and d,
such that

Vo € Xp,0, [[Hpv|lLa@) < Cllvllpe,p- (62)

Proof. Let us first assume that d = 1. Then we have
Vo € LY(R), [|7]le~®) < |7lBv,
which provides (62) owing to Lemma A.6.

We now assume that d > 2.

As in [7], we follow Nirenberg’s technique. First remark that, for all ¢ € [1,d/(d — 1)],
v € LARY), [0 < 5glolnv. (63)
This inequality implies, owing to Lemma A.6,
Yo € Xp.o, |[Tpvl|ega) < 2d|\npv\|]3v < f||v||DG 1. (64)

We now handle the case 1 < p < d. We define a = p(d 1) > 1 and p* . For v € Xp,0, we apply (63)
to |Ipv|® and ¢ = d/(d — 1). It yields

</Q|Hpv(w)|p*dm>ddl 1dzd: <K2;4/ |0i |Tev ()| | da + Z/Ilv o(y) Idv(y)>

oEF

denoting by |[w],(y)| the absolute value of the jump of w at y € 0. We observe that, for a.e. € K, we
have |9;|TTzv(x)|*| = o|Tlzv(x)|* | 0:illzv(z)| < a|llzv(z)|* ! Viv(x)|. On the other hand, we have,

for My = {K, L}, |[[v]*]o(y)| < 2a(|Tigv(y)|* ! + [Tpo(y)|* ) B2 ang, for My = {K},

[[v]%]o ()| < a|Tzv(y)|* | TTzv(y) — 0]. We then have, using notation (16),

([ oot a) S ([ Mm@ Vre@ldz+ 3 [ M@l s )ldrw).

KeM ocEFK

Hence we get, from Young’s inequality, since (o — 1)p’ = p* with p’ = p/(p — 1),

d—1
« d
(/ |Hpv(w)|p da:) < a(Tl)1/17(T2)(p71)/1u7
Q

with 0]
UKO
> ([ weo@ries 3 [ 1a6) = ol
KeM cEFK K,o
and
> ([ M@l e+ 3 dio [ IMgow)” ).
KeM occFKi

Let us now observe that

/|va )P da = Z / zv(z)|? da.

ocEFK Dr,o
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We write, as in the proof of Lemma A.3,

1
/ Mo (a)|” da = dK,U// Mo + s(y — o))" 5% dsdr(y).
DK,U o JO

We then apply Lemma A.4, letting n = k and replacing v by Ilzv. From (59), we get

* k +1 p*—1 *
dio [ Mol driy) < LV [ e de,
o p*.k Dk o

and concludes the proof that

p*—1 N
T < (14 %)/ Mpo(a) " de.
Cp*,k Q

Hence we conclude (62) for 1 < p < d.

Let us finally consider the case d < p. We select any real value g1 > p, and we set p1 = dq1/(d+ ¢1). Then
we have 1 < p1 < d < p and p} = g1. We apply the result proved for 1 < p < d above, which yields (62),
replacing p by p1 and pi by ¢1. We then apply Lemma A.5, which allows to bound ||v||pa.p, by ||v||pc,p-
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