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ON 3D DDFV DISCRETIZATION OF GRADIENT AND DIVERGENCE
OPERATORS. II. DISCRETE FUNCTIONAL ANALYSIS TOOLS AND
APPLICATIONS TO DEGENERATE PARABOLIC PROBLEMS.

B. ANDREIANOV, M. BENDAHMANE, AND F. HUBERT

ABSTRACT. This paper is the sequel of the paper [2] of S. Krell and the authors, where a family of
3D finite volume schemes on “double” meshes was constructed and the crucial discrete duality
property was established. Heading towards applications, we state some discrete functional
analysis tools (consistency results, Poincaré and Sobolev embedding inequalities, discrete WP
compactness, discrete L' compactness in space and time) for the DDFV scheme of [2]. We
apply them to infer convergence of discretizations of nonlinear elliptic-parabolic problems of
Leray-Lions kind. Applications to degenerate parabolic-hyperbolic PDEs and to a degenerate
parabolic system known in electro-cardiology are briefly discussed.
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1. INTRODUCTION

Duality formula linking discrete divergence and discrete gradient operators are a key property for
the convergence analysis of many known numerical schemes (cf. [2]). The name of DDFV (Discrete
Duality Finite Volume) was given to a particular kind of 2D schemes that possess this duality
feature and work on “double” meshes (see Hermeline [38, 40] and references therein; Domelevo and
Omnes [24]; ¢f. Nicolaides [42]). The present paper partially follows the guidelines of Andreianov,
Boyer and Hubert [10], where the 2D DDFV method was used for discretization of nonlinear
diffusion problems. The importance of the discrete duality feature stems from the fact that it
makes finite volume discretizations of numerous elliptic operators “structure-preserving” (which
means e.g. that the discretization of monotone coercive operators is monotone and coercive).

The goal of this paper is to collect several tools for analysis of DDFV schemes (many of them
are straightforward extensions from the 2D case); to illustrate their use in convergence proofs (cf.
[24, 10, 15, 3, 5, 18]).

We focus on the 3D DDFV schemes from the works [4, 2] of the authors and Karlsen and Krell.
In these works, a 3D generalization of the 2D DDFV scheme, called CeVe-DDFV, was decribed
and the discrete duality property was justified. Our construction coincides with the one given
by Hermeline in [40]'. Other kinds of 3D DDFV schemes are in use. First, a slightly different
CeVe-DDFV scheme was designed by Pierre in [44] (see also [23, 21, 22] and [20]). Developing the
approach of Hermeline [39] for introducing additional unknowns, a scheme with a different idea
for mesh and gradient construction, now called CeVeFE-DDFV, was introduced by Coudiere and
Hubert in [17, 18], see also [19]. A 3D DDFV construction inspired by [18] was recently proposed
n [31]; this construction boils down to a generalization of the scheme of [14]. More information is
given in [10].

In Section 2 we recall the basic notation for 3D DDFV schemes, spaces of discrete functions
and fields, discrete divergence and discrete gradient operators; the details are given in [2]. The
notation reflects the far-reaching analogy between the continuous framework and the discrete
DDFV framework, and makes the convergence proofs quite similar to the proofs of structural
stability (i.e., of the stability of solutions w.r.t perturbation of data and nonlinearities) in the
continuous framework.

In Section 3, we first give consistency results for the mesh projection operators and for the
discrete gradient operator. Then, we discuss the discrete Poincaré and Sobolev embeddings for
the DDFV schemes, and sketch the proof of the embeddings in the case of the Neumann boundary
conditions. We give two kinds of discrete compactness results. The WP weak compactness in
space is well known in 2D (see in particular [10]). The L' space-time compactness is a result of
independent interest: its proof (Appendix A) is based upon the original idea of Kruzhkov [411]. In
Appendices B and C, we introduce a penalization operator, helpful in some convergence studies,
and give a hint on discretization of reaction terms in the context of DDFV schemes.

In Section 4 we outline the proof of the convergence of our 3D DDFV discretizations for elliptic
and parabolic-elliptic equations with Leray-Lions kind nonlinear diffusion (see Alt and Luckhaus
[1]) b(u);—dive(Vu) = f with the homogeneous Dirichlet boundary conditions. The arguments
of the proof are similar to those of the work [10] of the elliptic case, augmented by specific
techniques for time compactness of discrete solutions. A similar study (with, in addition, error
estimates like in [10]) for the 3D CeVeFE-DDFV scheme is given in [17], in the elliptic case. We
also describe the convergence results obtained in the joint work of two of the authors with Karlsen
and Pierre [5] on degenerate parabolic problems coming from applications in electrocardiology (see
[5] for numerical results); and we discuss the additional tools needed for degenerate hyperbolic-
parabolic problems coming from sedimentation applications ([3]).

For related numerical results on convergence of different kinds of 3D DDFV schemes, we refer to
Hermeline [39, 40] and Coudiere and Hubert [17] (in the context of linear heterogeneous anisotropic
diffusion operators) and to Coudiere et al. [21, 23, 22] (in the context of electrocardiology). An

IThe work [10] imposes unnecessary restrictions on the meshes but it treats the more delicate case of diffusion
operators with discontinuous coefficients.
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extended comparison of different schemes on linear 3D diffusion problems will be carried out in
the benchmark [36], see in particular [12, 19, 20].

2. NOTATION FOR 3D CEVE-DDFV SCHEME, OPERATORS AND DISCRETE DUALITY

Let us briefly recall our discrete framework, limited to the case of operators with homogeneous
Dirichlet of Neumann boundary conditions. The cases of non-homogeneous and mixed boundary
conditions are treated in [10] and in [5].

We only reproduce the notation needed to understand the statements of the paper and the
applications in Section 4. Illustrative figures and additional notation that is only needed in some
proofs of Section 3 are given without comment in Section 2.1 (for details, see the paper [2] of the
authors and S. Krell).

DDFV schemes are designed for discretization in space of second-order elliptic operators in
divergence form; therefore we concentrate on description of the meshes of a domain Q C R?
(notation related to the time dependence is given in Section 3.5). The 3D CeVe-DDFV meshes of
Q described in [2, 12] (cf. [4] and Hermeline [40]) are triples T = (D, W,:D) ; actually both
M and D are constructed from 9T which is given.

The mesh T consists of control volumes of two kinds, the primal ones (denoted x € 9 ) and
the dual ones (denoted &~ € n ). Both primal and dual volumes form a partition of €, up to
a set of measure zero. The volumes are associated with centers xz, and xzx , respectively; one
may assume that z, € Kk and x, € k* . The dual volumes are constructed using, as vertices,
the primal volume centers (xy )y , some face centers (xy, )k, ( KL being the notation for a face
separating neighbours x and r ) and the edge middlepoints (2w )ips ( K* and 1° being
neighbour dual centers), see [2, Sec. 2] for details; cf. [10].

The dual and primal volumes with centers lying on 9€) are considered as “boundary” volumes
(denoted K € OM° and k* € IMT" | resp.), in the case we look at Dirichlet boundary conditions.
With each (primal or dual) interior control volume (denoted x € 9M° or & € MW", resp.),
unknown values wuy , resp. ug for a discrete solution u are associated (the value wuy , resp.
U+ , is seen as the value of w at the point z, , resp. x4 ); Dirichlet boundary conditions
are imposed at the centers of the boundary volumes. The Neumann boundary conditions, when
present, enter the definition of the discrete divergence operator near the boundary (see [5] for
details).

Thus we consider the space R* of discrete functions on interior volumes; a discrete function
u™ € R* consists of one real value per primal or dual interior control volume. The space of discrete
functions that take the value zero in the boundary volumes is denoted by Rof ; more generally,
by u® € R we mean the extension of u® € R¥ by values assigned in boundary volumes. On

R* , one considers the appropriate product [[ , -]]Q (see formula (2) below) which is a bilinear

positive form.

The couples of neighbour primal and dual volumes define a partition of € into diamonds
(denoted D € @), used to represent discrete gradients and other discrete fields on . A
diamond bD is uniquely determined by a couple k,r of primal volumes that have common
interface Kl contained within b ; in this case, we denote it D™ (see [2, Sec.4] for several
generalizations). Diamonds are further cut into subdiamonds, denoted S;‘L‘L* (or 5€ &, fora
generic subdiamond) that involve neighbours &,z and dual neighbours x*, - intersecting &, L
(see Fig. 1); these are only needed inside some proofs of Section 3. The space (R®)3 of discrete
fields on Q serves to define the fluxes through the boundaries of control volumes. A discrete
field F= e (R®)? on Q consists of one R? value per diamond. On (R®)? | one considers the

appropriate scalar product {{ . } (see formula (3) below).

A Discrete Duality Finite Volume scheme is determined by the mesh, the discrete divergence
operator div® : (R®)3 — R¥ (see formula (4) below) obtained by the standard finite volume
discretization procedure (taking into account the Neumann boundary condition, if necessary), and
by the associated discrete gradient operator V= : R — (R®)3 (see formula (5) below) obtained
diamond-wise, by a kind of affine interpolation (see [2] for the motivation behind the definition of
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V7 ). The essential property of the DDFV schemes is the discrete duality [2, Prop.3.2] (cf. [40,
Th.1]), stated as

(1) |I— diVT}iT,UTH = {{]?T, Vﬂ)?}} ;

Q Q
this form is suitable either for v satisfying the homogeneous Dirichlet boundary condition, or for
F satisfying the homogeneous Neumann (zero-flux) boundary condition (see [5] for the general
case including a boundary scalar product).

The discrete solution u~ will be often identified with the piecewise constant function
1

T me mn
u- = 31} + 3v
with v and v™ representing the piecewise constant discrete solutions on the primal and the
dual mesh, respectively; e.g., v™(z) =3, ¢y Vs ik (2) . Similarly, we identify V*u® with the
piecewise constant function V¥u® := e VpouTll,(z) . This identification is related to the
notion of reconstruction (lifting) operator used in the context of “gradient schemes”, see Eymard,
Herbin and Guichard [31].
We denote by Vol(A) the three-dimensional Lebesgue measure of A which can stand for a
control volume, a dual control volume, a diamond, etc.

*

2.1. Notation and formulas used in some proofs. For the sake of self-consistency, let us
reproduce some figures and formulas from [2] used in the proofs of Section 3.

orientation diamond
volume

DEoRe T
-, R. = Lyor
K]

/ N\ ! interface of subdiamond

’

T Kol
Ty N . AP Tigrg (part of K|Kit1) SKZ(:‘ Kffl
’ L
— % T S o .
g Tolie v-TKo ’ Ns=Nog - nj@
Tyt o
subdiamond angle . e
K, ;
Sﬁg}q@ T %o xx Efg&\
‘ S 0D .
Lpex TN > oA
. 2 I(: f_'\ . R Cos: interface 0
interface OF®. ) Tos|/ Coe o (part of Ko|Kg)
KolKg &-- : Cx
volume i, T, interface of_
Ko N (part of Ki|Ki+1)
FIGURE 1. 3D neighbour volumes, diamond, subdiamond. Zoom on a subdiamond.

For w*,v* € R* and for ]—25, G= e (R3)® | the scalar products are given by

1 2
T T ol
(2) |Iw , U H = —3 E o Vol(K) WV + 3 E - Vol(}c*) W iper Vper |

(3) {{fs, 53}}51 = ZDGQ Vol(D) Fo - Go.

The entries of the discrete divergence of a field F are given by

K

R 1 ~ S
dive F*= ZSNK meFs - (—1)%sii,

(4) . e = EK* * =k * =k
divie F7= Vol(x+) Zs~;<* Fo - (Z1) (mg, i, +mi, i )

where “ ~ ” means that the subdiamond s is associated with the primal volume K (resp. with

the dual volume k* ); further, €&, €%

K
are sign selectors such that (—1)%s 7 is the unit normal

=k

. . K K, .
vector to the part os of Kl that points outside & ,and (—1)% 7 , (—1)% 7 are the unit

normal vectors to the two planar parts of_, 0% of Kirr that point outside K* .
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The entries of the discrete gradient are calculated by the formula

= 1 (7572 LogLig xikxik-i-l) ~ — T
(5) Vow® = 6Vol(D) Z{ ’:cof ﬂﬁ: (W —wy) Tl o+ 2(wi — ") [%%XCCS@%TW]}
i=1 © D 0,®

with the notation of Fig. 1 (the depicted case corresponds to primal interface Kgkg with [ =3
vertices, with the convention “14+1:=1");in (5), - x - and < -, -, - > denote the vector and
the mixed products of vectors of R3 |, respectively.

2.2. An illustration: cartesian DDFV meshes in 3D. We reproduce the simple yet impor-
tant example of a 3D DDFV mesh given in [2].

. Primal volume £k,
Four primal cells ©

and a dual cell |
Dual volume K* :
—————————— ) I
, /1 A primal interface/ |
/ /! and its diamond |
4 o Tk,
®
G-------- o
| | | |
T e | o
1 K 1 ‘ | _N_ _ Ty
. * /
! b Diamond p¥e-*e // \IKNW .
| | 4
T RS 2GS SRREEE B0 [RRRRN ) V2L
I oy, Ty 0 ﬁ s
1 1 v
B 1 Interface K |Kg | s
G----f-4-f-o, 2] B
K | Tre
|
/
/
Primal volume & Primal volume K,

FIGURE 2. Cartesian DDFV mesh in 3D and an associated diamond

Take the unit cube © = [0,1]® and partition it into N?® primal cubic volumes of edge = .

The diamonds are octahedrons built on two primal cubes’ centers 'y, , Tx, and on the square
interface Kyl between them. One chooses for . i, the center of symmetry of K.k . The
interior dual volumes are also cubes of the same edge % centered at the vertices of the primal
mesh that do not lie on 99 .

To give the entries of the associated discrete gradient, for the sake of being definite we consider
a diamond p = D¥e¥® with orientation and notation of Fig. 2. Applying the reconstruction
formula for discrete gradient (5) (see also [2]) one finds that the entry V,yow® of VIw® is
computed as

VowTt = = NW SE E
ot * 2\ N TN ’

2 1/N 1/N

1 (wa\IE_ Wi Wrgn™ Wity )_-’ 1 (wa\IE_ Wi Wigiw ™ Wrgw ) _-’_|_ Wrg— Wk

1/N

here the triple (;, 3, E) denotes the canonical basis of R® . For later use, notice that the most
convenient orthonormal basis for expressing V,w* is (%, J—\/;, /2) ; accordingly, we find

Wrg— Wiy 2

1/N

Wit~ Wigw 2 ‘ Wigow ™ Wigg 2
V2/N V2/N

Further, let Kk be an interior primal volume. For the six diamonds that intersect K , we intro-
duce the specific notation Dapy(K), Dbiw(K) , Dg(K), Dw(K) and Dy (K), Ds(k) with the obvious
meaning of the subscripts (e.g., the diamond pictured on the right in Figure 2 is Dy (Kg) and
at the same time, it is Daby(Ky) ).

(6) | Vou| = |
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Applying the formula for the discrete divergence (4) (see also [2]) one finds that the entry
dive F*= of div:F= is computed as
1 1 =

. ) L1 R ) ,
leK]:‘I = 1/N3 {m(]:DE(K) _]:DW(K)) 1t m(]:DN(K) _]:DS(K)) g+ m(]:Dabv(K) _]:Dblw(K)) ’ k}

The formula for the entries of div,-F* has an entirely similar form.

3. DISCRETE FUNCTIONAL ANALYSIS TOOLS

In this section, we give a few “discrete functional analysis tools” related to CeVe-DDFV schemes
(such properties or their analogues also hold for 2D DDFV schemes and for 3D CeVeFE-DDFV
schemes). Notice that the proof of the asymptotic discrete compactness property of Proposition 3.9
is based upon the discrete duality; the duality is also used, in a much weaker form, in the proof
of Proposition 3.11. This section is essentially self-contained; some details are given in references
[6, 10, 28], notation is taken from Section 2.1 and [2], and one longer proof is postponed to the
Appendix A. In addition, two hints on DDFV discretization (namely, the penalization operator
and a structure-preserving discretization of the reaction terms) that may be useful for coping with
“double” nature of the CeVe-DDFV approximations are postponed to Appendices B and C.

For a given mesh T of  as described in [2, Sec.2] (see also [2, Sec.4]), the size of T is
defined as

size(T) := max{maxke‘;o diam(x ), max,. . diam(x*) , maxpyes diam(D)}.

If the assumption x, € Kk made in [2, Sec.2] is dropped (see [2, Sec.4]), diam(x) should be
replaced with diam(kx U {zx}) in the above expression.
In what follows, we will always think of a family of meshes such that size(T) goes to zero.

3.1. Regularity assumptions on the meshes.

In various finite volume methods, one always needs some qualitative restrictions on each mesh
T considered (such as, e.g., the assumption that x, € K, or the convexity of volumes and/or
diamonds, or the mesh orthogonality, or the Delaunay condition on a simplicial mesh). For the
convergence analysis on families of such meshes, it is convenient (though not always necessary)
to impose shape regularity assumptions on the family of meshes considered. These assumptions
are quantitative: this means that the “distortion” of certain objects in a mesh is measured with
the help of a regularity constant reg(¥) , which is finite for each individual mesh but may get
unbounded if an infinite family of meshes is considered.

For the 3D DDFV meshes presented in this paper, there are two main mesh regularity assump-
tions. First, we require several lower bounds on dy;, = |2 — 2|, dier = [T — @]

For all primal neighbours x,r,  diam (k) + diam (1) < reg(%)dx.;
for all dual neighbours k*, r*, diam (k) + diam (2r) < reg(T)d e rr;
for all diamond D with vertices zx, x,,
and with neighbour dual vertices =, z.+, diam (D) < reg(¥) min{dyy,, dpr- }-
Further, we need a bound on the inclination of the (primal and dual) interfaces with respect to
the (dual or primal) edges (see Fig. 1):
For all primal neighbour volumes k, L, the angle oy, between z,x; and the plane Kir

is separated from 0 and 7, meaning that reg(¥) cos oy, > 1;

(8) and for all neighbour vertices @, 2+ of KL,
the angle a}u* between &, xf and Z e+ X g,
is separated from 0 and 7, namely reg(T) cos oz, . > 1.

Also a uniform bound on the number of neighbours of volumes and diamonds is useful:

All primal volume x has at most reg(T) neighbour primal volumes;
9) all dual volume k* has at most reg(T) neighbour dual volumes;
and all diamond p has at most reg(¥) vertices.
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The last line is (9) is abusive: in the sequel, we work either with meshes where all primal interfaces
are triangles (thus any diamond has five vertices), or with the uniform cartesian mesh of Section 2.2.
Indeed, when the number [ of vertices of a face K| exceeds three, the kernel of the linear form
used to reconstruct the discrete gradient in D" (see (5) and [2]) is not reduced to discrete
functions constant at the vertices of Kl . This is a problem e.g. for the discrete Poincaré inequality
and for the proof of discrete compactness. In general, the situation with [ <4 vertices is not clear;
e.g. the discrete Poincaré inequality holds on every individual mesh, but it is not an easy task to
prove that the embedding constant is uniform, even under rigid proportionality assumptions on
the meshes. The uniform cartesian meshes is one case with [ =4 that can be treated thoroughly.
From the numerical point of view, higher values of [ do not lead to troubles for the test cases we
have examined (see, e.g., [2, Sec. 5]).

For the Sobolev embedding inequalities and for strong compactness in L?, g > 1, we also
require

For all primal volume & and interface KL, Mupde, < reg(T) Vol(K);

(10) For all dual volume k and interface Kjrr,  myprdgr < reg(T) Vol(K*).

Whenever one is interested in error rate analysis, further constraints on the shape of volumes,
dual volumes, diamonds, and their intersections are needed (see [10] for the 2D case). In the 3D
case, shape-regularity constraints on the faces of primal and dual meshes would also be required.

3.2. Consistency of projections and discrete gradients. Here we gather basic consistency
results for the DDFV discretizations. Heuristically, for a given function ¢ on €, projection
of ¢ on amesh T and subsequent application of the discrete gradient V¥ should produce a
discrete field sufficiently close (as size(¥) gets small) to Ve . Similarly, for a given field F,
the adequate projection on the mesh and the application of div® to this projection should yield
a discrete function close to div F . Actually, we state two different kinds of consistency results,
those in a norm and those in a weaker formulation using duality.

We use two kinds of projection, the mean-value and the center-value ones. Namely, for scalar
functions on €, the following projections on R* (which have two components, namely the
projections on M and on M" ) are used:

P*: ¢ — ((ﬁ/}(g@)}(ew, (ﬁ/ﬁ‘p)wew):?(Pmocp,Pgn’Zp),

PF:p ((s@(:vK))Kemo, (@) ) o come ) = (PZ"C’% IP’Z“’Zp).

If, in addition, ¢ is zero on 99, then PXp € R¥ is extended to PXp € RS ; PZp is the
projection of ¢ on RT 2. For R? -valued fields on €2, we use the projection on (R?)® by

@f;fH(WL@/Dﬁ)M.

Let us stress that for the study of weak compactness in Sobolev spaces and analysis of conver-
gence of discrete solutions to a weak solution of PDEs, the consistency results can be formulated
for source terms and for test functions only (and the consistency for div¥o P* is formulated in
a weak form, except on very symmetric meshes). These results are shown under the regularity
restrictions (7),(8),(9) on the mesh.

Proposition 3.1. Let T be a 3D DDFV mesh of Q as described in [2, Sec.2,4]. Let reg(T)
measure the mesh regularity in the sense (7),(8),(9). Then

(i) For all ¢ € D(QY) one has
le - ]Pmo‘pHLao(Q) < Cp) size(T), [l¢ - ]P)MZDHLDO(Q) < C(p) size(T);

2In this paper, we only discuss DDFV discretizations of diffusion operators supplied with homogeneous Dirichlet
or Neumann BC. In the homogeneous Dirichlet case, the boundary values of a discrete function are zero. In
the homogeneous Neumann case, boundary values never appear. Consideration of non-homogeneous boundary
conditions is a highly technical issue. We refer to the analysis of [10] for the Dirichlet case, and to [5] for the
non-homogeneous Neumann condition on a part of the boundary.
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analogous properties hold for P> P> . Similarly, for all Fe (D(ﬁ))g one has
H]—j - Iﬁs}jHLo@(Q) < C(F) size(T).
(i1) For all ¢ € D(Q) one has

|V~ T* TR < Cliprres(T) size(T).

(iii) Assume that all primal interface KL is a triangle.
Then for all F € (D(ﬁ))g , for all w™ € R§ one has

} [{]P)T(div .7-_:) — div® (P7F) , wTH Q} < C(F,reg(T)) size(T) || Vw11 (a)-

(iii-bis) Let T be a uniform cartesian mesh of Section 2.2. Then for all F € (’D(ﬁ))3 ,
|P=(div F) — div® (P*F

—

| gy < C(F) size().

Remark 3.2.

(i) One can perceive (iii),(iii-bis) as a kind of commutation relation, but actually these items also
express consistency results. Indeed, by (i), P=(div.F) is size(T) -close to divF in L*(9).

Therefore the item (iii) can be interpreted as a size(%) -smallness of (div]—i — div® (P=F )) in the
weak-* topology of W~1(Q) = (Woll(Q))* . Similarly, the item (iii-bis) means that, for the
uniform cartesian mesh, (div]? — div® (]IT’T]?)) is of order size(¥) in L norm.

(ii) The items (iii),(iii-bis) reflect a technical difficulty specific to the DDFV context. Indeed, in
the context of finite volume schemes with two-point gradient reconstruction (iii),(iii-bis) holds just
with C = 0, for an appropriately defined field projection operator. To be specific, instead of the
DDFV double mesh ¥ consider the primal mesh 931° alone. One keeps the same definition for

diamonds D™ | but sets P™F = (m#m / . F )D Kico One only looks at the first components of

the DDFV operators P* and div® (it is natural to denote them P’ and div™ | respectively).
Then from the Green-Gauss formula it is straightforward that

o0.=

(11) VE e (D@)° P™(div™ F) = div™ (B™F).
Because in the DDFV context, for p = D3 . , the values m;K\L S F and m;w S F may

differ, the analogue of the commutation relation (11) cannot be achieved, whatever definition is
chosen for P~ .

Notice that error analysis for diffusion operators would require consistency properties also for
functions ¢ and fields F in Sobolev spaces; this requires more regularity restrictions on the
meshes, and much finer techniques (see e.g. [10]). Here, we only need the following additional
property generalizing (i) and applicable to source terms:

Corollary 3.3. For all p € L'(Q2) one has
HSD _ ]P)QJIDSO
PROOF : The proof is a straightforward combination of the density of D(Q) in L(Q), of

Proposition 3.1(i) and of the uniform boundedness of the projection operators P¥ | P seen
as operators from L'(Q) to itself. O

‘L“’(Q) -0, |e- me*cpHLm(Q) —0 as size(T) = 0.

PROOF OF PROPOSITION 3.1:

(i) The properties are evident from the Lipschitz continuity of ¢ and of F, respectively.

(ii) Here the consistency of the discrete gradient on affine functions, stated in [2, Prop.2.3], is used
together with the C? regularity of ¢ . Namely, we compare V*P¥ to V¢ diamond-wise.

From the regularity assumption (7), it is clear that some C(reg(¥))diam (p) -neighbourhood N,
of a given diamond D = p** € ® contains the two primal volumes &k, and the dual volumes
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K;, i=1,...,1, used to reconstruct V,P% . Let w denote the affine Taylor polynomial of ¢
at some fixed point of p (when D touches the boundary 9 , we pick a point at the boundary
and get w =0). Then
. . 2
|| V@ - vaLao(D) < C(@)SIZG(‘I% |90K - wK|a |<PL - wL|a |90Kf - wK{| < C(@) (dlam (D)) )
where g, @i , etc. denote the entries of the discrete function P?go, while wy = w(zg),
Wy = w(xx:) are the values of PFw
From [2, Prop.2.3], the values V,w® and Vw|, coincide. In order to estimate the differ-
ence H Vo — V*(P%) HLOO( D) it remains to compare the values V,w™® and V,(P%) . Notice
that thanks to the previous (diam (p))? bounds on |¢x — wkl, ¢, — w.| and to the bound
reg(¥)dy;, > diam (D) in (7), we have

”UJL Wk Pr —
KL

SDK‘ < Cfreg(T))diam (p) < C(reg(¥))size(%).

In view of the expression of the discrete gradient (formula (5) and [2, form.(4),(5)]) and in
view of the mesh inclination bound (8) (notice that cosay, appears in the denominator of
formula (5)), the contribution of the values in &, L into |V,w™— V,(P%p)| is estimated by
C(reg(X)) size(T) . Looking closely at the Proj;, component in formula [2, form. (4),(5)] (notice
in particular that cos o x:, appears in the denominator, cf. [2, form. (22)]), using in addition
the bound on the number [ of z,: -vertices of D (this bound is contained in the regular-
ity assumption (9)), we estimate in the same way the contribution of the values in k; into
| Vow™ = V,(PT)| .
(iil) We refer to Section 2.1 and [2, Fig. 2,4] for the notation used in the proof.

First, using the Green-Gauss formula, we can rewrite the value (div F )K of the discrete func-

tion P=(div .f) in K under the form reminiscent of the form (4) of the discrete divergence

operator:
_ N
le]: ZSNK/ = Zs~x MmsFoy - (—1)%s

Here ]?US is the mean value of the field F on the part o5 C s of the primal interface defining
the subdiamond s . One represents analogously the value (div }') - of ]P’T(div ]-") in K* , using

(;i

the mean values ‘7?‘7*5@ , }_:(f«s@ of F on the parts oy ,05 C S of the dual interface defining s .

Recall that s is contained in (or associated with, see [2, Sec.4]) a diamond D ; it is convenient
to define Fg := Fp for all subdiamond s of p. In turn, F, denotes the value in D of the
discrete field P=F ; recall that this is the mean value of the field F on the diamond D .

With this notation in hand, using the definition (2) of the scalar product [[-, -]]Q and the

summation-by parts procedure (recall that w™ is zero on the boundary volumes), analogously to
the proof of [2, Prop. 3.2] we get

[P=(aiv 7) - aiv* E<F) , we]

3 Z ( (msde.o) ead;:b T, - (fos —]?s)
Se6

+2( L wi){(m:@dz‘fiﬂ) T, - (]?"*s@ _fs) ey o) T, - (f@S@ _]?s)}>

dL S
KolKg

Here the summation runs over all subdiamonds s € & represented as s = Skt -
Now, notice that the mesh inclination bound (8) implies that for a subdiamond s = S;@D‘ﬁi ,

(12) reg(¥) Vol(s??‘”ii) > medy.e, 1eg(%) Vo](sfg\K@) > mg@dfwrl —l—m;@d;iﬂ,
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for the case of the meshes described in [2, Sec.2]. Remark that, if one allows for subdiamonds of
negative volume as in [2, Sec. 2], then (12) may loose sense; yet exploiting the restriction on the
number of vertices of K[ , one can replace the bound (12) used in the below calculation by the
bound

reg(T) Vol(D*¥®) > mgd, o, reg(T) vol(p"OF®) > m;@d{fiﬂ—i—m;‘@d;fm,

which is always true.
From the Lipschitz continuity of F , it is clear that

|]::US _‘F_:S|a }]?J*S@ _]?S}v }fd*s@ _‘F_:S| S C(f)SIZG(‘I)7
hence using (12), we get the estimate

(13) ‘HPT(div]?) — div® (B7F) | wﬂ]g‘

< CO(F reg(T))size(T) Y voz(s)(|wea — ol '“j”}f“’i ').
s do.g di,i—i—l

It remains to notice that if Vsw™ = V,w® denotes the Value in §~ p (which means s C b,
for the meshes of [2, Sec. 2]) of the discrete gradient VFw® , then

|ws —

i |Proj, (Vow™)| < | VouwT|.

In addition, because the dual interface KglKs is assumed to be a triangle, according to [2, Rem. 5.4]

each divided difference ‘wi;i_wi L s precisely the projection of the 2D vector Proj;, ( VDuﬁ) on
Tl
the direction of ;27 . Therefore we also have
| Wi — Wy | |

%
dz S

< |Proji, (Vow™)| < | VouwT|.
Combining (13) with the two latter estimates, we deduce

H{P‘f(divf) _ divF (BTF) wﬂ]g‘ < O(F, reg(T)) size(T) Y vol(s)| VeuT|
Se6s
= C(F,reg(T))size(T) Y vol(p)| Vou™| =C ]-',reg(‘I))size(Z)HVTUFHLI(Q).
De®

iii-bis) Let .fD,fKL and ]—2,(@* denote the mean values of F on p = p“¥ . , on and
| | K*|L

on K, respectively. The claim stems from the fact that on a uniform cartesian mesh, the
differences Fp — Fup » Fp — Frene are upper bounded by C(F)(size(T))? . This follows from
the cancellation of the order one terms in the Taylor expansion of F (e.g., we expand F at each
point of L and use the expansion to calculate the mean value F, on the diamond p = fom
which is symmetrical with respect to KL ).

Indeed, for all primal volume & , denote by og(K),o0w(K), ox(K),0s(K), Taby(K), obiw(K)
the six interfaces surrounding K (we mimic the notation used in Section 2.2 for the six diamonds
surrounding & ). Using the definitions of ]f”, div® and the Green-Gauss theorem, as in the proof
of (iii) we can write

, ﬂ 1 = .

. —. . = = 1 1 - .
P*(div F) — div® (P*F) = N® {W(J:UE(K) — Fop@) i+ + m(}}blw(x) — Fop @) - (—k)}.

Thus the claim of (iii-bis) is direct from the above bound of order (size(%))? = 1= on the
differences ]:DE(K) - ng(K) R ]:Dblw(K) - ]:gblw(K) . 0



3D DDFV DISCRETIZATION OF GRADIENT AND DIVERGENCE OPERATORS. II. 11

3.3. Discrete Poincaré inequality, Sobolev embeddings and strong compactness.

The key fact here is the following remark:

Assuming that each face kJr of the mesh M’ is a triangle,
one gets the same embedding results on the 3D CeVe-DDFV meshes
as the results known for the two-point discrete gradients on 99t and on 9".

Indeed, it has been already observed in the proof of Proposition 3.1(iii) that the restriction [ =3
on the number [ of dual vertices of a diamond p*®*® allows for a control by |V,w*| of the
divided differences:

_ _ W —wt _
(14) |y — w | < ’va-z 7 | z-q-}F 7 < ‘VD'(UT’
doe 4 i
(here 7 =1,2,3 and by our convention, wj := w} , dsa := di1,3; see Fig. 1). Therefore for a

proof of the different embeddings, we can treat the primal and the dual meshes in ¥ separately,
as if our scheme was a scheme with the two-point gradient reconstruction.

If the number [ of vertices of a face of 9N° is unrestricted, it is not difficult to construct
examples of non-zero discrete functions on €2, null on 0f2 , and with non-zero discrete gradient.
This phenomenon does not occur if | < 4; and we justify in Proposition 3.7 the Sobolev em-
beddings for the uniform rectangular DDFV meshes of Section 2.2. Yet Remark 3.8 below shows
that a control on the discrete gradient still allows for oscillations in discrete solutions. The com-
pactness of sub-critical embeddings is false when the primal meshes with quadrangular faces are
considered, unless the solution on the dual mesh " is further separated into two components
(which corresponds to a 3D CeVe-DDFV scheme in the spirit of [18]).

Let us first give discrete DDFV versions of the embeddings of the discrete WO1 P(Q) spaces.
We mean the embedding into LP(Q2) (the Poincaré inequality), into LP (Q) with p* := 3,?’_—”1) ,
p < 3 (the critical Sobolev embedding), as well as the compact embeddings into L7(Q) for all
q<p*.

Proposition 3.4.

(i) Let T be a 3D CeVe-DDFV mesh of Q as described in [2, Sec.2,4]. Let reg(T) measure
the mesh regqularity in the sense (8) and (10). Assume that all primal interface KL s a triangle.
Let w® € R§ . Then for all p € [1,+00) ,

@) < C(p,Q,reg(T)) HVT“ﬁHLP(Q)'

||wﬂn0 ||LP(Q), ||wﬂn*

Moreover, if p €[1,3) and p* := ;Tpp , then

me m*

[[w

I ) 1™ o) < C(p, 2 1eg(T)) || VW™ Lo(q)-

(ii) Let w™" € Rgh be discrete functions on a family (Tp)n of 3D CeVe-DDFV meshes of §)
as described in [2, Sec. 2,4], parametrized by h > size(Ty) . Assume that all primal interface K
is a triangle. Assume that Suppne (o p,...] reg(Ty) < +oo , where reg(Ty) measures the reqularity
of T in the sense (8) and (10).

Assume that the family (vshwsh)hG(O,hmaz]

Then for all sequence (h;); converging to zero, each of the families (wf’”ohri)i , (w”“*hri)i is
relatively compact in L1(Q) for all g <+4oco (if p>3)or q<p* (if 1<p<3).

is bounded in LP(Q) for some p < +oo .

Notice that for the Poincaré inequality (the first statement of (i)), the assumption (10) is not
needed: we refer to [11] for a proof of this fact. Actually, with the hint of [I1, Lemma 2.6] the
Sobolev embeddings for ¢ < pl* = 32_p can be obtained without using (10).

The statements (i),(ii) follow in a very direct way from the proofs given in [27, 16, 28]. Because
of (14), the assumption that the primal mesh faces are triangles (i.e., [ =3 ) is a key assumption
for the proof. In some of the proofs we refer to, admissibility assumptions on the mesh (such
as the mesh orthogonality and assumptions of the kind “ |z, — z,| < reg(T)|zx — Txu| 7, see
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[27, 28]) were imposed. Yet, as in [10] (where the proof of the Poincaré inequality is given for the
2D case), these assumptions are easily replaced with the bounds

(15) Mg, < C(reg(T)) min{ Vol(n™"), Vol(k), Vol(L) },

K|L

My dies - < C(reg(T)) min{ Vol(p . ), Vol(K*), Vol(L7) }

that stem from the mesh regularity assumptions (10) and (8).

Remark 3.5. The corresponding embeddings of the discrete space W1P(2) contain an additional
term in the right-hand side, which is usually taken to be either the mean value of w™ on some
fixed part T' of the boundary 9 (used when a non-homogeneous Dirichlet boundary condition
on I' is imposed), or the mean value of w™ on some subdomain w of  (the simplest choice
is w =, used for the pure Neumann boundary conditions). Let us point out that the strategy
of Eymard, Gallouét and Herbin in [28] actually allows to obtain Sobolev embeddings for the
“Neumann case” as soon as the Poincaré inequality is obtained. For the proof, one bootstraps the
estimate of fQ |u|]® . First obtained from the Poincaré inequality with « = p, it is extended to
a = pl* with the discrete variant [28, Lemma 5.2] (where one can exploit (15)) of the Nirenberg
technique. In the same way, the bound of [, |u|* is further extended to a = p(1*)? and so on,
until one reaches the critical exponent p* . The details are given in [6]. Moreover, the Poincaré
inequality for the “Neumann case” and p = 2 (i.e., the embedding into L?(Q2) of the discrete
space {u € H'(Q) | [qu = 0} ) was shown in [25], [34]. The assumption that p = 2 is not
essential in these proofs, and thus we can consider that the analogue of Proposition 3.4 with
the additional terms ’#(Q) fQ w™| | }#(Q) fQ wf’”*’ in the right-hand side of the estimates is

justified.

Remark 3.6. Notice that the same arguments that yield the Poincaré inequality with zero bound-
ary condition yield the trace inequalities of the kind

me

< C(T,Q,reg(T),p) (Hw”o

e T I vswaLp(Q))

(the inequality on the dual mesh is completely analogous). These inequalities are useful for treating
non-homogeneous Neumann boundary conditions on a part T' of 9 (see e.g. [7]).

e

Lr(T)

Now we treat the case of uniform cartesian DDFV meshes.

Proposition 3.7. Let Q be the unit cubic domain, N € N and let T be the mesh of Q as
described in Section 2.2. Then the two claims of Proposition 3.4 (i) (as well as the corresponding
“Neumann-case” embedding inequalities with the additional term |Vo+(m fQ wT| in the right-hand

side) still hold true.

PROOF : For a proof, notice that while (14) gets false: more precisely, we see from (6) that

Vpw=* controls the divided differences wf{/_A}“L} of the values of w=® in all neighbour primal
volumes K , L, and also the divided differences % along the diagonals of the faces of

primal volumes. Therefore, firstly, the arguments that justify Proposition 3.4(i) also yield the
embedding estimates for w™° . Secondly, we replace the dual mesh 9t by two meshes 0T |
M, such that the edges of each mesh are either the diagonals of the faces of primal volumes,
or parts of 9. Then the same arguments apply to each of the two meshes. To be specific,
the family 9T of the dual volumes (their centers () coe form a uniform cartesian net
of © =10,1]*) is split into two families ¢*, 0™ . Namely, if a vertex z,~ has the coordinates
("Wz, n—N%’, %) in the canonic coordinates of R? , then the corresponding volume &* belongs to the
family ¢* whenever n,+n,+n, iseven, and it belongs to the family 0™ otherwise. Inside 2,
one can connect the dual vertices (7). c¢* Into a uniform tetrahedrical graph of edge length

V2/N ; the same is true for (Tx+) o c o* - Now, the meshes M and T, are defined as the
Voronoi meshes of € corresponding to the two separate families (zx),.cov 5 (Txr),mc o Of

dual vertices. The Voronoi volumes corresponding to z- are denoted by &* (thus the union for
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K € e*U0™ of all Voronoi volumes & covers Q twice). If we define

mE my .
w” = g Wy = w?® = g Wy =
rree® TR rreo® UKD

then the embedding estimates of Proposition 3.4(i) are valid for w™ and for w™ . By con-
struction, w™  takes alternatively the values of w% and w< ; more precisely,

m* me pures
(16) we = (Zwee* HK*) tw (Zwe o* HK*)'

Thus |w™| < max{w”,w™} , and we get the desired estimates for |w™"|. O

Remark 3.8. In the situation of Proposition 3.7, the compactness claim from Proposition 3.4(ii)
gets wrong. More precisely, the compactness of the families (w"") L (w™n) L (w™s h)h is
true, with the same arguments borrowed from [16, 27, 28]. Yet in general, there is no relation
between the accumulation points of the three families. Therefore one can see from formula (16)
that the family (w“”‘*h)h may present oscillations.

Let us illustrate the remark with an example. Take a smooth function w € D(f2), non
identically zero, and set

VE € MM wy = 0; Ve € ¢5 wee =0, VI € 07 Wy i= w(wge).

In view of (6), and in particular because the discrete gradient V* does not couple the two families
¢*, 0" of dual vertices, the discrete gradient V¥w™ is bounded pointwise by || Vw||(q) . Yet
the family w™" oscillates. Indeed, while w% is identically zero, w™?% convergesin L>®({) , as
size(T) goes to 0, to the non-zero function w . It is easy to see from (16) that w™  converges
weakly in L(2), ¢ < 400, to the same limit as (w™ + w”™) ; and the latter function
converges strongly to %(O +w) = % . The family of the differences (w™ — %) weakly converges
to zero; yet from (16), it oscillates, roughly speaking, between —% and +% . Thus in the above
example, the family of w™" it is not compact in the strong L%(2) topologies.

3.4. Discrete WP(Q2) weak compactness. In relation with Proposition 3.4(ii), let us stress
that there is no reason that the components w™ , w™ of a sequence (ws’l)h of discrete
functions with bounded in LP discrete gradients converge to the same limit. Counterexamples
are constructed in the same way as in Remark 3.8 above, starting from two distinct smooth
functions discretized, one on the primal mesh 9% , the other on the dual mesh N . To cope
with this difficulty, the penalization technique of Section 4.3 can be useful.

The below result shows that in our 3D CeVe-DDFV framework, one should consider that
the “true limit” of discrete functions w=» = (W™, w™™) is the limit of Fw™» + Zw™™.

Proposition 3.9.
(i) Let w™ € Rg” be discrete functions on a family (Tp)n of 3D CeVe-DDFV meshes of Q as
described in [2, Sec.2,4], parametrized by h > size(T}) . Let us assimilate w™r  to the piecewise
constant functions

1 2 1 2
(17) w‘{h(x) = gwim ho gwfm h — g Z wK]lK(:E) + g Z W g HK* (J;)
KEm°, K* €™,
Assume that all primal interface KL is a triangle. Assume that SUPKe(0,hmas] reg(Ty) < +oo,
where reg(Tp) measures the reqularity of Ty in the sense (7),(8),(9) and (10). Assume that
the family (Vzh'wf’l)he(o hoas] B bounded in LP(Y) for some p € (1,400) .

Then for all sequence (h;); converging to zero there exists w € Wol’p(Q) such that, along a
subsequence,

w™hi converges to w = %wo + %w* weakly in L1(Q), ¢ < p*

(18) (the components w™ w™ ™ converge to w°, w*, resp., strongly in LI(Q), ¢ < p*)
and VFhiwri converges to Vw weakly in LP(S2).
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(ii) If w™ € R are not assumed to be zero in the boundary volumes, and if the additional
assumption of uniform boundedness of

o 1 M, — 1 / My,
My, = VOI(Q) /S;w , MM = VOI(Q) Qw

is imposed, then (18) holds with w € WhP(Q) .

(#ii) For the uniform cartesian meshes of Section 2.2, the statement analogous to (i) holds with

(19) w(x):= Lmen g Ly g Ly
3 3 3
g Wi g (2 g wK*]lA E wK*]lA
Kemo, K*EQh K*EU .
the strong convergence concerns each of the components w™™ , w<nr | e

The statement analogous to (i) holds if uniform bounds on the mean values of w™™ and of
w¥ w™ on Q are imposed.

It should be noticed that formula (19) is analogous to the natural reconstruction formula for
the 3D CeVEFE-DDFV schemes as considered by Coudiére and Hubert in [17] and by Eymard,
Herbin and Guichard [31].

Remark 3.10.

(i) In the case p = 1, the claim remains true with the limit w that belongs to BV(Q)NL' (Q) ,
and with discrete gradients converging weakly-* in BV to Vw .

(ii) The compactness claim for sequences of discrete functions with non-homogeneous boundary
conditions on a part of the boundary can be obtained as in [10, Lemma 3.8].

PROOF OF PROPOSITION 3.9:

Let us prove (i). The strong compactness claim for (w™%), and (w™™), follows by Propo-
sition 3.4(ii); the weak LP° compactness of (w*"), comes from Proposition 3.4(i). The weak
L? compactness of the family (V“wsh)h is immediate from its LP(€) boundedness. Thus if

w is the weak LP limit of a sequence w*" = tw™ + 2w™" as h — 0 and x is the weak

LP limit of the associated sequence of discrete gradients V*"w¥" , it only remains to show that
x = Vw in the sense of distributions and that w has zero trace on 9f) . These two statements

follow from the identity

(20) VF e D(Q)? /

X-]?—l—/wdiv]?:O
Q Q

that we now prove. We exploit the discrete duality (1) and the consistency property of Proposi-
tion (3.1)(1),(iii).
Take the projection P=nF € (R%)®r | w™ € Rj" and write the discrete duality formula:

(21) {{V”wgh : Ifﬁ“}j}}ﬂ + [{wgh , dive” (ﬁfhf)ﬂ =0.

Q

According to the definition (3) of {{ - }Q , the first term in (21) is precisely the integral over

Q) of the scalar product of the constant per diamond fields V="w¥ and PeF . By Propo-
sition 3.1(i) and the definition of x , this term converges to the first term in (20) as h — 0.

Similarly, introducing the projection P*(div f) of divF on R¥ | from the definition (2) of
[[- , -HQ , Proposition 3.1(i) and the definition of w¥" in (17) we see that, as h — 0 ,

o 2 . o .
[[wsh,IP’s(div]: — = / hmwmh div]—'—i—g/(hm wmh)div]-":/wdiv]:.
Q Q

h—0 h—0
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It remains to invoke Proposition (3.1)(iii) and the L!(€2) bound on V="w™" to justify the fact
that

fim |, div (F=F)| = tim [w, P=(div F)] .

h—0 Q h—0 Q
For a proof of (ii), one uses the versions of the compact Sobolev embeddings with control by the

mean value in €2, and uses test functions F compactly supported in €2 .

The point (iii) is shown with the same arguments, using Proposition 3.1(iii-bis) and (16). O

3.5. Discrete operators, functions and fields on (0,7) x Q . Whenever evolution equations
are discretized in space with the help of the DDFV operators as described above, analogous con-
sistency properties, Poincaré inequality and discrete LP(0,T;W1P(Q)) compactness properties
hold.

To be specific, given a CeVe-DDFV mesh ¥ of (2 and a time step At , one considers the
additional projection operator
1 nat

S f o (F) ey C L@, (@) F(t,x)dt.

at Jin-1)at
Here f can mean a function in L'((0,7) x Q) or a field in (L*((0,T) x Q))3 . The smallest
integer greater than or equal to T'/at is denoted by N, . It is always meant that n takes values
in [1,7/at]) NN ; in other words, n takes the values 1,..., Nyt .

One defines discrete functions w™2% € (R¥)M on (0,7) x Q as collections of discrete func-
tions w™" on  parametrized by n € [1,Ny]. Discrete functions w™2! € (R¥)Mr on
(0,7) x @ and discrete fields F=2t e ((R3)®)Na+ are defined similarly.

The associated norms are defined in a natural way; e.g., the discrete L?(0,T}; Wol’p(Q)) norm
of a discrete function w™" € (RF)™¢ is computed as

Nat —
> T At VR e
n=1

To treat space-time dependent test functions and fields in the way of Proposition 3.1, one replaces
the projection operators P* (and its components P™ P ) PT and P* by their compo-
sitions with S2¢. Then the statement and the proof of Proposition 3.1 and Corollary 3.3 are
extended in a straightforward way.

Also the statement of Proposition 3.9 extends naturally to this time-dependent case; one only
has to replace the statement (18) with the weak LP(0,T; W1P(Q)) convergence statement:

w¥mAt converges to w = 2w® + 2w* weakly in LP((0,T) x €2)
(22) (and the components w w”™* converge to w®, w*, resp., weakly in LP((0,T) x ))
and Vw4t converges to Vw weakly in LP(Q)

as size(Ty)+ Aty — 0. It is natural that strong compactness on the space-time cylinder (0,77) x
Q not follow from the sole space discrete gradient bound; one also needs some control of time
oscillations. Tt is also well known that this control can be a very weak one (cf. e.g. the well-known
Aubin-Lions and Simon lemmas; see [33] for a discrete version). In the next section, we give the
discrete version of a similar result due to Kruzhkov [41].

3.6. Strong compactness in L!((0,7)x() . Here we state a lemma that combines a basic space
translates estimate (for the “compactness in space”) with the Kruzhkov L' time compactness
lemma (see [41]). Actually, the Kruzhkov lemma is, by essence, a local compactness result. For
the sake of simplicity, we state and prove the version suitable for discrete functions null on the

boundary; the general L ([0,7] x Q) version can be shown with the same arguments (cf. [0]).

Proposition 3.11. Let (uﬁ,Ath)h € (R?”)NM’I be a family of discrete functions on the cylinder
(0,T) x Q corresponding to a family (atp)n of time steps and to a family (Tp)n of 3D CeVe-
DDFYV meshes of Q as described in [2, Sec.2,4]; we mean that h > size(T}p) + Aty .

Assume that supje (o p,,.. 1€8(Fn) < +0oo , where reg(T)) measures the reqularity of ), in
the sense (7) and (8). Assume that every primal interface K for all mesh Ty is a triangle.

nax
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Th,Atp

For all h >0, assume that discrete functions u satisfy the discrete evolution equations

b(u‘Ih,n) _ b(u‘Ih,,n—l)

N = djv¥h FTmn + fTh,,ﬂ

(23) for m €[1,Nas,] ,

with some fized uniformly continuous® non-decreasing function b:R — R , with some initial data

b(u= %) € R , source terms f™Ath € (R¥#)Nown and discrete fields F=r-2th e ((R3)2r)Naen |
Assume that there exists a constant M such that the uniform L'((0,T) x Q) estimates hold:

Nae o, n S
(24) Znih at (H b(u™"™) HL1(£2)+ [ ™) HLl(Q)
+ H Fnn HL1(9)+ H fonn HL1(9)+ Hﬁsh,
and, moreover, the uniform L'((0,T) x Q) estimate on V=" u=m5t holds:

NAw, Th, Th,
(25) Do Chat] vERT
Assume that the families (b(u™°)), , (b(u™™?)), are bounded in L'(Q) .
Then for all sequence (h;); converging to zero there exist (3°,3* € L*((0,T) x ) such that,
along a subsequence,

b(u"mo’“At”) — B8 and b(ufm*’“At”) — B m Ll((O,T) x Q) as i — 0.

o) <M

nHLl(Q) =M.

Notice that the specific structure of the DDFV meshes is not important for the above result,
neither the dimension; we refer to [6] for a version of the lemma on the admissible finite volume
meshes in the sense of [27]. Yet, contrarily to the situation with the Sobolev compact embedding
results, in the proof of Proposition 3.11 the two meshes 9’ , 9" should not be considered
separately; and the discrete duality (1) is an important ingredient of the proof. We postpone the
proof of Proposition 3.11 to Appendix A.

4. APPLICATIONS AND CONVERGENCE PROOFS

Here we describe the application of the DDFV schemes to the discretization of three classes
of nonlinear elliptic or degenerate parabolic PDEs. In Sections 4.1 and 4.2, the role of the weak
formulation of the scheme (coming from the discrete duality property) in the convergence proofs
is emphasized; and the preceding results and hints are combined into sketchy convergence proofs.
In Section 4.3, we briefly discuss the additional “dissipation property” that holds for orthogonal
DDFYV meshes and allows for analysis involving nonlinear test functions of the unknown solution.

The ideas and the hints of Sections 4.1-4.2 are all taken from the works [10, 3, 5], with minor
adaptation or simplification. For the details, we refer to the aforementioned papers.

4.1. Leray-Lions elliptic and parabolic problems. Following Alt and Luckhaus [1] (see also
[43]), we consider the problem

(26) { b(u)y = dive(Vu) + f
ugo,ryxa0 = 0, b(w)i=o0 = bo,
for b:R — R a continuous non-decreasing function with b(0) =0, and for
~divp( V) : Wy P(Q) — W (Q)
which is a Leray-Lions operator; namely,

{ e € C(R*R?), VE#£n (&) — @) - (€—n) >0;
VE @(€) - € > cleP, [p(&)P < C(1+[¢P)

with p € (1,400) and p’ the conjugate exponent of p. The p— laplacian operator, i.e.,
(&) = |€]P72¢ |, is the main example in the applications; more generally, it can be combined with
an anisotropy and heterogeneity, as for the case ¢(&,x) = |A(2)E[P72A(2)¢ , (A(x))req being a
uniformly elliptic bounded family of symmetric matrices. Due to the non-strict monotonicity of

(27)

3Mere continuity of b(-) is enough if the families (b(u”"oh’Ath)h)h , (b(umoh’Ath)h)h are equi-integrable.
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b and the possible degeneracy/singularity of the diffusion coefficient ¢’( Vu) , problem (26) is a
degenerate parabolic problem (for b =0 and f constant in ¢ , it reduces to an elliptic problem).
We consider f € L (Q) the so-called “finite energy initial data” by , i.e.,

ug
by : Q@ — Range(b), by =b(up) with the restriction B(ug) = / b(z)dz € L*(9).
0

Finite volume discretization of (26) in the parabolic case and its convergence were studied
in [11]. Different finite volume schemes and their convergence in the elliptic case were studied in
[7, 10, 25, 29]; error estimates were obtained, in three different situations, in [7, 8, 9]; the important
refinements for the case with discontinuous coefficients were introduced in [15].

Let us consider the following time-implicit DDFV scheme for (26) (the notation is the one of
Sections 2 and 3.5):

find u™2" = (u™"),—1.n,, € R such that

(28) . . B
Vn=1..Na; % :diVT@(VTuT’")—FfT’n

with the initial conditions and source term given by

(29) b(u™0) =Phy, [T =PT(SAf)"

The scheme thus leads to a nonlinear system to be solved at each time step; for a description of
the strategy for solving the resulting nonlinear algebraic equations, see [15].

Proposition 4.1. A discrete function u™>' solves (28) if and only if there holds the weak
formulation:

Vn=1..Na; Vot € RY
(30) [{b(ut");bgu’”’l) 7 UTHQ + {{ip( Vsuf’"), stf}g _ Hfs,n7 ,U‘I:|:|Q

Formulation (28) with the initial condition implies the following weak space-and-time formulation:

Na,—1 Tntl _ T

N t
- Z At [b(uf’n) ; UT:HQ + ZA At{{@( Vfua"), VTUE"}}Q

(31) =

— t|:|: ‘I,’n,, T,nﬂ Hb 1,07 T,O:H
;A f v Q—I— (u™%), v o

for all test function v=2t such that v=N =0 .

For the proof, the deduction of (30),(31) from (28) is straightforward using the discrete duality
and (for getting (31)) using the Abel transformation of the sum in n . Conversely, to get from
(30) to (28) one uses the test functions v* with only one non-zero entry.

Theorem 4.2. Assume that b, by and ¢ satisfy the assumptions of the beginning of this
section. Let T be a CeVe-DDFV mesh as described in the introduction, further assume that it
is either a uniform cartesian mesh, or a mesh such that every primal interface KL is a triangle.
Let at >0 be a time step. There exists a unique solution to scheme (28),(29).

Further, assume we are given a family (atp)n of time steps and a family (Tp)n, of CeVe-
DDFV meshes (with atp+size(Ty) < h ) satisfying the uniform regularity assumptions (7),(8),(9)
and (10). Let u¥ At denote the corresponding discrete solution, and V=u¥ 2t denote the
corresponding discrete gradient of the solution (both are considered as functions of @ ). Then as
h — 0, there holds

b(u™ A%y 5 b(u) in LYQ), VZu™2" = Vu in LP(Q), u™ 2" —~u in LP(Q) weakly,
where w € LP(0,T; Wy (Q)) is the unique solution of (26).

It should be observed that under additional regularity restrictions on the meshes, the LP(Q)
convergence of umA' and of each of its components w8t At g strong (see [10],
in particular [10, Prop. 3.6]). In general, the strong convergence of both components to u can
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be enforced by adding the penalization term Pu*" to the left-hand side of the scheme (28), see
Appendix B. Adding penalization does not influence the convergence result and (with the help or
Proposition 5.4) it gives the additional a priori estimate that can be used in Proposition 5.5 to
make coincide the limits w® u* of w2 ™A Ag soon as we know that u® = u* |
from the strong convergence of the gradients V=uTmA% the strong convergence of the discrete
functions w2 to wu can be established, see [10].

Now we turn to the proof of Theorem 4.2.

PROOF (SKETCHED): The weak formulations (30),(31) (coming from the discrete duality) are the
main tool, along with the “discrete versions” of the arguments of Alt and Luckhaus [1].

The proof is not specific to dimension three, the same result and proof apply for the 2D DDFV
schemes (cf. [3] for a unified treatment). Before passing to the limit » — 0, we drop the subscript
h from the notation At; and T .

Uniqueness of a discrete solution follows from the monotonicity of b(-), ¢(-). Indeed, by
induction in n , we obtain the equality

[pwmm) —b@ ), wmm a4 atfo(VIUTY) = p(VEET), VI vEET ) =0

~x At

S,At7 m

(here u are two discrete solutions, and we have used (30) at time step n with the test
function v¥ = u¥" — 4" ). The strict monotonicity of ¢(-) implies that V¥u™" = V=q5"
whence 4" = 4" from the discrete Poincaré inequality of Proposition 3.4(ii) or Proposition 3.7.

Further, existence of a discrete solution follows by an application of the Brouwer fixed-point
theorem or of the finite-dimensional topological degree theory from the a priori estimates we now
prove (see e.g. [11, 10, 25, 29]). Indeed, first note the following convexity inequality:

(32) (b(z) = b(2)) z > B(z) — B(2) with B(z) = /OZ b(s) ds.

Assume u™ A% is a solution of (28),(29). Using v® = u™" as test function in formulation (30)
at time step n , summing in n from 1 to k, k < Na; and using (32) for the time evolution
terms, the coercivity (27) in the diffusion term and the Young and discrete Poincaré inequalities
in the source term, we find the a prior: bound

N
(33) lgrlglga]if(At(¥mKB(uK) + ;mmB(um)) +;At¥mpvaus’"}p

< const(|| fI1 ) + 1B(uo)llLr ()

Notice that in the variational case, i.e., for ¢ = V& | the discrete duality allows to show (see
e.g. [10]) that the discrete solution u=™ at time step n is the unique minimizer of the following
convex coercive functional:

JMu] = % Z my Blug)+ ; Z; My B(ugs )+ at Z mp®(Vyu™)— [[Atfz’”—l—b(uz’"*l) , UTH o
K K D
This variational point of view may be useful for a practical implementation of the nonlinear
scheme using, e.g., the Polak-Ribiere descent algorithm (cf. [10]); the coordination-decomposition
approach of [35] is a more general and more efficient alternative, see [15].
Now, estimate (33) contains, in particular, a uniform L?(Q) bound on the discrete functions

VEry=nAte - Then the compactness result (22) permits to extract a subsequence (here and in
the sequel, extracted subsequences are not relabelled) such that

VEhy =AYy in LP(Q) weakly with u € LP(0,T; W, *(Q))

1 2 0 . .
and u:= guo + gu* with w8 % and w™™ A% o in LP(Q) weakly

(the lack of control of time oscillations precludes us from getting the strong convergence here).
From the growth assumption in (27) we infer the convergence ¢( V=" u¥»4t) — y weakly in
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L7 (Q) . Furthermore, the L'(Q) estimate of V="u=+A  the discrete evolution equations (28)
and the discrete Kruzhkov lemma permit to get the strong convergences

b(u™mA) — B2 and b(u™"A) — B in LY(Q)

(notice that (33) and the definition of B(-) imply equi-integrability of b(u™%At) | p(u™n:Ath)
so that mere continuity of b(-) is enough).

Then the monotonicity of b(-) permits to identify £° with b(u°) and S* , with b(u*) , using
the equi-integrability of (u”A),  (u™™"At),  and the Minty argument. Consequently, we
also have the strong convergence

B(u™mAt) — B(u°) and B(u™"2%) 5 B(u*) in LY(Q) .

Without loss of restriction, we may assume that the above convergence also takes place in L(Q)
for t = T (this takes place for a.e. T > 0). Now, we can pass to the limit in the weak
discrete formulation (31) (using, in particular, Corollary 3.3 for the initial condition term, using
the parabolic version of Corollary 3.3 for the source term, and using the parabolic analogue of
Proposition 3.1 for the test function) to get

(34) —//Qb( vt—i—//x Vv—/ fv—i—/bm; )

with regular test functions v . Then, in the way of Alt and Luckhaus [1] we can write (34) under
the equivalent “variational” formulation with test functions v € X = LP(0,T; W, *(Q)) , using
the duality product to give sense to the product of v by b(u), € X* = L¥ (0, T; W~12'(Q)) .
The key step is to identify x (the weak limit of YTw 2t 1= p( V=ruTrAh) ) with o Vu)
(see, e.g., [1]). This is done starting from the weak formulation (30), with v=» = «=»™ at the
time step m : summing in n from 1 to Na and using the convexity inequality (32), we get

NAth

1 ZmK Ath ZmK*B Arh) Z Ath{{w(vz”'ugh’&”) , Vzh'ugh’&"}ﬂ

n=1
Ath

< Z Athﬂfﬂ’”,uzh’”ﬂ ka ZmK*B Uper )
n=1

Using Corollary 3.3 and the continuity of B(z) as function of b(z) (for the initial condition
term) and using the parabolic version of Corollary 3.3 (for the source term), from the previously
obtained weak convergences we deduce

NAth
lim Ath{{g)(vz"uf’“&h'), VT”'uf’“At” // u—/ B(uy)).
h—0 ; Q

By the integration-by-parts argument of [1, 43] and the aforementioned “variational” formulation
(34), the right-hand side of the above expression can be written as

-/ R / /Q - Vu~ [ (B(r) - Buo)

By comparison of the two expressions, one establishes the inequality

Arh
G > lim inf § : the @(VEruTH A Ty oA b = Jiminf o(Gh) - G
(35 // X - 1m1n A h{(p ), }}Q 1m1n o(Gh) - Gp,

with G = Vu and Gj, = V™4t  With (35) in hand, the monotonicity of ¢(-) in (27) and
the classical Minty-Browder argument (see e.g. [1]; cf. [10, 25, 29] for its use in finite volumes)
ensures that x = ¢(G) and, moreover, the strict monotonicity of ¢(-) yields strong convergence
in LP(Q) of G to G.

With x = ¢(Vu) , we see that (34) is indeed the weak formulation of problem (26); thus w« is
a solution of the problem. The uniqueness of a solution permits to get the convergence results as
h — 0 without extracting subsequences. O
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More general problems of kind (26) can be discretized and their convergence can be proved in
much the same spirit; for the elliptic case, see [10, 15, 29] and [25] for the cases of x -dependent
and wu -dependent Leray-Lions type nonlinearities o(x,u, Vu) , respectively.

4.2. A parabolic-elliptic “bidomain” cardiac model. In this section, we describe another
problem that motivated the analysis tools for CeVe-DDFV schemes presented in the previous
sections.

The bidomain model, originating in [415], provides a description of the cardiac electric activity
by means of two potentials: intercellular (u; ) and extracellular ( u. ), as well as of their difference
v = u; —Ue . It uses auxiliary “gating variables”, governed by stiff ordinary differential equations,
in order to simulate the “ionic current” term which depends on v in a non-local in time way.
For a study of space discretization, a simplified model was introduced in [13] (see [14] for a first
finite volume study on the meshes of [27]) where the ionic current H[v] is just a local function
of v (nonetheless, such a simplification allows to mimic, to a certain extent, the depolarization
sequence in the cardiac tissue, taking the ionic current term H[v] to be a cubic polynomial); this
model writes

(36) { vy — div (M;(2) Vu) + H(v) = Iy, in@=(0,T)xQ,

vy + div (Me(z) Vue) + H(v) = Iyp, in Q,

where M; . are positive definite space-dependent matrices (they are anisotropic due to the fiber
structure of the heart muscle); I,, is an L? “applied current” which is the forcing term; and
there is an initial condition vy € L?(Q2) for v and boundary conditions (in the simplest case,
the Neumann ones) for w;,u. . For the nonlinearity h , it is assumed that

1
5|v|r — Cv? < H(v)v < C(1+ |v]") for some constant C' >0 and r > 2 ;

the practical case is » =4 . The domain Q is three-dimensional, but the 2D case (corresponding
to slices of the heart) is also of interest. It should be emphasized that the goal of the simulation
is to reproduce, in the mean, the very rapid transitions (polarization-depolarization sequences)
occuring in the heart; the indicators of interest include, e.g., the depolarization front propagation
velocity (see e.g. [5]). Further work is needed to couple these electrical phenomena with elastic
contractions of the heart muscle.

The use of CeVe-DDFV schemes fo (36) and the simpler (“monodomain”) model was initiated
by Ch. Pierre in his thesis [11]. The scheme, which is very similar to the ours (the gradient
reconstruction is the same; the only difference is in the discretization of the source terms) was
applied to the bidomain equations in [21, 22]. In [5], based on the above presentation of the
3D CeVe-DDFV scheme, two finite volume schemes for (36) are studied from the point of view
of convergence. Writing of the schemes is straightforward; e.g., the first equation in (36) is
approximated by

T T LME TR =,
where M is the constant per diamond projection of M; , I;;" is the projection of the source
term on the CeVe-DDFV mesh, and H™" is the v™*! -dependent ionic current term (this point
be specified in more detail). Further, the Neumann boundary condition is taken into account into
the definition of the discrete divergence. More precisely, there are no boundary volumes for this
scheme; additional unknowns are introduced on the boundary, so that the space R§ is replaced
by the space not including the boundary conditions, and additional equations for these unknowns
are obtained from the balance of the flux, given by the scheme, with the boundary flux prescribed
for M;(x) Vu,; . We refer to [5] for details of the construction and for the discrete duality formula
taking into account non-zero boundary conditions.

What is to be made precise is the discretization of the ionic current term H*" at time step
n . In [5], we made the following two choices:

e (Fully implicit scheme) H=" := (H(v))=" ;
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e (Linearized scheme) for the sake of simplicity of presentation, assume zH(z) > 0, thus
H(z) = zH(z) ; then we pick H™" := (H(v))="~1p™n
Here, (H(v))®™™ denotes the re-projection, on the CeVe-DDFV mesh T , of the function §H (v™"™)+
ZH(w™ ") (with v™"" and v™"" the two components of v™" ), according to formula (50) in

Appendix C below. The meaning of (f_NI (v))®n"~1 is analogous. The technical reasons leading to
this choice are presented in Appendix C.

It is understood that the first scheme is nonlinear, thus making appeal to heavier implementation
schemes; the second scheme is linear, but it leads to weaker a priori estimates and its convergence is
therefore more difficult to analyze. Convergence proof for the fully implicit, nonlinear scheme uses
(in a somewhat simpler setting) the same arguments as in the proof of Theorem 4.2. Notice that
L? -based compactness tools, in the spirit of [I] and [27], can replace the use of Proposition 3.11,
(indeed, the estimates on discrete ionic current term allow for multiplying H =At by an L"(Q)
function). Yet the study of the linearized scheme requires the use of the Sobolev embeddings of
Proposition 3.4 or Remark 3.5, and the resulting integrability is just HS2t € L1(Q) for r < 4
(in dimension three). Thus the L' -based Proposition 3.11 appears as an optimal tool for proving
space-time compactness of (v=#*4%); . To conclude the proof, an equi-integrability of (H =A%),
is needed, which leads to the restriction r < 4 in dimension three of which the practical case is
the borderline (in 2D |, the practical case r =4 is covered by the analogous proof).

Numerical results on problem (36) are presented and commented in [5].

4.3. Degenerate convection-diffusion problems and discrete entropy dissipation. The
DDFV schemes were initially designed as one among many other solutions to the problem of
approximating anisotropic diffusion problems or even isotropic problems on general meshes (Her-
meline [38, 37, 39, 40], Domelevo and Omnes [24], Pierre et al. [44, 23]). They turned out to be
well suited for nonlinear diffusion problems ([10, 15, 18] and the above Section 4.1). The common
feature here is that these problems are analyzed using variational techniques, i.e. using the solu-
tion itself as the test function. The discrete duality feature therefore allowed for getting energy
conservation properties that lead to a priori estimates; with the estimates (and thus the weak
compactness properties) in hand, one recasts the scheme under the weak form (see Proposition 4.1
in Section 4.1; cf. [5]) and thus proves convergence.

Many important applications, such as nonlinear degenerate parabolic problems of convection-
diffusion type

(37) up — div (p(VA(u)) = F(u)) =0

(with A continuous, increasing but non-strictly increasing, and with () of the kind (27))
require the use of nonlinear test functions and of dissipation inequalities in the place of energy
conservation identities. The same is true for linear problems analyzed by nonlinear methods, such
as generalized solutions of —Awu = f with L' or measure datum f (see Gallouét et al. [32],[20]
and references therein). In both cases, the analysis methods heavily rely on nonlinear chain rule
arguments, that are not natural in the discrete setting.

While e.g. the DDFV discretization of the diffusion term appears as suitable in both cases
(and on quite general meshes, as it was the case in Sections 4.1,4.2), the tools of stability and
convergence analysis seem to require the orthogonality condition on the meshes, in order to get
appropriate “chain rule kind”-inequalities. Indeed, in the previous works on the subject the
condition T, z; LKl was always exploited (see [32, 26] for the linear case, and [30, 3] for the case
(37)). The schemes of [32, 26, 30] are two-point schemes in the spirit of Eymard, Gallouét and
Herbin [27] (the diffusion being linear and isotropic in these cases); while in [3], the diffusion is
nonlinear and therefore, an “orthogonal” DDFV scheme, in 3D and in 2D , was used. Let us
point out the key ingredient of the convergence analysis of [3], which can be seen as a discrete
entropy dissipation inequality for diffusion terms. Notice that a discrete maximum principle for
DDFV approximations of (37) is deduced from this result.

Proposition 4.3. (see Andreianov, Bendahmane and Karlsen [3])
Let ¥ de a DDFV mesh in 2D or in 3D ; in the latter case, assume all the primal interfaces
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KL are triangles. Impose the following orthogonality restriction:
for all neighbours K,r (resp., K*,r1* ) there holds Tz, LKL (resp., Tpat LKL ),

and assume that ©(&) = k(]€|)§ with a nonnegative (possibly singular at zero) function k(-) . Let
A be a continuous nondecreasing function on R ; given a non-decreasing function 6 on R | set
Ag(z) = [ 0(s) dA(s) .

Let v € Ry and ¢~ € RS (the zero boundary condition for ¥~ can be replaced by the
requirement 6(0) =0 ), with ¥~ >0 . Then the following “dissipative chain rule property” holds:

[[aiv = (k(vea@®) vea@D)] , 0wyt ]

< —{{ k(VTAWT)) V= Ap(uT), VT }Q.

(38)

Inequality (38) comes from the convexity inequality that replaces the chain rule A’(z)0(z) =
(A9)'(2) :
(A(z) — A(2)0(2) < Ap(z) — Ap(2) forall z,2€eR.

The proof is straightforward: it uses the summation-by-parts procedure, the particular structure
©(&) = k(J&))E of ¢(-) which is, in particular, isotropic, and also the particular expression of
the discrete gradient under the orthogonality condition that avoids mixing the primal and the
dual unknowns (except in the term k(V¥A(u®)) that is not transformed). In absence of the
orthogonality condition (or for anisotropic ¢ ) we are not aware of any proof of properties that
could play the role of (38) in the convergence analysis for (37).

6.A. APPENDIX A: AN L! SPACE-AND-TIME COMPACTNESS LEMMA

Before turning to the proof, let us mention that in view of the uniform L'((0,7) x ©) bound
on the two components of b(u¥2%) | the assumption that the components of (b(u="?)); are
bounded in L(£2) is clearly not essential (yet, it is not restrictive in practice). The only purpose
of the assumption that u*"* are zero in the boundary volumes of ¥} is to make trivial the
issue of extension of w4 in space to a small neighbourhood of € .

To stress the three aspects of the meshing that are important for the below proof, firstly, let us
recall that the assumption [ =3 yields the bounds (14) that we rewrite as

|w, — w|

dKL

(39) < |VswT [wer —wie| | Vo

' dK*L*

for s = S;‘L‘L* . Secondly, notice that the construction of the discrete gradient and the assumptions
(7) and (8) permit to get the bound
(40)

Yu®,w* € D(Q) || VT(PWwO,PWw*)HLm(Q)g C(reg(T)) (|| V|| oo () + | vw*||Loo(Q)).
Thirdly, note that the discrete duality property readily yields the bound
(41) VYuT eRY VFTe (R%)? H[_ div F7 wTHQ‘ <V e ) 1 N2 01

PROOF OF PROPOSITION 3.11: The proof is divided into four steps, the heart of it being Step 3.

First, let us fix some notation. Set Qr := (0,7T) x Q . We will denote by u"°(t,z), uh*(t,z)
the components

NAth NAth
Uh’o(tvx) = Z Umoh""(ff)ﬂ((n—l)mh,nmh](t)v Uh’*(tvﬂi) = Z UW}"’n(x)ﬂ((n—l)mh,nmh](t)
n=1 n=1

of the discrete solution. These functions are extended by the constant in ¢ values u”™ "4 (z) |
u” " NA (2) on (Nat, Atp, +00) , then they are extended by zero on (0, 4+00) x R® (notice that
both extensions do not introduce additional jumps).



3D DDFV DISCRETIZATION OF GRADIENT AND DIVERGENCE OPERATORS. II. 23

Step 1 : Property (39) and the uniform estimate (25) of the discrete gradient imply the uniform
local estimate of the space translates of u” : the space translates of u/° obey

T
(42) sup // [u(t, o+ ax) —uO(t, )| dedt < A M C(reg(Th)),
|az|<a Jo Jr3

and the identical estimate holds for u/*

The proof of (42) is standard; we give it here for the sake of completeness. A shorter proof can
be derived from the arguments of [28, Lemma 5.1] (it is justified in this lemma that discrete W*
estimates are in fact BV estimates, and therefore the standard translation properties of the BV
functions can be used).

For x € R® and an interface k. of the mesh 9%, , set ¢, (z) = 1, in case the segment
[#,2 + ax] crosses KL ,and v, (z) =0 otherwise. Note that / . (x) dz < my A . Using

R3
(39) and property
reg(Ty) VO](SK*\L*) > Mgrdi

that comes from the inclination bound (8), we have

T Afh
// lu(t,2) — u"(t, z+ax)| dedt < Z ZAth |’y —u"|/wm
0J/0 n=0 s€s&
Ath NAth
<A Z Aty Z M Uy —ul] <A Z Aty Z Murdr | Vsu™"|
Se6 Ses
NArh
<reg(Tp) A Z Atp, Z Vol(s) | Vau™"|,

Se&

meaning as usual that the summation runs over all the subdiamonds s = S;‘L‘L* . The right-hand

side of the above inequality is exactly reg(Tp)A >, = A'h Atp, H A\VARRTRLE and we conclude

using (25).
The same arguments yield the space translation estimate on w

n
HLl(Q) ’
h

Step 2 : We replace the study of u/° u"* (constant per cylinder Q7 := Kk x ((n—1)aty, naty)

or QU := k* x ((n—1)aty,naty) ) by the study of functions @"-°,4"* continuous in ¢ for all
x , constant in x for all volume K or k* , defined via
NAth

b(a" Z Z (t — (n—1)atp)ul + (nat, —t)u ") Ly (t, ),

n=1 K&€m°,
NArh

b(u => Z (t = (n=1)atn)up + (naty, —tyui" ) lgn, (1),

n=1 K*€m*,

ho - o o, N N
We also extend @/°, a"* by the constant in time values u™ " At | o™ " Atw on (Nay, Atp, +00) .
Similarly, we introduce the functions f”, f* and F" in L'(Qr) ; moreover, we define

. NAth . . NAth .
divVOFt = YT div PR gy (fw), AV = Y > divie PO g, (¢, ).
n=1 KEmM°, n=1 K*cm*,

The functions, f", f»* and F" , div th div** F" are extended by zero from Qr to (0,+00)X
R3 .

Considering the t -dependent discrete functions 4" (¢) with the components u™°(t), u"*(t)
on the meshes M, and I, , we are in a position to rewrite the discrete equations (23) under
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the form

0
ot
where the equation is satisfied in W11 (RT) in time, for a.e. z € R3.

In addition, denoting by w; a concave modulus of continuity? of b, by the definition of "°
and the Jensen inequality we have

(43) —b(a"°) = div " F" 4 fhe, %b(ahv*):dwh’*f’w i

/+O7|b(ﬁh’°)(t, z+azx) — b(a"°)(t, z)| dedt
0 Q

T
< 2/ |b(u"°)(t, 24+ ax) — b(u°)(t, )| dzdt + 2at), /|b(u)go(:v)| dx
0 Jo Q

1

< TVol(Q)wy, (m

T
/ /|uh,o(t, T+A7) — uhvo(t, x)| dxdt) + 2aty, /|b(u)gvo(aj)| dx,
0o Ja Q
where b(u)0°(z) = D wceae, DU )i (x) is the first component of the initial datum b(u="°) .
By the result of Step 1, the assumption at;, — 0 as h — 0 and the uniform L*(£2) bound on
b(u™n-9);, , the space translates of w"° on (0,T) x Q are estimated uniformly for all sequence
(h;); convergent to zero. In the same way, the space translates of @™* on (0,7) x Q are

estimated.
Finally, b(@"°), b(u"+*) are bounded in L'((0,7) x Q) uniformly in i . Indeed, this comes

from
T NatpAtp
/ / Ib(a°) (¢, 2)| dwdt < 2 / / 1b(u®) (¢, )| dadt + Aty / 1b(w)! ()| da
0JQ 0 Q Q

(the identical estimate holds for b(@"*) ) and from the assumptions of the proposition.
In the sequel, we drop the subscript ¢ in the notation.

Step 3 : Now we adapt the idea of the Kruzhkov lemma ([41]). We show that, provided @"°,a"*
solve a discrete evolution equation of the form (43) with terms bounded in L! and an estimate

of the space translates of b(@/°),b(u"°) is available, there is also a uniform estimate of the time
translates of b(a°),b(a*) :

Q:quT /+Oo/ Y(t+0,z)— b(ﬂh’o)(t,x)‘ + ; ‘b(ﬂh’*)(t—i-@,a:)—b(ﬁh’*)(t,a:)’ ) dzdt < (7).

Here @ : Rt — RT is a modulus of continuity, i.e., a non-decreasing function such that
lim w(7) =0.
7—0

Let us construct w(-) verifying (44). First fix h and fix 6 € (0,7] . Denote by I"(6) the
integral in the left-hand side of (44). For t >0, set

w(t,-) = (@) (t +6,-) = b(a™°)(t,-), wh*(t,-) = (@)t +6,-) = ba"*)(t, ).
Notice that w"°(t,-) =0, w*(t,-) =0 for large t .
Take a standard family (p5)5 of mollifiers on R3 defined as ps(x) := 6 3p(z/5) , where p isa
Lipschitz continuous, nonnegative function supported in the unit ball of R? , and le ple)dr =1.
In particular, we have

| Vps| <
Here and throughout the proof, C' will denote a generic constant independent of h and § . For
all t> 0, define the function ¢"°(¢,-) : R® — R by ¢"°(t) := ps * (signw’°(t)) . In order to

lighten the notation, we do not stress the dependence of "° on §. Define ¢™*(t) similarly,
starting from w™*(t) .

= g

A1t b(@"i+°) are equi-integrable, a local modulus of continuity is enough.
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Now discretize ©™°(t,-) on the mesh D% by setting @™ (t) := PP rpho(¢, ) ; recall that

this means that
/ " (t, x) d.
K

Further, discretize ¢™*(t,-) on the mesh ¥, by setting @ (t) := PP roh*(¢,.) Denote
by ¢"(t) the discrete function on the CeVe-DDFV mesh ¥, of Q with the two compo-
nents ™ (t), ™" (t) . Denote by w"(t) the discrete function on T;, with the components
h,o h
w™O(t), w*(t) .
Now for all fixed ¢, we integrate equations (43) in ¢ € [s, s+ 6] , then take the scalar product

1

pr(t) = VoI(K)

[[- , -HQ of the result by " (¢) . Finally, we integrate the obtained equality in s over RT to
get

w) [ [ee o= [ [ s o, de)]), s

Denote by I2(6) the left-hand side of (45). Using property (41), the definitions of discrete norms
and the Fubini theorem, we infer

120 < 0 (195 e 17 oo

MO

p@n + 1 en) ).
Now the L([0,T] x Q) bounds (24) on (F"), , (f°), and (f"*), , the bounds
|(ph)0(t7 )l <1 |(ph)*(t7 )| <1 |v90h7o(t7 )| < 0/547 |v90h7*(t7 )l < 0/64

+ max{[le™ || Lo (@ry, 1™ L= @y } % (I1F"]

and property (40) yield the estimate
(46) I3(at) < 0 Creg(Th)) M (14671

h,o

for all A and ¢ small enough, uniformly in A . Now, notice that, w° and ¢"™° being constant

per K € M, , by the definition of ¢ () we have

Vol(K) s (£)] = i (£)px () =m0 (t,2)] — wc(8) | @ (t.2) d

K
= /( [we(t, z)| — w™(t, z)"°(t, z)) da
K
the identical equality holds on dual volumes k. Therefore (recalling again the definition of
[{., .HQ),
h h oLl h h
ro)-10) = [ [ (Ut - uten)eto,m)
2
+ S ("t a)] - Wt () () )) dadt.

Starting from this point, the agrument of Kruzhkov [41] applies exactly as for the “continuous”
case. Note the key inequality, valid for all monotone b such that b(0) =0 :

Va,y € R ||| — arsigny| < 2|a—A].
Setting o := (z—y)/d , we upper bound |I"(0)—I(0)| by

oo 1 2
2 [ [ pstau) (gl ettm) —ut )] + St (6 0) - (1,)]) dydodt <
0 Q JR3 3 3

e 1 —h,o —h,o 2 —h,* —h,* .
< 2/Rap(0)/0 /Q(§|b(uh V(t,z)—b(a"°)(t, z—d0)| + §|b(uh )(t, x)—b(a" )(t,x—60)|) dxdt do;
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therefore if w(-) is the modulus of continuity controlling the space translates of b(u”°) and of
b(u™*) in LY((0,T) x Q) , then

(47) [1M(0) I3 (0)] < 2w().

Recall that, by Steps 1 and 2 of the proof, one can choose w(-) independent of h . Combining
(46) with (47), we conclude that the function

o(r) = gngo{ T(1+6") +2w(d) }
>
upper bounds the quantity supge g I"() . Because @(7) tends to 0 as 7 — 0, this proves
(44).
Step 4 : By the Frechet-Kolmogorov compactness criterion, the relative compactness of (b(ﬁhvo) ) N

and (b(u"*) )h in L1((0,T) x ) is a consequence of the estimates of Steps 2 and 3. In order
to conclude, it suffices to show that

[b(u?) = b(@"°)|| Lr(o,myxa) — 0 and [|b(u"*) — b(@"*)|| L1 (0.1)x0) = 0

as h — 0. An easy calculation shows that
1
1
for all o,y €R, / ka4 (1 = k)y|dr > §(|a| +v]) -
0

Applying this inequality to a := b(u™" ™) — b(u™") |~ 1= b(u™* ") — b(u™*r"1) | from the
definition of @" we deduce

T T+Aty,
/ / b(u) (¢, z) — b(@°)(t, )| dedt < 2 / IB(T") (t-+ At ) — b(a") (¢, 2)]| ddt.
0 JQ 0 Q

The identical estimate holds with b(u"°),b(a"°) replaced by b(u’*),b(a"*) . Since at; tends
to zero as h — 0, estimate (44) of Step 3 implies that the right-hand side of the above inequality
converges to zero as h tends to zero. This ends the proof of the proposition. 0

6.B. APPENDIX B: A PENALIZATION OPERATOR

Penalization of a DDFV scheme may be useful in order to guarantee that the two components
of a discrete “double” function w™" converge to the same limit.

Indeed, we have seen that in the context of Proposition 3.9, the two components w™™ , w
of discrete functions w*" with bounded discrete WO1 P norm may converge to two distinct limits.
This can complicate the analysis of the DDFV discretizations for certain PDEs (although the fact
that the components w ™, w™" converge to a common limit can be implied by the structure of
the PDE considered; see [10] for one particular case). In the context of the work [3], this difficulty
turned out to be an obstacle for proving convergence of the DDFV scheme. Therefore the idea to
penalize the differences w, — wy~ for K N K* # @ was introduced. Let us give some details.

On the set R¥ of discrete functions w™ on €, following [3] we define the operator P*[-] of
“double” mesh penalization by

P w® € RT = P w™ = ((’PKwT)

M,

KEme (,PK*wT)K*sz* ) €R%,

where the entries Prw™ , Prw™ of the discrete function P*w™ on ) are given by

Vol(K N K*) (Wx — Wi );

1 1
Wt = 2
Prw Size(‘z) VOI(K) ZK*EM*

1 1
T E . —
PK*w o size(‘z) VOI(K*) KeEm° VOI(K 4 K*) (U)K ’LUK).

The definitions are designed to get the following summation-by-parts formula:
Proposition 5.4. Let w™ € R® and ¢~ € RS . Then

= 2 (Wi —wie ) (Pr — Pre)
T T = _“
HP wov HQ 3 ZKGWI_",K*GSJI* vol(K N ) size(T) '
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The proof is straightforward from the definitions of |I , -]]Q in (2) and of the operator P~ .

Notice that adding such a penalization term into discrete equations corresponds, roughly speak-
ing, to adding a small amount of discrete diffusion (e.g. on the uniform cartesian DDFV meshes of
Section 2.2, the penalization operator is in fact a size(¥) -small multiple of a discrete Laplacian).
Therefore it is clear that this additional term does not affect the convergence of the schemes.
In addition, except in some degenerate situations (e.g. on the meshes satisfying the orthogonal-
ity condition, the equations corresponding to primal and dual volumes are actually not coupled)
adding this term does not enlarge the stencil of the scheme.

Adding the penalization leads to an additional estimate on discrete solutions that can be used
as follows.

Proposition 5.5. In the assumptions of Proposition 3.9, let us require in addition that
(48) [{Pghwgh,wshﬂ < const
Q
uniformly in h . Then (upon extraction of convergent subsequences) the limits of the families
(w”"oh)h and (w”‘*h)h coincide.

In a similar manner, for the case of cartesian meshes one could penalize the differences between
the neighbour values on x* €¢f and on x €0} , to ensure that w”™» and w™» converge to
the same limit (notice that in case of such penalization, the example of Remark 3.8 would not be
compatible with the uniform estimate (48)).

6.C. APPENDIX C: DDFV DISCRETIZATION OF REACTION TERMS

Recall that (unless the penalization technique of the previous paragraph is used) the two com-
ponents w™ , w™" of discrete functions w** may converge to two distinct limits w?, w*
Therefore, discretizing a function ¥ :=1¢(w) on ¥ in the most straightforward way, namely

= ( (w(wK))KGSJID ’ (Q/J(wK* ))K*e‘m* )

may lead to a difficulty. Indeed, at the limit e.g. of I} := H(w(w))”,wf"ﬂﬂ we will find (see
the definition (2) of the scalar product on R* )

(19) /Q (5o + 2w ur).

Because we have seen that the function %w" + %w* should be considered as the natural limit of

w™ (namely, V¥"w¥ converges to the gradient of this function), as long as we cannot prove
that w® = w* we need to find

I—/z/J —w’ + w)(%wo—i—gw*).

at the limit of I, , in the place of (49). Therefore we suggest that either penalization operators
(see Appendix B) be used in order to enforce the equality w® = w* ; or that the reaction terms be
discretized on a 3D CeVe-DDFV mesh by taking, for discretization of ¥ = ¢ (w) , the expression

vE = ((w(wK))KGSJIO ’ (1/)(11)1(* ))K*e‘m* )7
(50) 1 X 2 Z VOI(K n K*) . 1 Z VOI(K N K*) K

W= gwt oty e

K*€om* Keom*

2
voi(e) W T g

In other words, w, and g are the mean values of the function %wf’”o + %w”* on K and on

K* , respectively. With this choice, we have for all w™ € RF , for all ¢~ € R~ |

1 oo 2 g 1 2 .
[wy®e], = [ wlgu™ + 2u™) G + 2.

Notice that in the case of general meshes, such treatment of reaction terms does not enlarge the
stencil of a DDFV scheme used for the discretization of a diffusion operator.
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One example of the use of (50) is given in [5] and in Section 4.2 below.

Notice that this approach to discretization of reaction terms is particularly natural if the DDFV
scheme is viewed as a “gradient scheme” in the sense of Eymard, Herbin and Guichard [31], because
in this case the unknown discrete solution in the scheme is approximated via a lifted function that,
in our case, takes precisely the form w™’ + %w"’"* .
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