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A finite volume scheme for a noncoercive elliptic equation with
measure data

Jéréme Droniou!, Thierry Gallouét?, Raphaele Herbin®
May 14, 2003.

Abstract

We show here the convergence of the finite volume approximate solutions of a convection-diffusion equa-
tion to a weak solution, without the usual coercitivity assumption on the elliptic operator and with
weak regularity assumptions on the data. Numerical experiments are performed to obtain some rates of
convergence in two and three space dimensions.

1 Introduction

The scope of this work is the discretization by the cell-centered finite volume method of convection-
diffusion problems on general structured or non structured grids. Let 2 be a polygonal (or polyhedral)
open subset of R? (d = 2 or 3); the problem under study writes:

—Au+div(vu) + bu = in Q, (1)
u=0 on 0N

with the following hypotheses on the data:

v e (C@)?,
be L*(Q), b>0a.e. on Q, (2)
)5

pwe M

where M(Q) = (C(Q))’ is the dual space of C(£2), which may also be identified to the set of bounded
measures on €. In the sequel, we shall consider the usual infinity norm on C(f2)), and we shall denote
by || - |[ps(m) its dual norm on M(Q).

Our purpose is to prove the convergence of the cell-centered finite volume scheme for the discretization
of Problem (1). Cell-centered schemes for convection-diffusion equations using rectangular, triangular or
Voronoi grids were analysed in a number of papers including [27],[18], [23], [26], [29], [8]. The analysis
which we develop here uses some of the tools which were developped in [14], [20], [15] and [19]. In [15],
a convergence result without any assumption of regularity of the solution is proved. An approximate
gradient was constructed in [7]. Noncoercive elliptic equations with a regular H ~! right-hand-side were
also recently studied [12]. Finally, a thorough study of finite volume schemes for linear or nonlinear
elliptic, parabolic and hyperbolic equations may be found in [14], which we refer to for further details.
The discretization grids which are considered here and in these latter works consist of polygonal (or
polyhedral) control volumes satisfying adequate geometrical conditions (which are stated in the sequel)
and not necessarily ordered in a cartesian grid.

Let us remark that the analysis which is developed here still holds for equations of the type
—div(k:(x)Vu(x)) + div(v(m) u(a:)) +b(z)u(z) = f(x), x€Q, (3)
with the following hypotheses on k:

k is a piecewise C! function from  to R; (4)
there exists ko € R such that k(x) > kg for a.e. z € Q.
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For the sake of the simplicity of notations we prefer to deal with the Laplace operator here but we shall
point out the modifications which take place if the operator div(kV.) is considered instead: see remarks
2.2, 2.4 and 2.6. If now k is a tensor satisfying the following hypotheses:

k is a piecewise C'! function from Q to R4¥9,
for all z € Q, k(x) is a symmetric matrix, (5)
there exists ko € R such that k(x)¢ - £ > ko for a.e. 2 € Q and for all { € R¢

3

then one may still write the finite volume scheme and obtain some error estimates in the regular case, but
the assumptions on the mesh have to be modified see [20], [24] and [8]. However if the mesh is Cartesian
and if for all x € Q the matrix k(x) is diagonal then it is “aligned” with the grid and the analysis is
similar to the (non constant) scalar case of Equation (3).

The originality of the present work with respect to the above cited works is threefold: first, the elliptic
operator associated to the convection-diffusion equation is not assumed to be coercive; second, the con-
vection velocity v is only assumed to be continuous (it was assumed C' in previous works); third, the
right hand side u is only supposed to be a Radon measure.

In the next section, the finite volume scheme for the discretization of (1) is presented, along with the
admissible meshes. We then state the main convergence theorem of this paper (Theorem 2.1), along with
some preliminary technical results similar to those used in [14], [20], [15], and the proof of which is given
in an appendix. Section 3 is devoted to a priori estimates on the approximate solutions (existence is not
proven at this stage), which will be needed in order to obtain compactness results, and which also yield
the existence and uniqueness of the approximate solution. The proof of Theorem 2.1, that is the proof
of the convergence of the approximate solutions to the weak solution of (1), is then given in Section 4.
Section 5 presents a modified finite volume scheme where the measure data whose support is on the edges
of the mesh are taken into account through a jump of the flux between two neighboring cells; comparing
this scheme to the scheme of Section 2, the convergence result is easy to obtain. Finally, we present in
Section 6 some numerical results in two and three space dimensions, using Cartesian or unstructured
triangular meshes (in 2D), as well as for a spherical geometry. These results allow to derive some rates
of convergence of the method, even though no error estimate is known theoretically.

2 Conservative finite volume discretization and convergence re-
sult

Definition 2.1 An admissible mesh of €2, denoted by M, is given by a finite partition T of ) in polygonal
(or polyhedral) convex sets (the “control volumes”), by a finite family £ of disjoint subsets of ) contained
in affine hyperplanes (the “edges”) and by a family P = (xi)xer of points in Q such that

i) each o € & is a non-empty open subset of OK for some K € T,
it) by denoting Ex = {o € £ | o C K}, one has OK = Uyeg, 0 for all K € T,

iii) for all K # L in T, either the (d— 1)-dimensional measure of KN L is null, or KN L =& for some
o € &, that we denote then o = K|L,

w) for all K € T, xi is in the interior of K,
v) for all o = K|L € &, the line (xk,xr) intersects and is orthogonal to o,

vi) for allo € £, 0 CINNOK, the line which is orthogonal to o and going through x i intersects o.

Remark 2.1 (Other admissible meshes) Note that Property v) in the above definition is required so
as to obtain a consistent discretization of the normal fluzes over the boundary of the control domains when



using the two points finite difference scheme to discretize the normal flux. In fact, the above definition
of an admissible mesh may be extended to other geometries of Q than a polygone or a polyhedron. For
instance, if @ = {x € R |z| < r} is a spherical ball of radius v, then a natural mesh is defined by the
control volumes Ko = {r € R%;|z| < r12} and, fori = 1,N, K; = {z € Rd;ri,l/g < x| < rigayelt
where (Ti+1/2)i:1,N C (0,7] is a given increasing sequence such that TNt1/2 = 1. Let mg = 0 and, for

i=1,...,N, r; € (ri—1/2,Ti+1/2), then a discretization of the normal diffusive flur Vu -n (where n is
the outward normal unit vector) over the sphere {x € R% |z| = r;11/2} by the two points scheme ﬁ%

is clearly consistent if the solution u to (1) only depends on r. Moreover, if ri1i/; = %(THl — i), it is
consistent of order 2. Hence this class of spherical discretizations is clearly admissible for the analysis
which will be derived in the sequel.

K .
m(o):
e X - - - -1 z
< ememmeeeas >
dK,o =do N
K|L € Epng o = K| € Eext :
......... v
o2

Figure 1: Notations for an admissible mesh

The size of the mesh is then defined by size(M) = sup g-c; diam(K). We denote by meas(K) the Lebesgue
measure of K € 7. The unit normal to ¢ € £ outward to K is denoted by ng ..

We define &y, = {0 € £ | 0 ¢ 0N} and Eext = E\Eint- If 0 € &€, meas(o) is the (d—1)-dimensional measure
of o; if 0 = K|L € &int, do is the distance between the points (xx,2r) and di , denotes the distance
between zx and o; if 0 € Ext N EK, do = dK o+ is the distance between xx and o. The transmissivity
through an edge o is

meas(o)

do

Within the integrals, the letter A (resp. ) stands for the d (resp.(d — 1))-dimensional measure on the
domain ) (resp. on the edges of the mesh). Note that moth measures are denoted by "meas” when
applied to a control volume or an edge.

We shall naturally identify the set R€4(7) to the set X (7') of functions defined a.e. on © and constant
on each control volume K € 7.

Toe =

Remark 2.2 In the case of the operator div(kV.) which is considered in Equation (3) where k is a
function from Q to R or R which satisfies (4) or (5), admissible meshes must satisfy the following
additional condition:

(vi) For any K € T, the restriction k|kx of the function k to any given control volume K belongs to
CY(K).

Furthermore if k is a piecewise C* function from Q to R4*?, the orthogonality conditions (iv) and (v)
have to be modified into:



(iv)’ For any K € T, let kx denote the mean value of k on K, that is

1
b = s /K kd). (6)

The set T is such that there exists a family of points
P = (xx)keT such that vx = Necex DKok € K,

where D -1 15 a straight line perpendicular to o with respect to the scalar product induced by k’;(l
such that Dk o N0 =D o No # 0 if o = K|L. Furthermore, if o = K|L, let y» = Dk o1 No(=
Dr.okNo) and assume that i # T,

(v)” For any o € Eexs, let K be the control volume such that o € Ex and let Dk o1 be the straight line
going through rx and orthogonal to o with respect to the scalar product induced by ki_(l ; then, there
exists Yo € 0 NDr o k-

If M is an admissible mesh, and under Hypothesis (2), we can define the finite volume discretization of

(1)

By denoting, for K € 7 and o € &k,

1
by = ——— [ bd\ d o = ‘N d
K meas(K) /K an VK, /UV ng, Y (7)
the scheme is defined by
VK e T, Z Fr o+ Z VK,oUg+ + meas(K)bgux = p(K), (8)
0EEK o€l

Vo =KI|L € &gy Fro = —To(ur —uk), (9)
Vo € Eext Nk, Fro=Touk,

Vo =KI|L € &nt, Ust =ur if vks >0, us,4+ =ur otherwise,

Vo € Eext NEK Uo+ =ug if vke >0, us4 =0 otherwise. (10)

Equations (8)—(10) form a linear system in (ux)xer of size Card(7). Notice that this scheme is
conservative in the sense that if 0 = K|L, then Fg , = —Fp , and vk, = —VL -

Remark 2.3 The approzimation (10) of the convective fluzx is the classical upwind scheme, which we
choose here because it ensures both the existence of a solution to the scheme (and the maximum principle)
without any condition on the size of the mesh. If instead of the upwind scheme, we used the central
difference scheme, then we would need a condition on the size of the mesh in order to have existence of
a solution to the scheme, and in order for the mazximum principle to hold. However, when the size of
the mesh tends to 0, the centered scheme may also be shown to converge. The upwind scheme is often
preferred in applications because of its robustness on coarse meshes.

Also note that if v, = 0, for some o = K|L for example, then (10) does not determine uq 1+ uniquely
since one may take either u, + = ug (since Vi, > 0) or Uy + = up (since v, = VK, =0 > 0).
However, this is no real problem since uy 4 always appears multiplied by v » or vy, » and thus, if vk » = 0,
the value of us 4 does not matter (one can, for example, reduce the second sum of (8) to the o € Ex such

that vi,o #0).

Remark 2.4 In the case of a non constant diffusion coefficient as in Equation (3) where k is a function
from Q to R satisfying (4) or from Q to R4*? satisfying (5), one considers admissible meshes satisfying



vl) O emar . an ZTL the tensor case also (v an v instea [0 ) an V). or S an
) of Remark 2.2 and in th Iso (iv)" and (v)' instead of (iv) and (v). For K € T and

o€ &k, let
1
ko =|—= kd\ o 11
K, ’meas(K)/K nK, (11)

(where | - | denotes the Euclidean norm). Note that in the scalar case, this yields in fact ki, =

m fK kdX\. The ezxact diffusion fluzes k(z)Vu - ng , on an edge o of the mesh may then be ap-

proxzimated in a consistent way (see [14] and [24]) by replacing the formulae in (9) by:

e internal edges:
FK,a:_Ta(uL_uK)v if 0 € Ens, U:K|L’ (12)

where
kK,U kL,o’

kK,adL,a + kL,a'dK,a '

T, = meas(o)
e boundary edges:

Fro=—Ts(Us —uK), if 0 € Eext and vx & o, (13)

where

kK,a

T, = meas(o) 7
K,o

Let us now state our main result, which we shall prove in the following sections.

Theorem 2.1 If M is an admissible mesh, then there exists a unique solution to (8)—(10). Moreover,
if (My)n>1 is a sequence of admissible meshes such that there exists ¢ > 0 satisfying

foralln>1, for all K € T,,, for all o € £k, dg,o > (dy,

and such that size(M,,) — 0, then, by denoting w,, € X(7,,) the solution of (8)—(10) with M = M.,

(un)n>1 converges to u in LP(Q) for all p € [1, 745), where u is the unique solution to (1) in the sense

we N Wy(Q),
<z

/Vu~V<pd/\f/uv~Vgad>\+/bu<pd/\:/@du, Vo € UWOLS(Q),
Q Q Q Q g

(14)

where [o, o dp =< p, 0 >c@yy.c@- (We recall that WL4(Q) is the set of functions which belong to

l.q
LK) and such that their derivatives are also in L9(Q2), and Wyi(Q) = Cgo(Q)W @
that Wy *(Q) € Co(Q) for s > d.)

. We also recall

Remark 2.5 Notice that we do not suppose the existence and uniqueness of a solution to (14); we will
prove both.

Remark 2.6 A convergence result still holds if a non constant piecewise C1 diffusion scalar coefficient
is considered i.e. if k satisfies (4) and if Equation (3) is discretized by the scheme (7),(8),(11)—(13).
In fact, in the two-dimensional case, the proof follows the one given below in the case k = Id. In the
three-dimensional case however, the reqularity of the solution to the dual problem (47), which is used in
the proof of the uniqueness of a solution to (14) (see section 4) is not so clear. Hence in the 3D case,
uniqueness of a solution to (14) is not known, and the convergence result of Theorem (2.1) still holds,
but only up to a subsequence.

If one now considers the general tensor case, then some more restrictive assumptions are needed on the
mesh in order to obtain consistency of the fluzes, see [14] and [24].



The proof of existence and uniqueness of a solution to (8)—(10) is based on a priori estimates on the
solutions to this problem, which are obtained with the following discrete VVO1 ! norm, defined as follows.

Definition 2.2 (Discrete W% norm) If M is an admissible mesh, vr = (vk)xeT € RC>d(T) gng

1 < ¢q < o0, we define
Dovr\ 1 1/q
oUT
forlhan = (Z measta)dy (25 ) ) ,

o€l

where Dyvr = |vg —vr| if 0 = K|L € Eng and Dovr = Jvk| if 0 € Eoxt N Ek

Let us now state the main a priori estimate, which will be proven in Section 3. This estimate is crucial
to prove the existence of a solution to (8)—(10), and also to obtain the compactness properties on
approximate solutions which will eventually yield the convergence result.

Theorem 2.2 Let M be an admissible mesh and ¢ > 0 satisfying
forall K €T and all 0 € €k, di o > (do. (15)

Then, for all q € [1, d%'ll), there exists C' > 0 only depending on (Q,v,q,() such that, if ur € X(7T) is a
solution to (8)—(10), then ||ur|[1,g.0m < Cllpl| -

In the sequel, we shall use the following properties of the discrete I/VO1 " norm:

Proposition 2.1 (Discrete Poincaré inequality) If 1 < q¢ < 2, M is an admissible mesh and v €
X(T), then
o7 ]lLa(e) < diam(Q)[[vr||1,q.nm- (16)

Proposition 2.2 (Discrete Sobolev Inequality) Let 1 < ¢ <2, M be an admissible mesh and ¢ > 0
satisfying (15). Then, with ¢* = dd—_qq if g <dandq* < oo ifqg=d=2, there exists C > 0 only depending
on (Q,q,q*,¢) such that, for all vy € X(T),

vzl L= (@) < Cllvr|[1,q.Mm-

In fact, it is easily seen that the above inequality also holds for any r < ¢*, that is:
llvr]lLr ) < Cllor|ligm, for any r < ¢*.

Proposition 2.3 (Discrete Rellich Theorem) Let 1 < g < 2 and M be an admissible mesh. Then
there exists C > 0 only depending on (2, q) such that, for all h € RY and all vy € X(T), denoting wr
the extension of v to R% by 0 outside Q, we have

[ Jwr(@+h) —wr (@) d\@) < [Bl(|k] + Csize(M)) oz [If g ar- (17)
R

In particular, if (My)n>1 is a sequence of admissible meshes and v, € X (Ty,) is such that (||vn||1,q,M, Jn>1
is bounded, then (vy)n>1 is relatively compact in L1(82).

Proposition 2.4 (Regularity of the limit) Let ¢ € (1,2] and (M,),>1 be a sequence of admissible

meshes such that size(My,) — 0. If v, € X(7,.), (||vnll1,q,M, )n>1 is bounded and v, — v in L1(2), then
1.q

v e WhQ).

These propositions are easy adaptations of similar results in [14] for the case ¢ = 2 (see also [6] for
Proposition 2.2 and [19] for Proposition 2.3). We sketch the proofs of these propositions in the appendix
for the sake of completeness.



3 A Priori Estimates

The aim of this section is to prove the discrete W'? a priori estimate of Theorem 2.2, which is crucial in
the proof of existence of the scheme, and also in the obtention of a compactness result which will allow
to prove the convergence of a sequence of approximate solutions (Theorem 2.1 and its proof in Section
4).

Such a priori estimates were already used for the study of the finite volume approximation of nonlinear
elliptic or parabolic equations, see e.g. [15], [16]. But in these previous works, the estimates were obtained
in a discrete H! norm, accordingly with the regularity of the solution of the continuous problem.

We prove here some a priori estimates on the solution to (8)—(10) in a discrete W9 norm, since
the solution to the continuous problem is in W%, As in the continuous case, it is difficult to obtain an
estimate on ur itself (note that in the continuous case, u is not allowed as a test function in (14)). Hence,
as in [19], we shall obtain estimates on truncations of the approximate solutions, that is the functions
Ti(ur), where Ty is defined in Figure 2. However, in [19], we only dealt with the Laplace operator,
whereas here we allow non-coercive convection-diffusion operators. Because of this non-coercivity, we
shall need to start with some weaker estimates, namely an estimate on In(1 + |u7|), as was done in [9] in
the continuous case. In order to obtain this estimate, we shall obtain some estimate on Si(ur), where
Sy = Id — Ty, is also defined in Figure 2 and section 3.2. Note that in the diffusion dominated case, the
operator is becomes coercive and the discrete W14 estimate may be directly obtained from the estimates
on Ty (ur) as in [19].

Ty (s) Sk(s)

Figure 2: The functions T} and S

Since the function T} is bounded, the estimate on Ty (ur) is easy to obtain. The estimate on Sk (ur) is
more tricky. The convective term is controlled through a bound of meas(Ey) where Ey, = {|ur| > k} (see
Corollary 3.1), which is a consequence of an estimate on In(1 + |ur|) (see Proposition 3.1).

Each of the estimates we present here has a continuous counterpart; see for example [2], [3] for estimates
on nonlinear elliptic equations with measure data and [9], [10] for estimates on linear and nonlinear
noncoercive variational elliptic problems. Mixing the techniques of [3] and [9] (or [10]), we can prove
estimates (and an existence result) on solutions to linear or nonlinear noncoercive elliptic equations with
measure data.

To obtain the estimates on the solutions to (8)—(10), we adapt to the discrete setting this mix of
techniques of [3] and [9]. Thus, to make the following proofs easier to understand, we sketch, for each of
the discrete estimate, the proof of the corresponding continuous estimate.



3.1 Estimate on In(1 + |ur|)
Proposition 3.1 Let M be an admissible mesh. If ur = (uk)xeT is a solution to (8)—(10), then

[ In(1 + |UT|)||%27 < 2[|pll pr(qy + dmeas(Q2) || |v] H%w(g) (18)
(@)
(where |v| denotes the euclidean norm of v in R?).

Before we prove Proposition 3.1, let us state an easy corollary, which is used in the proof of the estimate
of Proposition 3.2.

Corollary 3.1 Let M be an admissible mesh. If ur = (ui)xer 1S a solution to (8)—(10) and, for
k>0, B = {|lur| > k}, then there exists C € R’ only depending on (Q,v) such that

CL+ |l @)

meas(Ey) < CEDIE

Proof of Corollary 3.1
By Proposition 3.1, we get that

(1 + [ur DT 57 < (2+ dmeas() [[[V] [0 o)) (1 + [l pra)-

Therefore, using the discrete Poincaré inequality (Proposition 2.1), we get that there exists C' € R only
depending on (€2, v) such that:

(1 + JurlZ2 @) < CO+ lullyg)-

Finally, since meas(Ey) = meas({In(1 + |uz|) > In(1 + k)}), the Chebyshev inequality yields that

CO+pllm @)
meas(Ek) S Ww

Proof of Proposition 3.1
Step O sketch of the proof in the continuous case.
Let ¢ fo HM)Q Suppose that p € H=1(Q) N LY(Q) and let u € H () be a variational solution of

(1). Usmg (u) as a test function in the equation satisfied by u, and since ¢ is bounded by 1, we find:

Vu |Vul [Vul
\Y -7d)\+/b dx < + - / 7d)\§0+0/7d)\,
where C' only depends on ||u||z1) and v. Since V(In(1 + [u])) = sgn(u)% and bup(u) > 0 (b is

nonnegative and ¢(s) has the same sign as s), we deduce that
1V (1 + |ul))] [[72(q) < C + Cmeas()'2|| [V (In(1+ [u])] [|z2(0),

which gives an estimate on || [V (In(1+|u))|||12(q) (and thus, by the Poincaré inequality, also on || In(1 +
[ulllz2(e)-

Step 1 proof of a first discrete estimate.

Let ¢ fo (1+|t‘)2 Multiplying each equality of (8) by ¢(uk) and summing on K € 7, we have
Z Z Fr oo(uk) Z Z VK, ol +9(Ur)+ Z meas(K)bxurp(urk)
KeT o€k KeT oeék KeT
= > nE)e(ux). (19)
KeT



Gathering by edges and using (9), we can write

SN Froplu) = mlur —ur)(@lux) — ¢(uz)) (20)

KeT oelk ge€

where we let 0 = K|L if 0 € &y and up, = 0if 0 € Eexy N Ek.
By the conservativity of the fluxes, still gathering by edges, we find

Z Z vKauUthp uK ZUU+UKU ) SO(UL))

KeT oefk g€

(recall that ur, = 0 — so that p(ur) =0 —if 0 € et NEK). If 0 € &, we denote v, = |vg | for a
K € T such that o € £k (the definition of v, does not depend on the choice of such a K) and u,,— the
downstream choice of u, i.e. uy _ is such that {uy y,us—} = {ux,ur} (where 0 = K|L if 0 € &y and
ur, =0if 0 € Eext N EK).

Let 0 € &; if vg,e > 0, then ue 4 = ug and ue - = ug so that vk . (p(ux) — e(ur)) = ve(Y(ug+) —
o(ug,—)); if vk » < 0, then ue 4+ = uy, and uy,— = ug, which gives vi o (P(ur) —@(ur)) = —vo (p(Ue,—) —
P(Uo,+)) = Vo (p(to,+) — ¢(us,~)). Thus,

Z Z VK,oUg, +o(ur) Z Vo Ug, +( (U, +) — P(Ug,-))- (21)

KeT o€k oe&

b being nonnegative and ¢(s) having the same sign as s,

Z meas(K)bgurp(ur) > 0. (22)

Since ¢ is bounded by 1 and 7 is a partition of €2,

> uK)

KeT

< 3 U] < ul(9) = [lullpr)- (23)

KeT

Using (20), (21), (22) and (23) in (19), we get

> Tolur —ur)(@lur) = o(ur)) < [ullay + Y votio+(@(to,) = P(ug,+)). (24)
el oc€€

We now study each term of the last sum a little more precisely. We use the fact that ¢ is nondecreasing.
o lfug+ > uy— and ug+ > 0, then o(uq,—) — p(uo,+) < 0 and uq 1 (p(to,—-) — ¢(Us4)) < 0.

o If ug 1 > up— and uys 4 < 0, then 0 > uy 4+ > Uy —, so that (ue 4, us—) have the same sign and
o +| < [uo,~|-

o If ug 4 < ug— and uy 4 > 0, then 0 < u, 4 < Uy —, so that (ue 4, us—) have the same sign and
U +| < [uo,~|-

o If uy+ < tg,— and uy 4 < 0, then p(ue ) — @(tg ) > 0 and ug 4 (@(Ue,—) — ©(ue +)) <O0.

By denoting A = {0 € | Ugy > Up—, Us+ <0} U{0 € E | Up+ < Us,—, Us 4+ > 0}, we notice thus
that, for all o € E\A, vote 4 (p(us,—) — ©(tg +)) < 0. This gives

Z Vol 4 (P(Uo,~) — P(Ug,4)) < Z Vol 4+ (P(Uo,~) — P(Ug,+)).

e ccA



As v, < meas(o)||[v] ||~ (q), we deduce, using the Cauchy-Schwarz inequality, that

Z Uoua,+((p(u0,—) - SO(U’U,-Q—))

o€k
< 1IvIHlpee(e) Y meas(0)|ug,+ [l(uo,-) = (uo,+)]
ceA
< HvHlze(o (Z meaS(U)da> <Z oty 4 (p(to,~) — w(ua,+))2>
oc€A oceA

But ) . 4meas(0)d, < > .o meas(c)d, = dmeas(2) and, if 0 € A, (uo 4,us,—) have the same sign
and |ue 4| < |ty —|, thus, by Lemma 3.1 below and Young’s inequality,

Z Uaua,Jr(Sa(ud,*) - QD(UUHFD

o€&
%
< (dmeas())"2]| |v] ||~ @) (Z 7o (Uo,— — to 1 )(p(to,-) — @(ug,+))>
ocEA
1 1
< gdmeas(Q) || V] [[Fx ) + 5 D Totio, = uo.1) ((t0,-) = @(ts,1)).
o€
For all o € &, we have {us +,us—} = {ur,ur}, so that (us— — Us+)(P(Ue,—) — @(Uo,+)) = (uxg —
ur)(p(ur) — ¢(ur)). Coming back to (24), we obtain
Y Tolur —ur)(wlur) — @(ur)) < 2||ullr g + dmeas() || [v] |7~ (q) - (25)
o€l

which concludes this step.

Step 2: Estimate on In(1 + |ur]).

We notice that, for all s € R, In(1+ [s|) = [ ngfll‘dt. Thus, for all (z,y) € R?, by the Cauchy-Schwarz

inequality and since ¢ is nondecreasing,

(In(1+ |z|) —In(1 + [y))2 = (/Z %)

/w dt
y (L)

Using this upper bound and (25), we deduce the result of the proposition. m

IN

lz —yl = |z —yllp(x) — o) = (z — y)(p(z) — p(y)).

Let us now state and prove the technical result which was used in Step 1 of the above proof.

Lemma 3.1 Let (s) = [; (Hle' If (x,y) € R? have the same sign and |z| < |y|, then

2 (ply) — o(x))* < (y — 2)(e(y) — ¢(=)). (26)

Proof of Lemma 3.1
Since ¢ is C''-continuous on R, there exists 6 € [z,y] such that ¢(y) — p(x) = ¢’(0)(y — ), so that, since
0 is nondecreasing,

2

2(p(y) — o(x))® < le — 2| o(y) — ¢()|
< g D60 - )

10



But |z| < |y| and = and y have the same sign, so that, since 6 € [z, y], we have || > |z|, and (26) is thus
a consequence of the previous inequality. m

3.2 Estimate on ||ur||i4.m
We denote, for k > 0, Tx(s) = max(—k, min(s, k)) and Sk(s) = s — Ti(s) (see Figure 2).

Proposition 3.2 Let M be an admissible mesh and ¢ > 0 satisfying (15). We suppose that p satisfies
|ullyr@) < 1. Then there exists ko > 0 only depending on (2, v,¢) and, for all m € (1 2) C > 0 only

depending on (2, v,m, () such that, if ur is a solution to (8)—(10) and pm (s fo (1+|t\)"” we have
> 7o (Sko (urc) = Sty (ur)) (@m (Sko (x)) = @m (S (ur))) < C (27)
oeé

and
D 7o (Tag (ure) = Ty () (@i (Tho () = P (T (ur))) < C, (28)
o€l

where we let 0 = K|L if 0 € it and up, =0 if 0 € Eext N Ek.

Remark 3.1 Problem (8)—(10) being linear, there is no loss of generality in the estimate if we consider
measures of norm less than 1, as we will see in Theorem 2.2

Proof of Proposition 3.2

Step 0: sketch of the estimate in the continuous case.

Suppose that u € Hj(Q) is a variational solution of (1) with u € H~(Q)NL'(Q) satisfying ||u|[L10) < 1,
and take ¢, (Si(u)) as a test function in (14). Using the fact that buw.,(Sk(u)) > 0 (b is nonnegative
and ¢, (s) and Sk(s) have the same sign as s), that V(Si(u)) = Vu where V(S (u)) # 0 and that ¢y, is
bounded by 1/(m — 1), we have

9(Se(w))? 9 (Se(w))
A e e S +”""”L“(“)/" TSk

But |u| <k + |Sk(u)| and (1 + [Sk(u)])®*™ > (1 + |Sk(u)])™, so that, by the Cauchy-Schwarz inequality,

V(S (w)?
/Q A+ Skl ™

1 V(Sk@)® 0\ Sk |V (Sk(w))]
<ok ([ v C“)l +O [ TS T 5 E @
1 V(Sk@)? \* . V(K@) )\ *
S tOk (/Q A+ Sk(w))™ dA) Ol (S ()l (“)< o (1+ [Sk(u)) dA) ’
where Cy only depends on (2, v) and ¢(s) = ﬁ

Now, by the Hélder inequality and the Sobolev injection, and since 9 (Sk(u)) = 0 outside Ej, = {|u] > k},
there exists r > 2 only depending on d, and C3 only depending on (£2,r) (notice that a dependence on
takes into account a dependence on d), such that

1Sk ()|l 220 < meas(Br) ™7 |[1(Sk(w))]| - () < Comeas(Ex) 2~ 7 ||V (%(Sk(w))] ll12(0).  (30)

. 142
< 2 - < o h
Since [¢'(s)] < T = (1+| E one has

9GS e <2 ([ de i ar) (1)

11



Gathering (29), (30) and (31), we find C3 only depending on (€2, v) such that

[ Az,
@

T [Se ()]
¢, 9(Se(w)? (32)

< +C1k IYOREIL an) +C E.):~
S 1</9<1+|sk<u>|>m ) smeas(f)

Thanks to a continuous equivalent of Corollary 3.1, there exists Cy only depending on (2, v) such that
meas(Ey) < (111(10#))2 Thus, there exists kg > 0 only depending on (Cy, Cs,7) (i.e. on (£2,v)) such that

Sl

V(S () ?
/Q 0+ [Se(wym

Csmeas(Ey, )2+ < 2. Applying (32) to this ko gives
2
LG
o (1+[Sky (w)])

where C5 only depends on (€2, v, m), which is the continuous equivalent of (27).

The estimate on Tk, (u) is quite simple and well known (see [2]). Take ¢, (Tk,(v)) as a test function in
the equation satisfied by u; since V (T}, (u)) = 0 outside {|u| < ko} and (1+ Tk, (u)])?™ > (1+|Tk, (u)])™,
we find

V(T ()2 L VT )|
/Q<1+|Tko<u>|>m A< gt '”L”“’)/{mgko}' T T ()™

1 VTP )
< —— 4+ V] lpee k:measQl/Q(/+d)‘ ’
o1 W@ komeas(@) = | &= 0w

dX

This gives an estimate on Tk, (u) which is the continuous equivalent of (28).

Step 1: estimate on Sy (ur).
Let M be an admissible mesh and take uz a solution of (8)—(10). Multiplying each equation of (8) by
©m(Sk(uk)), summing on K € 7 and gathering by edges, we find

Y Tolur = ur)(@m(Se(ur)) = @m(Sk(ur))) + Y meas(K)brxurpm(Sk(ur))
oc& KeT

= Y wE)em(Sk(ur)) = Y vk,oto+ (9m(Sk(ux)) = om(Sk(ur))) (33)

KeT ocel

(recall that, if o € &g, we use the notation o = K|L and, if 0 € Exxt N Ex, we set ug, = 0).
The function ¢, is bounded by ﬁ and 7 is a partition of €2, so that

1 el vy 1
K)o, (S < K)| < < 34
> WK (S| < — 3 s < S 2B < L (39
KeT KeT
We again denote u,,— the downstream choice of u, (i.e. uy— = ur if vg,, > 0 and u,, — = ugk otherwise)

and v, = |vk,»| (for a K € T such that o € Ex); we have then:

- Z VK, oUo,+(Pm (Sk(uk)) — m(Sk(ur))) = Z Vol 4 (Pm (Sk(Uo,~)) — @m(Sk(Ua,+)))-

oce€ e

But, as in the proof of Proposition 3.1 (because ¢y, 0 .Sy is nondecreasing), we have g 4 (@ (Sk(ue,—)) —
om(Skltio1))) < 0 0 & A, where A = {0'€ € |ty > tig,— , tgs < 0} UL0 € & | tgy <ty thos

12



0}. Thus,

— Z ’UK,OUU,+(<,0m(Sk (UK)) - (Pm(Sk(uL)))

o€
< Z Vol 4+ (Pm (Sk(Ua,—)) — @m(Sk(Ua,+)))
occA
< vz @) Y meas(o)|uo,+| l@m (Sk(tio,—)) = om(Sk(uo,+))l. (35)
ccA

Let ag,o = fol o (Sk(ug,+) + t(Sk(ue,—) — Sk(ue,+))) dt > 0, so that

Om (Sk(uo,~)) = om(Sk(Uo,+)) = ak,o(Sk(Uo,—) — Sk(Uo,+))- (36)

We can write

> meas(0)[to, | [@m (Sk(tio,-)) = om(Sk(uo,+))]
oc€A

S meas(o)ay g +|at/ 2 Sk (ug,-) — Skt s

oeA
(Z meas(0)dy ak, o U +> <Z To @k, (Sk(Uo,—) — Sk(ua,+))2> :
ocA ocEA

But, by (36), ak,q (Sk(uo,—) = Sk(uo,+))* = (Sk(ue,—) = Sk(te,+)) (¢m (Sk(to,~)) = ©m(Sk(uo,+))), so that

> meas(o)uo+| |om (Sk(to,-)) = m (S (to,+))]

ceA
1
2
<Z meas(0)dy ak, o Uz +>
ceA
X (Z To (Sk(to,~) = Sk(to,4)) (Pm (Sk(uo,~)) — wm(Sk(ug,+)))> : (37)
oeA
Moreover, for all 0 € A, u, 4+ and u,_ have the same sign and |us+| < |ugs,—|. Thus, for such o,

(Sk(tg,+), Sk(us,—)) have the same sign and |Sk(us,+)| < |Sk(us,—)| and, by Lemma 3.2 stated after this
proof, we deduce that

Q.o S <1.
ke S T Se(um )™

Since |ug,+| < k + |Sk(ue,+)|, we deduce that

S (to4)”
T |9k (tor 1))

which gives, in (37), using }° . 4, meas(0)d, < >, meas(o)d, = dmeas(Q) and (a+3)Y/? < al/2+31/2
for all nonnegative (o, 3),

akﬁgua 4+ < 262 +

Z meas(0)|te,+ | |@m (Sk(Ue,—)) — ©m (Sk(Ue,+))]
ceA

2

V/2dmeas(Q) kA, + V24, <Z meas(0)de)(Sk (U4 )) ) , (38)

ccA
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where 1(s) =

= and
2

NI

A, = <Z To (Sk(Uo,—) — Sk (Uo,+)) (Pm (Sk(Ue,—)) — (pm(Sk(ugﬁJr))))

e

=

= <Z 7o (Sk(ur) = Sk(ur))(@m(Sk(urk)) — gam(Sk(uL)))>

o€l

(recall that 0 = K|L if 0 € &int, that up, = 0if 0 € Eext N Ex and that {us 4, ue -} = {uk,ur} for all
oeé).
We have, since dg o > (d, for all K € 7 and all 0 € £k,

Z meas(a)dy 1) (Sk (g, +))? Z Y(Sk(uk))? ( Z meas(a)dg)

IN

geA KeT c€EANEK | vK,6 >0

CZwSk UK)) (Z meas(o dK0>

KeT o€k

IN

- L S~ (Sk(ur))? x dmeas(K) = §||w<sk<u~f>>||iz<m-

KeT

By Proposition 2.2, and since (Sk(uz)) = 0 outside Ey = {|ur| > k}, we can thus find r > 2 and
Cy > 0 only depending on (2, ¢) such that

2

(Z meas(0)do ) (Sk (o 4)) ) < Cymeas(Ey) > 77 1 (Si (ur))||1.2.:m-

occA
But, by Lemma 3.3 below and the definition of Ag,
1(Sk(@r)F 20 = D 7o ((Sk(ur)) — ¢(Su(ur))® < 447,
e

so that

2

<Z meas(0)det)(Sk(Ue,+)) ) < QClAkmeas(Ek)%_%.

oeA
Returning to (38), we thus find

> meas(0) |t 4| [@m (Sk(to,~)) — @ (Sk(te,4))] < v/2dmeas(Q)k A, + 2v/2C meas(Er) =~ A7 (39)

ccA

(33), (34), (35), (39) and the fact that bxuxwm(Sk(ux)) > 0 then give

D Tolur = ur)(pm(Sk(uk)) = m(Sk(ur)))

o€l

1 1_1
< 1 + || V] || £ () V/ 2dmeas(Q) k Ay, + 2\/§|| V||| Lo () C1meas(E},) 2 r A2

1 1 1_1
—— + Cak” + S AL + Comeas(Ey) 7 A, (40)

where Cy only depends on (2, v, (). But ¢,, and Si are nondecreasing and Sy is Lipschitz-continuous
with Lipschitz constant 1 so that

(Sk(ur) = Sk(ur))(@m(Sk(ur)) — em(Sk(ur))) < (ux —ur)(Pm(Sk(uk)) — Pm(Sk(ur)))

14



and (40) gives

D 7o (Sk(ur) =Sk (L)) (@m (Sk (k) = @m(Sk(ur))) <

ocel

2 I + 2Cok?
+26’2meas Ek %7 ZTG Sk uK Sk(uL))(gom(Sk(uK)) — @m(Sk(uL))) (41)
ocel

By Corollary 3.1, there exists ko > 0 only depending on (Q,v,Cs,7) (i.e. only depending on (9,v,())
such that 2Comeas(Ey)z 7 < 1. We deduce from (41) that

4
1 + 402k37

> 7o (Sko () = Sky (L)) (m (Sky (1K) = Pm (Sko(ur))) <

o€l
which gives (27).
Step 2: Estimate on Ty, (ur).

Multiplying each equation of (8) by @ (Tk, (tx)), summing on K € 7 and re-ordering the sums on the
edges, we find

> 7o lur = ur)(em(Tho (ux)) = @ (Tho(ur))) + Y meas(K)bxurcpm(Tr, ()
oc& KeT
= Y wE)em (Try (1r) = D Vi otio 1+ (0m(Tho (k) = P (T (ur))). (42)
KeT oc€e€

As before, we have

S WK Yom Ty (ux)| < —— (13)
KeT
and, with the previous notations,
- Z VK, oUo,+ (Pm (Tho (UK )) — m(Tho (ur))) = Z Vol 4 (Pm (Tho (Uo,~)) — Pm(Tho (Ug,+)))
ocel o€e€
< Z Vo, +(Pm(Tho (Ug,—)) — Pm(Tho (Uo,+)))-

occA

If o e A then 0 < upy < Up— OF Up— < Uy 4+ < 0. In either case, if |ug+| > ko, then Ty, (us4+) =
Tho (tg,—), 80 that @, (Th (te,—)) — ©m (Tke (Ue,+)) = 0. Thus, in the previous sum, we can suppress the
terms o € A such that |us 1| > ko and we have

= vk otto 4 (9m (Thy (ux)) = Pm(Tky (ur)))

oe€
< ko Z ’UU|QDW(T1€0(UU,—)) - (pm(Tko(uU,-i-))l
occA
< kOH |V| ||L°°(Q) (Z meas(a)da> <Z Ta(‘Pm(Tko (UU,—)) - ‘Pm(Tko (u0,+)))2> .
oce€ e

om and Ty, are nondecreasing and ¢, is Lipschitz-continuous with Lipschitz constant 1, thus, for all
o€é,

(em(Tho (Uo,—)) = Em(Tho (ue 1)) < (Tho (tio,—) = Tho (i) (0 (Tho (i~ )) = @ (Tho (16, 1)))
= (Tho(ur) = Tho (ur))(Pm(Tho (ur)) — om(Tho(ur)))-

15



Using this inequality and the fact that ) .. meas(o)d, = dmeas(Q2), we find

> vk otio 4 (Pm (Try (ux)) = Pm (Tky (ur)))
oek

< kol [Vl [lze= (@) v dmeas(Q2 (ZTU Ty (urc) Tko(uL))(s@m(Tko(uK))—wm(Tko(uL)))> (44)
o€

Since ¢, and Tk, are nondecreasing and T}, is Lipschitz-continuous with Lipschitz constant 1, we have

(Tho (urc) = To (wr))(m (Tho (ur)) = o (Tho (ur))) < (ure — ur)(om(Tho (urc)) = P (Tho (ur)))-
Combined with (42), (43), (44) and the fact that bxugom (Th, (ux)) > 0, this inequality gives

Z To (Tko (UK) — T, (UL))((JDW (Tko (UK)) - Pm (Tko (UL)))
ocel

s —— +koll V|l () v dmeas(2 <Z To (Tho (ur) = Tho (ur)) (m (Tho (uk)) sﬁm(Tko(UL)))>

o€l

from which we deduce (28). m

There remains to state and prove the two technical lemmas which were used in Step 1 of the above proof.
Lemma 3.2 Let m € (1,2) and @, (s fo (1+\t|)’"' If (x,y) have the same sign and |z| < |y|, then

1 , 1
/0 o+t = )t <

Proof of Lemma 3.2
Suppose that 0 < x < y. Then, for all ¢t € [0,1], 0 < =z < x + t(y — x), so that ¢} (x +t(y — x)) =
. Integrating this relation on [0, 1] gives the desired inequality. If y < a2 < 0,

1 1
T Gri—a)™ S e
we use the fact that ¢! is even and apply the previous result to (—z, —y). m

Lemma 3.3 Let m € (1,2), =/ W and 1 (s) = (HEI)% . Then for all (z,y) € R?, one has

((x) —P(y))* <4z —y)(em(@) — em(y))-

Proof of Lemma 3.3
The function v is Lipschitz-continuous and, for all s € R,
m 14 m
' (s)] = ‘ sgals)  Geenlollsl | _1ts 2
(I+sh=z  (A+fs)T2] 7 (A+]s))z = (1+]s])2

so that, for all (z,y) € R2, by the Cauchy-Schwarz inequality,

</”” 4ds
s| < =%
y (L [s)m

Taking the power 2 of this inequality and using the fact that ¢,, is nondecreasing, we deduce the desired
inequality. m

1/2
|z = y['? < 2lpm(@) — em @)z —y|'/2

[p(x) —¥(y)| =

We shall now deduce the key estimate on ug (Theorem 2.2) from Proposition 3.2 and the following
lemma.
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Lemma 3.4 Let M be an admz’ssible mesh and ¢ > 0 satisfying (15). Let F: (1,2) — RT be a function.
For m € (1,2), we denote o (s) = [ (1+\t|)’"' If vr = (vk)keT € X(T) satisfies, for all m € (1,2),

ZTa(UK —vL)(pm(vK) = em(vL)) < F(m)
oeé

(where we have denoted, as usual, 0 = K|L if 0 € &y and up, = 0 if 0 € Eoxt N Ex ), then, for all
qel, 7% -4, there exists C > 0 only depending on (0, ¢, F,q) such that |[vr||1,qm < C.

Proof of Lemma 3.4

Let g € [1, 75 1)

Take m € (1,2) (fixed later on as a function of d and ¢) and denote @, » = fol ol (v +t(vg, —vg)) dt.
We have @, (vk) — ¢m(vL) = (VK — VL) am,e, SO that

Z To'am,a(DU’UT)Q < F(m)
o€l

By Holder’s inequality, we have, since 1 < g < 2,

> e (227) < (Zmeas@dgam (Z))

o€l

—
™
5
l¢)

:
jsH
Q
3
Q
N————

.

2—gq

<Z meas(0)dy am> )2 . (45)

o€l

IN
M\-o

For all (z,y) € R? and all t € [0,1], one has |z + t(y — x)| < sup(|z|, |y|), so that

’ — ) = 1 1 in 1 :
(pm(l“i‘t(y )) (1 T |;z:+t(y 7l’)|)m > (1 +sup(|l’|, |y‘))m > f((l =+ |I|)m, (1 + |y|)m) .

Taking @ = vk, y = vy, and integrating the previous inequality on ¢ € [0, 1], we find

S ing ( 1 1 )
amo’ _ln Y )
’ (1 +fox )™ (1 + Jor )™

which implies
- 2Eq ma mgq ma. maq_ mgq.
amle " < sup (1 Jorc )35, (14 [or )55 ) < 2855 (14 Joxc| 355 + o | 5).

We deduce from (45), using the fact that ) . meas(c)d, = dmeas(Q2) and re-ordering the sum on the

control volumes,
2—gq

=t
ozl g < <1 + Z |2 ( Z meas(a)d,,)) ,
KeT oefk

where C; only depends on (F,m,q,). But since dx,, > (d, for all K € T and all 0 € £k, we have
Y ooee, Meas(o)d, < % Y ovee, meas(0)dx o = %lmeas(K) and we obtain thus

ol e < Ca (14 o7l B ). (46)
where Cy only depends on (F,m, q,Q) (notice that, since m > 1, we always have 5L 2 1).
By Proposition 2.2, there exists C3 only depending on (€2, ¢, () such that, if ¢* = dd—q (note that ¢ <
d
7 <d),
o7 || La* () < Csllor|1,g,m-

17



Using this in (46), we obtain

q q %
ol oy < 52 (14 1lorll o, )-

If ¢ < 5%, one has 74, < q*, so that we can choose m € (1,2) (only depending on (¢,d)) such that

% < ¢*. We obtain thus, with such a choice of m and Hélder’s inequality,

orlld e g < Cs (14 ozl g )

where Cy only depends on (2,¢,q, F'). Since %% < ¢ (recall that m < 2), this inequality gives us Cj
only depending on (€2,(, ¢, F) such that |[vr]||pe (o) < Cs and, returning to (46), we deduce the desired

estimate on ||vr||1,gm. ®

3.3 Proof of Theorem 2.2

We give here the proof of the key estimate on ||ur]||1,4,4 Which was stated in Theorem 2.2, and which is
crucial to show existence and convergence of the solution to the finite volume scheme.

Proof of Theorem 2.2

Let A > |[ullps@) (to avoid dividing by 0). (8)—(10) being a linear problem, we see that uz/A is a
solution to (8)—(10) with u/A instead of p.

Since [[n/Allpr@) < 1, we can apply Proposition 3.2 to uz/A; let ko > 0 only depending on (£2,v,()
given by this proposition. Sk, (u7r/A) and Tk, (ur/A) satisfy then the hypotheses of Lemma 3.4 with a
function F only depending on (€, v, (). We deduce from this lemma that, for all ¢ € [1, %), there exists
C > 0 only depending on (€2,v,(, q) such that

|[Sko (ur /M1, m <C and || T, (ur /A)[|1,9,1 < C.

Since ur /A = Sk, (ur /A) + Tk, (ur /A) and || - ||1,4,m is a norm, this gives ||uz/All1,qm < C, that is to
say |[ur||1,qm < CA. Letting then A tend to [[u|]y;), we obtain the desired estimate on uz. m

4 Proof of Theorem 2.1

We first prove the uniqueness of the solution to (14), which does not involve numerical analysis methods,
and then the existence and convergence of the approximate solutions (which yields the existence of a
solution to (14)).

Proof of the uniqueness of the solution to (14)

This proof uses the regularity results of [22] on the variational solution to —Av = f € L?(Q), vjpq = 0,
for 2 polygonal (or polyhedral) open set in R%, d =2 or 3.

Problem (14) being linear, it is sufficient to prove that, if u is a solution to (14) with p = 0, then u = 0.
Let 6 € L°°(2) and take p € H}(Q) N L*>°(Q) the solution to

/V(p-de)\—/wv-chd)\—i—/b(pwd)\:/de)\, Vo € HE(Q). (47)
Q Q Q Q

The existence of such a ¢ is ensured by the results of [9]. Letting © = 6 + v - Vo — by € L?(Q), we see
that ¢ € H(Q) satisfies —Ap = © on .

Since ) is a polygonal (or polyhedral) open set in R? or R3, the results of [22] give us n > 0 such that
¢ € H311(Q). Thus, by the Sobolev injections (see [1]), there exists s > d such that ¢ € Wy*(Q) (in
the case d = 2, to obtain such a s > 2, we could also have used the result of [28] — which is stated for
regular open sets but is also true for open sets with Lipschitz-continuous boundary, see [21]).

18



Thanks to this additional regularity, a density argument allows to see that (47) is also true for ¢ €

WOLS/ (Q), where s’ is the conjugate exponent to s, that is, such that % +2L =1

s’

We can thus use ¢ in the equation satisfied by v and v in the equation satisfied by ¢ to obtain

Oz/Vu-chd/\f/uv~Vgad>\+/bu<pd/\:/9ud/\.
Q Q Q Q

We deduce from this equality, satisfied for all § € L>°(Q), that u = 0, i.e. the uniqueness of the solution
to (14). m

Proof of the existence and convergence results

The existence of a unique solution to (8)—(10) is an immediate consequence of the estimate of Theorem
2.2: indeed, if g = 0, then this theorem shows that any solution to (8)—(10) is null, that is to say that
the square matrix defining this linear system is invertible.

Let us now prove the convergence result. The techniques used here are easy adaptations of the convergence
proof of [14].

Let (un)nen be a sequence of functions of L%(€) such that w, is solution to (8)—(10) for M = M,,
where (My,)nen is a family of admissible meshes M satisfying (15) (for some fixed ¢ > 0), and such that
size(M,,) tends to 0 as n tends to +oc.

We first prove (steps 0 to 5), that if (un)nen tends to u in LP(Q) for all p < d;in as n tends to +oo (and

size(M,,) — 0), with u € ﬂK%WOl’q(Q), then w is a solution to (14).
We then prove (step 6), thanks to the a priori estimates of Section 3, the compactness of the sequence
(un)nen and conclude, thanks to the uniqueness result which was proved above, to the convergence of

(un)nen to the solution u to (14).

Step 0: Density argument

By density of C2°(£2) in Wy*(€2) for all s € (d, 00) and by the regularity results on u, it is clearly sufficient
to prove that u satisfies the equation of (14) for all ¢ € C2°(Q2). Take such a . Multiplying (8) by ¢(x k)
and summing over K € 7 we have, by conservativity of the fluxes and by dropping the index n:

> roluk —un)(p(@k) — e(@n)+ > vk oot (9(zx) — o(xL))

ek ocel

+ ) meas(K)bruxp(ri) = Y plrx)u(K). (48
KeT KeT

We shall now pass to the limit as size(M) tends to 0 in (48), and prove the convergence of each of the
terms to the corresponding term in (14). In fact, the proof of convergence of the first and third terms of
the left hand side can be found in [14] or [15] and so can the proof of the second term under a stronger
regularity condition. The proof of convergence of the right hand side may be found in [19], so that the
only new part in this proof is Step 4 which shows the convergence of the convective term with a continuous
convection velocity (rather than C'! in previous works). However, we give a quick proof for all terms for
the sake of completeness.

Step 1: convergence of the lower order terms.
Denote @7 € X(7) the function defined by px = p(xk) for all K € 7. By regularity of ¢, we have
o1 — ¢ uniformly on 2 as size(M) — 0, thus

> sﬁ(wK)u(K):/deuﬂ/deu (49)

KeT

as size(M) — 0 (notice that o7 = 0 near 9N for size(M) small enough).
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By regularity of b, by = (bx)ker tends to b in L2(Q) as size(M) — 0; thus, since o7 — ¢ in L>(Q)
and uz — u in L?(Q) (because 2 < d/(d — 2)) as size(M) — 0, we have

Z meas(K)bgurp(rk) = /bTuTcpTd/\H/bwpd/\ (50)
Q Q

as size(M) — 0.

Step 2: convergence of the diffusion term.
Gathering by control volumes, we have

> roluk —un)(p(rx) - =Y ux Y Tlp e(zL)).

oe€ KeT cEEK
But, by regularity of ¢,
o) — plo)) = = [ Vi dy+ meas(o) Ricr

where |Rg | < Cysize(M) (C1 does not depend on the mesh) and Rx , = —Rr,, whenever 0 = K|L €
Ent- Thus, gathering by edges,

ZTG(UK_UL)(QD(QJK)—SO(J?L))-F UK/ Vo -ngdy = Z UK Z meas(0)Rk »
€T

o€l K KeT c€€K

= Z meas(o)Rk o (U —ur).
oe&

But

Zmeas VRK,o(ur —ur)| < Cisize(M Z meas(o uT = Cysize(M)||ur]]1,1,Mm;

and this last quantity tends to 0 as size(M) — 0 (because, by Theorem 2.2, ||ur||1,1,m stays bounded).
By noticing that
un [ Apir= [ urapan
e Q

and since uzr — u in L(Q) as size(M) — 0, we deduce that

ZTU(UK—uL)(gD(a:K)—cp(xL))—>—/QuA<pd)\:/QVu-V<pd)\ (51)

c€e€

as size(M) — 0.

uK/ V- an'y—
eT

K Ke

Step 3: Preliminary to the convergence of the convection term (in fact, we prove here the convergence
of the convection term if v is regular).
Let w € (C'(Q))? and define, for K € 7 and 0 € €k, wi,, = [, W ng , dy (notice that, if o = K|L €

Eint, then wi , = —wr ). We want to study the limit, as size(M) — 0, of > o Wk oUo 4 (P(TK) —
o(xr)) (that is to say the convection term of (48) with w instead of v).
We have

D wk oo (plek) — (L))

c€e€

= Z Z wK,oua,+50(zK)

KeT oe€k
= Y Y wkolue s —uk)p(r) + > pl@x)ux Y Wk (52)
KeT o€k KeT o€cfk
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Since Y ce, Wo = [y WDk dy = [, div(w) d), we have

Z (xr)uK Z WK, o :/uTgoniv(w) d)\—>/Qu<pdiv(w) d\ (53)

KeT o€l

as size(M) — 0.

Moreover,
Z Z Wi, (Ug,+ — UK)P Z Z Ug,+ — /(pw ng o dy
KeT oefk KeT oe€k
£ 30 (s i) [ (oln) = o mc d.
KeT oe€fk

Since, for size(M) small enough, the support of ¢ does not intersect the cells K such that 9K N9 # 0,
we have

Z Z u01+/<pw~nKﬁg dy = Z Ug,+ </ YW DK 5 d’y+/<pw~nLﬁgd’y> =0,

KeT o=K|LeEx i 0E€Eint 7 i
because ng , = —nr , if 0 = K|L € &pe. On the other hand,
- Z Z uK/gow ng,dy=— Z uK/ div(ew)d /quiV((pW) d\ — —/ udiv(pw) dA
KeT o€k KeT Q Q

as size(M) — 0. By regularity of ¢, we have C5 only depending on ¢ such that

S Y (s — uk /w(zK)w)w-nK,m

KeT o€k
< Gsl[lwl ¢ @)size(M) Z Z meas(o)|ug 4 — Uk
KeT oelk
< Gsl[ 1wl | @) size(M Zmeas YD, ut
oeE

= Gsl| wllg@size(M)[lur|l1,1,0-

The last quantity tending to 0 as size(M) — 0, we deduce from what preceeds that
> 3 k(s — ur)plon) — — [ udiviow) (54)
KeT o€ék Q

as size(M) — 0.

Using (53) and (54) in (52), we obtain

Z WK, oUo+(P(zr) — w(zL)) — /ngodiv(w) X — /Qudiv(cpw) d\ = — /Q uw - Vo dA (55)

o€l

as size(M) — 0.

Step 4: convergence of the convection term.
Let € > 0 and take w € (C1(Q))? such that || |v — w]| llo@) < € By regularity of ¢,

ZUK’GUG’+(¢(Z‘K ZwK oua+ ) QD(IL))

oe€ e

< Cqe Z meas(0)dq [tg +|
o€l
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where C only depends on ¢. Gathering by control volumes, we deduce that

Z Vi oUo+(P(TK) — @(21)) — Z Wi, oUo+(P(TK) — @(2L))

ocel ocel

< Coe Z luk] Z meas(o)d,.

KeT c€€K |vK,0 >0

But, by hypothesis on the mesh, >
so that

EEx Vi >0 meas(o)d, < (71 >oee, meas(o)dk o = ¢~ tdmeas(K),

> vkoto (plak) = @) = > wkots(plrx) —p(rr))| < Cse Y meas(K)|ux]

o€l o=t KeT
< Clg, (56)
where C3 and Cy do not depend on the mesh M nor on € () o meas(K)|ux| = |[ur]||L1(q) is bounded).
We also notice that
/uV~Vg0d)\/uw~V<pd/\‘ < Cge (57)
Q Q
where Cs does not depend on ¢.
Using then (55) and (57) in (56), we obtain
lim sup Z Vi oUo+(p(Tr) — @(zL)) +/ uv - Vo dA| < Cre,
size(M)—0 =y Q
where C7 does not depend on . This being true for any € > 0, we deduce that
S votia (plax) — ples)) = — [ wv-Vpdy (58)
Q

o€l

as size(M) — 0.

Step 5: Passage to the limit in the scheme.
Using (49), (50), (51) and (58), we may pass to the limit in (48) to obtain:

/Vu-thd)\—/uv-Vgod)\—i-/bugod)\:/<pd,u,
Q Q Q Q

which proves that u is a solution to (14).

Step 6: proof of the convergence of (uy)nen-

Thanks to Theorem 2.2 and to Propositions 2.3 and 2.4, we see that (uy)n>1 is relatively compact in
L9(Q) for all g € [1, %) and that the adherence values (in L9(Q)) of this sequence are in Wyd(Q) (for
q € (1, %)). Up to a subsequence, we can thus suppose that u, — u in L4(Q) for all ¢ € [1, %),
with u € ﬁq<ﬁW01’q(Q); by Proposition 2.2 and Theorem 2.2, (u,)n>1 is also bounded in LP(Q2) for
all p < d;fQ so that, by an easy consequence of the Vitali convergence theorem, u,, — u in LP(Q) for all
p< L.

By what we have just proved, we see that u is then a solution to (14); since this solution is unique, this
proves that the whole sequence (u,)n>1 converges to u.

As a by-product, this convergence entails the existence of a solution to (14) (which can be deduced from
previous works, [2] and [9] for instance). m

22



5 A scheme with jump of the fluxes

Until now, we considered, in the definition of “admissible mesh”, a partition of 2 into convex polygonal
(or polyhedral) sets. We then defined a finite volume scheme where the conservativity of the numerical
fluxes writes : Fg , = —Fp, , for all 0 = K|L € iy

There is, however, another manner to deal with the discretization of a right-hand side measure, which
was implemented, for instance, in [17] for the numerical simulation of fuel cells. In this formulation, we
write that if the support of the measure intersects a given edge, then there is a jump of the flux on this
edge. This leads to the following scheme.

The mesh M we consider now is defined by a finite family 7 of polygonal (or polyhedral) open disjoint
subsets of €2, by a finite family £ of subsets of {2 contained in affine hyperplanes and by a finite family
P = (zx)ke7 of points of Q such that

a) T UE is a partition of €,
b) for each o € £, there exists K € 7 and a non-empty open subset O of K such that O Cc o C O,
¢) items iii)—vi) of Definition 2.1 hold.

The notations concerning the mesh are the same as before, and the reader can easily verify that Propo-
sitions 2.1 — 2.4 are still true for such meshes.
Still defining (b )ker and (Vi o )keT, seex by (7), the new scheme is

VK €T, Y Fro+ Y Ukoley +meas(K)bgux = p(K), (59)

0€EK 0€EK

Vo = K|L € &y, Fro=—220)(y, —ug),

dK,o (60)
Vo € Eext NEk, Frko=Touk,
Yo = K|L € Ent s FK,a + FL,U = 7”(0) 5 (61)
Vo =K|L € &nyy Uot =ur Vs >0, Uyt =ur otherwise, (62)

Vo € Eext N Ex U+ =Ur if Vg o >0, Uyt =0 otherwise.

Notice that the unknowns of this scheme are (ug)xe7 and (uy)ses (which represent approximate values
on the edges), but that Relation (61) allows to eliminate the (u,),eg; this scheme can thus be considered
as a linear system on (ug)rer-

In fact, the elimination of u, thanks to (61) gives, for o0 = K|L € &y,

meas(o)
do

dr o
22)(0).

FK,o’ = da’

(ux —ur) —
Thus, this new scheme is in fact the scheme (8)—(10) where we have changed, for all K € T, u(K) by
nx = u(K) + ZaesK “72m(o) (with o = K|L if 0 € Eing and dr,e = 0 if 0 € Eext N Ex), which is just
another way to discretize the measure u (forgetting the values of 1 on the boundary of the domain, which
does not modify the problem since we consider Dirichlet boundary conditions).

The matrix of (59)—(62) is thus the same as the matrix of (8)—(10) and, since (fix)xer satisfies

S fikl < 3 lu(k |+Z(d“ L2 Y o) = X 1)+ X )] < il

KeT KeT KeT oc€e€

(because 7 U £ is a partition of Q), the a priori estimates on the solutions to (59)—(62) are obtained
exactly the same way as the estimates on the solutions to (8)—(10).
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We also have, for ¢ € C.(Q), for 0 = K|L € &,

" p(onulo) + B pento) - [

(o2

wdu’ < Wl size(M)) (o)),

where w(yp, h) is the modulus of continuity of ; thus,

> elew)ir — /andu

KeT

as size(M) — 0 and the convergence of the solution of (59)—(62) as size(M) — 0 is obtained by the
same technique as in the proof of Theorem 2.1.

6 Numerical results

We performed a few simple numerical experiments on problems to which the exact solution is known, in
order to try and obtain some rates of convergence of the finite volume scheme in presence of a non regular
right hand side. Numerical results were also shown in [11] in the non coercive case with right hand side
in H~!, so we shall concentrate here on tests in the irregular data case.

6.1 Comparison of the two finite volume schemes

The first numerical experiment is concerned with the comparison of the treatment of the singularity in
the one-dimensional case. In this case, the Dirac is not a very “mean” measure, in the sense that the
solution of the problem is continous, the jump is only on the derivative. In the first version of the FV
scheme (scheme (8)-(10), which we shall call Scheme 1 in the sequel), the Dirac measure is taken in its
integral form in the right hand side while in the second version (scheme (59)-(62), which we shall call
Scheme 2), the mesh is adapted so as to be able to write the numerical jump of the flux on a cell interface.
We solve —u"" = §; /5, u(0) = 0, u(1) = 0, on the interval (0, 1); the exact solution is u(x) = 3 for x < .5,
u(z) = (1;295) for x > .5. We use a uniform mesh, and ensure that the number of cells is even, so that
in the second scheme, the flux jump is located on a cell interface. The error function e is defined by
e(z) = u(zi) —ug for any x € K, where u(zx) denotes the value of the exact solution of the continuous
problem at point zx and (ux)xe7 the solution to the finite volume scheme.

We analyse the rate of convergence by showing the L', L? and L norms of the error e versus the number
of cells with a log-log scale in Figure 3.

Lt norm of the error vs. number of discretization points for schemes 1 and 2, one di

L2 Norm of the erfor vs. number of discretization points for schemes 1 and 2, one dimensional cas

error,logarithm scale
£}
rror,logavithm scale
°
error,logaithm scale

mof
Y
\
¥
v

discrelization step, logarithm scale

step, logarithm scale

Figure 3: Convergence rate in the one-dimensional case.
The results show straight lines for all three norms, so that it is natural to try and evaluate the norms

of the error as ||e|| = Ch®. The computation of the coefficients C' and « from the numerical results are
given in Table 1. These coefficients are computed using the two finest meshes.
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« LY norm | L? norm | L*™ norm C L' norm | L? norm | L* norm
Scheme 1 1.0000 1.0000 0.9961 Scheme 1 0.1250 0.1443 0.2431
Scheme 2 0.9923 0.9941 0.9961 Scheme 2 0.2365 0.2768 0.4861

Table 1: Values of (C, a) for schemes 1 and 2, one dimensional case.

These results show that the two schemes have a rate of convergence which is roughly the same (close to
one) and that the constant C' is about twice as large for Scheme 2 (jump of flux) than for Scheme 1 (Dirac
in one cell). This is quite in accordance with what can be seen from the implementation the scheme,
because Scheme 2 amounts to spreading the Dirac measure over two cells, instead of one in Scheme 1.

6.2 Two and three-dimensional tests on a Cartesian mesh

We also implemented the finite volume scheme on the square (resp. cubic) domain Q = (—1,1)? (resp.
Q= (—1,1)3). The domain is discretized with a uniform mesh, and the LP norm of the error is computed
for an increasing number of cells, so as to evaluate the rate of convergence.

We first tested the two-dimensional code for a regular data, yielding the exact solution u(z,y) = sin x sin y.
In this case, since the mesh is rectangular and the exact solution regular, the consistency error on the
flux is of order 2 and the rate of convergence in the L? norm can be theoretically shown to be of order
2 ([14], [20], see also [5] for a related co-volume scheme). The rate of convergence was computed for the
piecewise constant error function defined by ex = u(xx) — ux for K € 7, where u is the exact solution
and (ug)ke7 is the solution to the finite volume scheme.

«@ C
L' norm | 2.0000 | .1031
L? norm | 2.0000 | .0428
L norm | 1.7931 | .0690

Figure 4: Convergence rate, two dimensional case, regular right hand side.

We then performed some tests with a right hand side given by a Dirac measure at 0. The boundary
conditions were taken such that the exact solution be the restriction of the solution of —Au = g in the
whole set R? (resp. R?). It is well-known that this function lies in LP(R?) for p € [1,+00) (resp. LP(R3)
for p € [1,3)).

We obtain the results (in log-log scale) given in Figure 5. The coefficients C' and « such that |le|| = Ch®
are again evaluated for the norms L*(Q2) and L?(f2), and are also given in Figure 5.

In these tests, the mesh is such that the point (0,0) is located at the corner of the cell [0, k] x [0, h],
where h is the discretization step of the mesh. Hence the radial symmetry of the solution is broken by the
mesh. If we restore it by allocating one fourth of the Dirac measure to each of the four cells [0, h] x [0, h],
[0, h] x [0,—h], [h,0] x [0,h] and [—h,0] x [—h, 0], we gain in the order of convergence, as can be seen
in Figure 6. Hence the order of convergence depends on the singularity of the data, but also on the
preservation of the symmetry of the solution.
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Norm of the error vs. discretization step,two dimensions.

or, logarithm scale

L' norm | .9047 | .2421
e L? norm | .9965 | .3181

discretization step, logarithm scale

Figure 5: Convergence rate, two dimensional case, right hand side Dirac at zero, non symmetric discrete
problem.

Norm of the erfor vs. discreization step,two dimensions

§107] -

i o ¢
’ o L' norm | 1.7740 | .0073
| L? norm | 1.0010 | .0837

Figure 6: Convergence rate, two dimensional case, right hand side Dirac at zero, symmetric discrete
problem.

A question of interest is to know whether the singular data influences the rate of convergence outside of
the region of singularity. In order to check this point, we compute the norm of the error between the
exact and approximate solutions on the region {z < —.5} x {y < —.5}. We find that in this case, we
recover an order of convergence close to one in all norms if the Dirac is located at the corner of a cell, in
which case the symmetry of the solution is not preserved by the discretization (see Figure 7). In this case,
the rate of convergence in the regular zone is perturbed by the singularity outside this zone (recall that
the theoretical rate of convergence for regular solutions on rectangular meshes is 2 [20], [14]). However,
if we restore the symmetry of the problem as described above, then the rate of convergence is close to
two (see Figure 8).

We then implemented a three dimensional cartesian mesh and found, for the non-symmetric discrete
problem (Dirac located at a corner of the cell [0, 2]3) a rate of convergence close to 1 in norm L' and .5
in norm L2, as shown in Figure 9. Recall that in this case the exact solution is in L? for 1 < p < 3.

If the Dirac is distributed on the eight cells neighbouring the origin, in order to symmtrize the discrete
problem, as was done in the two-dimensional case, then one obtains a rate of convergence of 1.631 in the
L' norm and .504 in the L? norm. This seems to indicate a super-convergence in the L! norm, although
not to the second order (see also Remark 6.1).
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Norm of the erfor vs.

discreization step,two dimensions

Figure 7: Convergence rate, two dimensional case, right hand side Dirac at zero, non symmetric discrete

problem, norm computed on a “regular zone”.

Norm of the erfor vs

discrelization step,two dimensions

@ C

L' norm | 0.9131 | .0035
L? norm | 0.9350 | .0086
e L> norm | 0.9360 | .0586

§ « C

s LY norm | 1.9486 | .0247
o L% norm | 1.9571 | .0042
gm% - . - L norm | 1.9305 | .0025

Figure 8: Convergence rate, two dimensional case, right hand side Dirac at zero, located at the center of
the center cell, norm computed on a “regular zone”.

6.3 Two-dimensional tests on an unstructured mesh

We also tested our algorithm on an unstructured triangular mesh. Numerical experiments for the cell
centered scheme on triangular meshes were performed in [4] and in [7] in the case of coercive convection
diffusion equations and regular data. These experiments show a convergence rate of order two, as in
the finite element case, although this superconvergence is still, to our knowledge, an open problem in
the finite volume case. We show in figure 10 the rate of convergence which we obtain for the Poisson
equation where the right hand side is a Dirac at 0 and the boundary conditions are such that the exact
solution is u(z1,z2) = In(z? + 22). The refined meshes are not imbedded, so that the convergence lines
are not straight, but one can figure out that the L' and L? norms of the error between the exact and
approximate solutions are bounded by 0.1 size (M)°7.

6.4 Spherical domain and mesh

We also made some experiments for a three dimensional spherical problem : we search for the solution of
—Au = &y on the Euclidean unit ball B(0, 1) of R3, with boundary conditions such that the exact solution
be the restriction of the solution of —Awu = &g in the whole set R3. The control volumes are defined by
K;={xz € B(0,1);ih < |z| < (i+ 1)h}, for i =0,..., N, where h = ﬁl/? As we noted in Remark 2.1,
such domain and mesh are not strictly contained in Definition 2.1 of an admissible mesh, since a sphere

27



Norm of the error vs. discretization step.three dimensions

e
Q

LY norm | 0.9670 | .3314
L? norm | 0.4809 | .2062

norm of the error, logarithm scale

10°
discretization step, logarithm scale

Figure 9: Convergence rate, three dimensional case, right hand side Dirac at zero, nonsymmetric discrete
problem.

Norm of the error vs. discretization step, unstructured mesh
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Figure 10: Convergence rate, two dimensional case, right hand side Dirac at zero, triangular mesh.

is hardly a polyhedral domain, but in fact, the discretization of the normal flux on the boundaries of
such a spherical mesh is clearly consistent when looking at spherical solutions of Problem 1. Indeed, the
numerical flux at interface i + 1/2 is taken as Fii /5 = 4“i;h2 (wig1 — u;), where the (u;)i=o,...,n denote
the discrete unknowns. In this case, the rate of convergence of the method was found to be 2 in norm L*
and .5 in norm L? : see Figure 11.

Hence the symmetry of the problem seems to improve the performance of the method, at least on the L!

norm.

Remark 6.1  We recall that in the three-dimensional case, the exact solution —Au = &g is in L3~ for
any € > 0, hence we can expect a convergence in LP for 1 < p < 3. From a convergence in L3¢ for any
e >0, and a convergence with a rate h® in L*, one may deduce (from Hélder’s inequality) a convergence
in the L? norm with a rate of at least h%~¢ for any € > 0. The above numerical results are in accordance
with this estimate, both in the spherical case and in the Cartesian case of section 6.2.

We also give in Table 2 below the rate of convergence obtained when computing the norm of the error
on a zone where the solution is regular, i.e. on the set {x € R3, |x| > 1/2}. Again, we find in this case a
rate of convergence of 2 (even a little more than 2) for all norms.
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i o L' norm | 1.9288 | .4993
o L? norm | 0.5000 | .1879

Figure 11: Convergence rate, three dimensional case, right hand side Dirac at zero, spherical case.

« C « C

LY norm | 2.0506 | .3411 L' norm | 1.0506 | .1874
L? norm | 2.1164 | .1720 L? norm | 0.9993 | .1787
L norm | 2.1295 | .2331 L norm | 0.9983 | .2006

Table 2: Convergence rate, three dimensional case. left: the right hand side is a Dirac measure at zero,
spherical case, norm computed on a “regular zone”, right: the right hand side is a two dimensional
Lebesgue measure supported on the sphere of radius 1/2. The norm is computed on the whole set Q.

If we now search for the solution of —Au = p on the three-dimensional unit ball, with g the two
dimensional Lebesgue measure supported on the sphere of radius .5, then the obtained convergence rate
is again 1, even though the exact solution is more regular than the solution to the Dirac problem, see
Figure 8. Note that in this case, the exact solution is in L* (and even in H?').

7 Appendix

Throughout this section, for any g € (1, +00), we denote by ¢’ its conjugate exponent, that is, ¢ € (1, +00)
such that L + L =1.
Proof of Proposition 2.1
The case ¢ = 2 is done in [14]. We use the same method for ¢ € [1,2).
Define, for o € £ and (x,9) € RY, xo(z,y) = 1if o N [2,9] # 0 and x,(z,y) = 0 otherwise. Let d be a
unit vector and define, for z € Q, y(z) as the point on the semi-line, with origin « and direction d, such
that y(z) € 92 and [z, y(x)] C Q. If 0 € &, we let ¢, = |n, - d|, where n, is a unit normal to o.
For all x € © such that = does not belong to an affine hyperplane generated by some o € &, i.e. for a.e.
z € ), we have

o7 (@) <> Xo(,y(@)) Dovr

el

(recall that vy (z) = vk for the K € T such that x € K). Take such an = and suppose that, for some
o €&, ce =0; we have then x,(z,y(x)) = 0 (indeed, otherwise z would belong to the affine hyperplane
generated by o). Thus, the preceding sum can be reduced to the o € £ such that ¢, # 0 and we can
write, thanks to Holder’s inequality, for a.e. x € Q,

er@f< | Y wteataniee” (ZE) ) |X wleatadie | )

0E€E | ce#0 7 0€E | ca?0
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Since Y ce Xo (2, y(2))dyco < diam(Q) for all z € Q (see [14]) and [, xo (x, y(x)) dA\(x) < diam(Q)meas(o)co,
we obtain, integrating (63) on £2,

a -% (D, 4
/ [or]?dX < diam ()’ Z diam(Q)meas(c)d, c,1, ( dUT)
0E€E | ce#0 7

But ¢ <2, so that 1 — % =2—¢>0and 277 < 1, which concludes this proof. m

Proof of Proposition 2.2

The case d = 2 has already been done in the course of the proof of the discrete Sobolev inequalities in
[14] (inequality (9.73), page 791).

For d = 3, the case ¢ = 2 may be found in [8]. The case of a general ¢ is similar; we use the following
inequality (inequality (9.75) page 793 of [14]) : for any wr € X (7),

3/2
/ |u)7—|2 d\ < (Zmeas )D w7> .

o€l
Applying this to wg = |vK|32qusgn(vK), and since D,wr < 32—_qq(|vK|3(‘ a )D vy (with
o=KI|L € & or v, =0 if 0 € Eext N Ek ), we deduce, by the Holder inequality,
3 2/3
([ )
Q
2 (a—1) -1 D,
< D meas(o)dy(ow] 4 fur] ) 5T
o€k
1/q
2 D, 1
< ﬁ <(;meas(a)da( d:T) ) ((%;meas - (27 _1|’UK|3 7427 1|’UL|3 q)) .

But, by hypothesis on (,

Zmeas )d, |vK|3 T = Z |vK|’~’~Squ Z meas(o)d,

o€l KET ocfk

¢ Z |UK|33qq Z meas(0)dg o

KeT o€l

IN

= 2y meas(K)|vg |77

Thus, we finally have
. 2/3 )
([lerlan) " < Cllorlasiorl 5
Q 57 ()
where C only depends on (g, (), and this gives the desired estimate. m

Proof of Proposition 2.3
Define x,(z,y) as at the beginning of the proof of Proposition 2.1.
Suppose first that ¢ > 1 and take h € R4\{0}. Denote, for o € &, ¢, = |n, - %| (where n, is a unit

normal to o).
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We have, for a.e. = € Q (in fact for all  which does not belong to an affine hyperplane generated by
some o € &),

lwr(z+h) —wr(z)| <Y Xolw + h,z)Dyvr. (64)
oc€e€
As in the proof of Proposition 2.1, this sum can be limited to those o € £ such that ¢, # 0, and we have
then, by Holder, for a.e. xz € €,

1/q

1/4'
Xg(l"i‘h,l’)da DUUT 1 //
lwr(@+h) —wr(@)| < | Y . 3 Xolo + hoa)dpcl/e]

C
oEE | co#0 7 oel

Since ¢ < 2 (and hence ¢'/q > 1) and ¢, € [0,1], we have c%/9 < c,; but (see [14]) Y ovee XolT +
h,x)dycy < |h| + Csize(M), where C only depends on . Thus,

q
|'LUT($ + h) o wT($)|q S (|h| + CSiZG(M))q71 Z XU(ZL' th, l’)dg (D;’UT) )
c€E | co#0 7 7

Since [pa Xo (@ + h, z) d\(z) < meas(c)cs|h|, we deduce, after integrating, the desired estimate (17).

If ¢ = 1, we simply integrate (64) and this directly gives (bounding [,. Xo (x4 h, x) dA(x) by meas(o)|h|)
the estimate.

The compactness result is then an immediate application of Kolmogorov’s Theorem, with the use of
Proposition 2.1 to obtain a bound in L?(Q2). m

Proof of Proposition 2.4
Applying (17) to v, and passing to the limit n — oo, we get, for h € R4\{0},

w(z +h) — w(@)|?
/Rd 1 d\(z) < C,

where C does not depend on h and w is the extension of v to R? by 0 outside .
Since ¢ > 1, this estimate classically gives w € W19(R%) and, by the regularity of €, since w is the
extension of v by 0 outside Q, v € Wy*4(2). m
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