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Abstract We construct finite volume schemes, on unstructured and irregular grids and in any space
dimension, for non-linear elliptic equations of the p-Laplacian kind: —div(|Vu[?=2Vu) = f (with 1 <
p < o0). We prove the existence and uniqueness of the approximate solutions, as well as their strong
convergence towards the solution of the PDE. The outcome of some numerical tests are also provided.
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1 Introduction
We consider non-linear elliptic equations of the Leray-Lions kind:

—div(a(z,Va)) = f in Q,
{ u=0 on 092, (1.1)

where © is a bounded open polygonal subset of R? and, for some p €]1, oo,

a:Qx R4 — R is a Caratheodory function (i.e. measurable w.r.t. its first variable
and continuous w.r.t. its second variable),

Jag > 0 such that a(z, &) - € > aplé|P for a.e. z € Q and all £ € RY,
(a(z,&) —a(z,n)) - (£ —mn) >0 for a.e. x € Q and all £ # 7,
3b e LP' (Q), IA > 0 such that |a(z, &)| < b(z) + A|E[P~! for a.e. z € Q and all £ € R,
ferLr Q).

It is known, see [22], that such equations have unique weak solutions in VVO1 P(Q) (the uniqueness comes
from the fact that we consider a monotone operator: a does not depend on ). These kinds of problem
appear for example in the motion of glaciers [21], in flows of incompressible turbulent fluids through porous
media [11] or in airfoil design [20]. They also serve as basic references for the mathematical study of fully
non-linear elliptic equations (the canonical example being the p-Laplacian: —div(|Vu|P~2Vu) = f).

Finite element approximation of (1.1) has been studied in a number of papers, such as [5, 8, 16, 17, 18,
21, 24]. These references give error estimates on the approximation, but are mainly restricted to the case
of two-dimensional domains 2 and/or to problems that come from the minimization of a functional.

Since (1.1) appears in physical models, it seems natural to try and approximate it with schemes which
preserve physical properties; finite volume methods are among such schemes (they preserve the conser-
vativity of the fluxes, for example). Their principle is to integrate the PDE in (1.1) on small polygonal
sets inside € (the control volumes); using Stokes formula, this gives an equation on the fluxes of a(Va)
through the edges of each control volume. One must then approximate these fluxes, using for example
values of @ on the control volumes on each side of the edges; this leads to a system on these values, which
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is the finite volume scheme. For linear equations, say a(Va) = Va, approximating the flux fn Vi -n
through an edge o (n is a unit normal to o) only demands to approximate the normal component Vi - n
of Va, which can be easily done thanks to the values of @ on each side of o. But for non-linear equations,
for example a(Va) = |Vu[P~2Va, approximating the flux [ [Va[P~?Vi - n demands to approximate all
the components of Vi (because of the term |V|P~2), which is far less easy to do.

In a series of papers, Andreianov and al. construct finite volume schemes for (1.1), at first for the p-
Laplacian on cartesian grids [2, 3] and, more recently, for Leray-Lions operators on general meshes [4].
To approximate the whole gradient Va with values of 4, they use dual meshes (two grids on Q) and either a
four-point finite difference method (on cartesian grids) or the gradient reconstruction introduced in [9] (on
general grids). They show the convergence of their schemes and, under additional hypotheses on a, fine
error estimates (using optimal regularity results for the solution). However, these schemes are presented on
two-dimensional domains and their extension to the case d > 3 does not seem straightforward, considering
the difficulty of manipulating dual meshes in higher dimensions.

The idea of the mixed finite volume scheme we use is to keep the fluxes of a(Va@) and the gradient of @
as unknowns, and not to try, in a first time, to approximate these fluxes and gradient using the values
of w. The integration of the PDE on each control volume gives an equation on the fluxes, with which we
reconstruct a(Va) thanks to a general formula (see Lemma 8.2). We thus write a quite simple scheme
which not only handles fully non-linear equations but can also be applied in any space dimension and to
a wide variety of grids on ) (see Definition 2.1).

In the following section, we present the finite volume scheme for (1.1) and we state the main results
(existence, uniqueness and convergence of the approximate solutions). Our scheme is based on three
unknowns functions (u, v, F'), which respectively correspond to approximations of @, of Vu and of the
fluxes of a(Va); one of the equations quite naturally states that v is, in a sense, the gradient of u (with
a penalization involving F'): in Section 3, we give some basic properties satisfied by the (u, v, F') which
verify this particular equation. Section 4 is devoted to the proof of the results stated in Section 2. In
Section 5, we study some generalizations of the scheme presented in Section 2: a scheme for non-monotone
operators (that is to say, equations of the kind —div(a(z, @, Va)) = f), a non-penalized scheme, and a
scheme for right-hand sides in w—Le (€2). We have run numerical experiments, and we present some of
their results in Section 6. After a short conclusion (Section 7), an appendix (Section 8) gathers a few
technical results used in the paper.

2 The finite volume discretization

Our finite volume scheme for (1.1) is inspired by the mixed finite volume scheme introduced in [12]. Let
us first recall the notion of admissible discretization of €2.

Definition 2.1 [Admissible discretization] Let Q be an open bounded polygonal subset of R%. An
admissible finite volume discretization of Q0 is given by D = (M, &, P), where:

e M is a finite family of non empty open polygonal convex disjoint subsets of {2 (the “control volumes”)
such that Q = Ugem K.

e & is a finite family of disjoint subsets of Q0 (the “edges” of the mesh), such that, for all ¢ € &, there
exists an affine hyperplane E of R and K € M verifying: ¢ C 0K N E and o is a non empty
open convexr subset of E. We assume that, for all K € M, there exists a subset Ex of £ such
that OK = Uycg, @. We also assume that, for all o € £, either o C 9 or & = K N L for some
(K,L) e M2.

o P is a family of points of Q indexed by M, denoted by P = (X )kem and such that, for all K € M,
xg € K.



Remark 2.1 This definition of discretization allows a wide variety of grids, in any space dimension
and with very few geometric restrictions. In particular, we accept meshes which are mot admissible with
respect to the definition given in [15], and meshes whose edges have been cut in two (or more) via a local
refinement procedure. See [12].

Also, it is not really mandatory that each Xx be in its control volume: it only needs to stay within distance
~ diam(K) of K.

In the rest of the paper, we use the following notations associated with an admissible discretization D.
The d-dimensional measure of a control volume K is written m(X), and the (d — 1)-dimensional measure
of an edge ¢ is m(0); in the integral signs, v denotes the measure on the edges. If o € £k, then ng , is
the unit normal to ¢ outward to K. In the case where o € £ is such that ¢ = K N L for (K, L) € M?,
we denote o0 = K|L. For all o € £, x,, is the barycenter of 0. The set of interior (resp. boundary) edges
is defined as &y, = {0 € &; 0 ¢ 9N} (resp. Eexy = {0 € E; 0 C IN}).

We study the convergence of the approximations as the size of the discretization

size(D) = sup{diam(K); K € M}

tends to 0, under the assumption that the regularity of the discretization stays bounded, the regularity
being defined by
dlam(

rezul(D) = sup { ma * Cand€n)) 5 i €

Pic
where, for K € M, pg is the supremum of the radius of the balls contained in K (notice that regul(D)
stays bounded under a local refinement procedure). One of the main interests of this quantity is the
following inequality: for all K € M,

regul(D)

diam(K)? < regul(D)pl <
wq

m(K), (2.1)
where wy is the volume of the unit ball in R<.

If D is an admissible discretization of §2, we denote by Hp the space of functions 2 — R which are
constant on each control volume K € M (the value on K of a function g € Hp is written gx), and by F
the space of real numbers (Fk »)kem, segr- For v = (Vg )kem a family of positive numbers, we define
L, (D) as the set of all (u,v, F) € Hp x H% x F such that

Vi - (Xo —XK) + VL (XL —Xo) + vkm(K)|Fk o = “'Fgo —vpm(L)|FL Eayo3 o
=ur —UuUg, VU—K|L€(€im, (22)
VK-(XG—XK)—FVKHI( )|FK | FKU:—U,K, VKEM, Vo € Eg N Eext-

We let ax(§) = ﬁ [ a(z,§) dz and we consider the following finite volume scheme for (1.1): find
(u,v,F) € L, ,(D) such that

FK,(T + FL,U = 0) Vo = K|L € 5int5 (23)
m( aK VK Z FKO’ X _XK)v VK € M’ (24)
cefk
SN Fr, = /f dr, VK € M. (2.5)
oc€EK

The scheme ((2.2),(2.3),(2.4),(2.5)) is quite easy to understand if we point out that v and v play the role
of approximations of @ (the solution to (1.1)) and Va. Equation (2.5) comes from a formal integration
of (1.1) on each control volume K, Fk , being an approximation of the flux of a(Va) through o: Fi , &



fn a(Va) - ng s dy. This expression shows that these fluxes are naturally conservative, hence (2.3).
Lemma 8.2 in the appendix gives a formula which reconstructs a vector knowing its fluxes on the edges
of a control volume: (2.4) simply states that we use this formula to reconstruct a(Va) (recall that
vk is an approximation on K of Va). Lastly, (2.2) is the expression (if we forget the fluxes) that
Vi (approximated by v) is the gradient of @ (approximated by u); we need to penalize this equation
with the terms |F) K7{,|ﬁ71F Kk,o in order to estimate the fluxes and ensure their uniqueness (see also
subsection 5.2); to understand the power chosen for Fik ,, we can consider the case of the p-Laplacian
a(Va) = |Vi|P~2Va: in this situation, |Fk | ~ m(o)|Vi|P~! and, since |vik| &~ |V, it is quite natural
that Fx » appears with total power equal to p—il.

The main results of this paper are the following two theorems. The first one states that the finite
volume scheme has a unique solution, and the second one that this solution converges, as the size of the
discretization tends to 0, to the weak solution of (1.1).

Theorem 2.1 Under Hypotheses (1.2)—(1.6), if D is an admissible discretization of Q and (Vk)kem
is a family of positive numbers, then there exists a unique solution (u,v, F) to ((2.2),(2.3),(2.4),(2.5)).

Theorem 2.2 Assume Hypotheses (1.2)—(1.6). Let (Dy)n>1 be a sequence of admissible discretizations
of Q such that size(D,,) — 0 and (regul(Dy,))n>1 is bounded. Let vy > 0 and 8 €] —p'(d—1), —p'(d —2)|.
Let (tn,Vn, Fy) be the solution to ((2.2),(2.3),(2.4),(2.5)) for D = D, and vk = vodiam(K)? for all
K e M,. Let u € WP (Q) be the weak solution to (1.1).

Then, as n — 00, u, — @ weakly in LP(Q) and strongly in L1(Q) for all g < p, and v,, — Vu strongly in
LP(Q)4.

Remark 2.2 By (1.2) and (1.5), the strong convergence of v, to Va in LP(Q)? implies the strong
convergence of a(-,vy) to a(-, Vi) in L (Q)7.

Remark 2.3 If the “ > " in (1.4) is replaced by “ > 7, these results hold with the following changes:
there is not uniqueness of the solution to the approzimate (or limit) problem, the convergence holds only
up to a subsequence, and the convergence of v,, is weak in LP()?.

3 Properties of L,,(D)

To study the convergence of the scheme, we need some properties of the set L, , (D). In the case p = 2,
the following lemmas are proved in [12]; for the sake of completeness, we give below the full proofs for
any p, using and even simplifying [12] whenever possible.

Lemma 3.1 [Poincaré’s inequality] Let D be an admissible discretization of Q such that regul(D) < 6
for some 0 > 0, and let (Vik)kem be a family of positive real numbers. There exists Cy only depending
ond, p, Q and 6 such that, for all (u,v,F) € L, (D),

[ul| e ) < C1 ([IV| ey + Mp(D, v, F)),

Sl

where M, (D, v, F) = (zKeM S ce, diam(K)@=Dryp (| FK7U|ﬁ)” m(K))

Proof of Lemma 3.1

Let B be a ball containing 2 and let w be the weak solution of —Aw = |u[P~2u on B with value 0 on 0B
(we have extended u by 0 outside ). By well known regularity results (see e.g. [23, 1]), there exists Co
only depending on d, B and p (that is, on d, © and p) such that w € w2p (B) with

lwllwe 5y < Coll lulP~2ull L () = Callull}, gy (3.1)



We multiply each equation of (2.2) by fn Vw-ng , dvy, sum over the edges and gather by control volumes
using ng , = —nr, , whenever o = K|L; this gives

Z Z VK'(XU—XK)/VU}-IIK’Ud’y

KeMoelk

+ > vkm(K)|Fr 0|7 1_1FK0/Vw ngody = — Y uk /Vw ng o dy

KeMoelk KeM o€k

—ZUK/Aw

KeM
[T (3.2)

Let us denote T7 and T5 the two terms in the left-hand side of this equality.
Since regul(D) < 0, we can apply Lemma 8.1 to find C3 only depending on d, p, 2 and 6 such that

1 4
< ‘—/de’y
m(o) J,

(we have bounded diam(K )p/, which appears when applying Lemma 8.1, by diam(Q)p/). Therefore, for
all real numbers Ax ,, by Holder’s inequality,

>3 e [

KeMoelk 7

< Cs

p/
[ vwar: nico| < i e o (3.3)

‘ rn

Vw - ng » d*y‘

Z Z (dlam K)fﬁ)\Kﬂ) X <d1am(K)1f (10) /{TVU/d’Y'nK,a>‘

KeMoelk

(% 3w

KeMoe€k

(zz

KeMoe€gk

) |diam(K )_i/\;g[7

IN

-

1
p)”

) |diam (K )L’ (1)/VWd’Y'nK,a
mio o

/
P)p
l 1

I

(Z 3" m(o)diam(K) YAk o ) <Z ch||w||w2p )

KeMoe€k KeMoe€k

1
" 1
<wd1 >y diam(K)dp|)\K,U|p> O3 regul(D) 7 ||wllyy.0 (g

KeMoelk

IN

IN

(we have used the fact that Card(€x) < regul(D) and that, if 0 € Ex, then m(c) < wg_idiam(K)41
since diam(o) < diam(K)). Applying this estimate to Ax ., = Vi - (X, — Xk) we find, thanks to (2.1)
and since regul(D) < 0,

1
1 P
Ty < c;’eﬁ||w||wz.p/(m <wd1 >y diam(K)d—P|vK|Pdiam(K)P>
KeMoelg
1
oL regul(D)%wq_1 P
< G 0¥ ||wllyea (g <—w > m(K)|vil?
d KeM
1
ﬁ 1 02(4](1,1 P
< CF 07wl (T) Il (3.9



and, with Ag » = VKm(K)|FK7U|P_i1_1FK,U, since m(K) < wgdiam(K)?,

1
Lo . _ VAN
Ta| < CF 0% |[wllyar (g <wd_1 > ) diam(K)“Puhm(K)P (|FK7[,|,911) )
KeMoelk
L 1
< 03 9",||w||w2,p’(g)
1
P P
x <0Jd1 > Y diam(K)*Pwh ™  diam(K) 4P D m (K )k (|FK,U|ﬁ) )
KeMoelk
1
Lo _ P !
< CF 07 |[wllyem o) (w—wﬁ P diam(B) I (|Ficol ) m(K)) .(35)

KeMoefk

Gathering (3.2), (3.4) and (3.5), we see that
ullf o) < Callwllwzwr o) 1VllLo s + Callwl 2. ) Mp(D, v, F)
for some Cy only depending on d, p, 2 and 6, and we conclude the proof by (3.1). B

Lemma 3.2 [Equicontinuity of the translations] Let D be an admissible discretization of Q such
that regul(D) < 6 for some 6 > 0, and let (Vik)kem be a family of positive real numbers. There exists
Cs only depending on d, Q and 0 such that, for all (u,v,F) € L, (D) and all £ € R?,

lu(-+&) = ull ) < Cs (¥l @) + Mi(D, v, F)) [€]

where My(D, v, F) = 3 ree pm 2veex diam(K)d_1VK|FK7G|P+1m(K) and u has been extended by 0 outside
Q.

Proof of Lemma 3.2 _

Let Fi o = |Fro|71 '"Fio. If (u,v,F) € L, (D), then (u,v,F) € Ly, (D) and we can apply Lemma
3.2 in [12] (which is in fact exactly the result we want to prove in the case p = 2): there exists C5 only
depending on d,  and 6 such that, for all £ € RY,

lu(- +&) —ullL1 ey < Cs <||V||L1(Q)d + YD diam(K)dlwlﬁK,alm(K)) €]

KeMoe€gk
By definition of F Ko, this concludes the proof. m

Lemma 3.3 [Compactness property]| Let (Dy,)n>1 be a sequence of admissible discretizations of €
such that size(Dy,) — 0 and (regul(Dy,))n>1 is bounded. Let (vp)n>1 be a sequence of families of positive
numbers (each family being indexed by M, ). We take (un,vn,F,) € Ly, (Dy) and we assume that
(IIvallor@yd)n>1 and (My(Dp, vn, Fr))n>1 are bounded, and that My(Dp, vy, Fr) — 0 as n — oo (M,
and My are defined in Lemmas 3.1 and 3.2).

Then there exists @ € WP (Q) such that, up to a subsequence, u, — @ weakly in LP() and strongly in
L) for all ¢ < p, and v, — YV weakly in LP(2)<.

Proof of Lemma 3.3

Thanks to the assumptions, to Lemmas 3.1 and 3.2, and to Kolmogorov compactness theorem, we can
assume that, up to a subsequence, (u,)n>1 converges to some % weakly in LP(2) and strongly in L'(9),
and that (v, ),>1 converges to some v weakly in LP(Q)?. This implies u,, — @ strongly in LI(Q) for all
q < p and it remains to prove that @ € Wol’p(Q) and that v = Va.



To achieve this, we extend u and v by 0 outside €2 and we prove that Vu = v in the distributional sense
on R%: this will in particular prove that @ € W?(R%) and, since it is null outside €2, that it also belongs

to Wy P(Q).
For simplicity of notations, we drop all the indices n. Let ¢ € C2° (R9) and e € R?; multiply each equation
of (2.2) by fg pe-ng ,dy, sum over the edges and gather by control volumes using ng » = —nr, , when

o = K|L; this leads to

Z VK - Z /gpe ng o dy(xe — Xg)

KeM o€k

+ Z Z vikm(K)|Fk o | FKU/we-nKﬂdy = — Z UK Z /gpe ng . dy. (3.6)

KeMoe€k KeM o€k

Let T3, T4 and T5 be the three terms of this equation.

We have
s = - u div(pe)
5 KEG;M K/ (¢
= —/ u(z)div(pe)(x)de — — / z)div(pe)(z)dr as size(D) — 0.
Q
Let

=> vg-y m < )/Kgp(x)edx)n;(,g(xg—x;().

KeM cefk

We have, for all ¢ € £k, m(o)diam(K) < wy_jdiam(K)¢ < Mm([() (see (2.1)). Using the
regularity of ¢, we therefore obtain Cg only depending on ¢ such that

Ts—Ts| < Co Y vl Y m(o)diam(K)[x, — x|
KeM c€EEK
_ 1(D)?
< Cgsize(D) Y wmu{”vm
KeM wd

wq_1regul(D)?

< Cgsize(D) "
d

[Vl — 0 as size(D) — 0

(we have used Card(€x) < regul(D)). Moreover, thanks to Lemma 8.2,

Ts = Z Vi - / edx—/ v(z) - edm—>/ x)edr as size(D) — 0.
KeM
Hence, T3 — [, V() - p(z) e dx as size(D) — 0.
By assumption,

T < llpelloe 3 3 vkm(K)|Ex ol 1im(0) < [lpelloctra s My (D0, F) - 0 as size(D) — 0.
KeMoelk

Gathering these convergences in (3.6) and recalling that v and @ have been extended by 0 outside €2, we
obtain

/Rd v(z) - p(x)edr = —/ a(x)div(pe)(z) dr,

R4

which concludes the proof. B



4 Proofs of Theorems 2.1 and 2.2

Let us give an overview on the techniques used to prove the main theorems of this paper.

The first idea is, as usual, to obtain a priori estimates on the solution to the scheme. In order to do so,
the basic technique (as already done in [12]) consists in multiplying each edge equation (2.2) by the fluxes;
summing on the edges and gathering by control volumes thanks to (2.3) (which comes down to making a
discrete integrate by parts), the right-hand side of (2.4) and the left-hand side of (2.5) naturally appear,
which immediately leads to the desired estimates. These manipulations (multiplying the edges equations
by some fluxes, summing and gathering by control volumes, identifying a reconstruction of gradient or
a balance of fluxes) are recurrent in the handling of this mixed finite volume scheme and were used in
the preceding section; rather than gathering them in abstract and general lemmas (which would anyhow
need to be fitted to each situation), we prefer to repeat them when necessary, in order for the reader to
become familiar with the techniques associated to our scheme.

Once a priori estimates are known, the compactness property of L, ,(D) gives a subsequence of the
solution which weakly converges as size(D) — 0. Since the problem is nonlinear, we cannot simply pass
to the limit and we therefore come back to the monotony method of Minty-Browder, as used in the paper
[22] of Leray-Lions. The trick is to write, for all regular ¢, the discrete version of

/Q(a(wa Ve(z)) — a(e,v(2))) - (Vo(r) —v(z)) de =0 (4.7)

(with, instead of V¢, the function equal to the mean value of Vi on each control volume) and, using the
basic manipulations described above, to pass to the limit in a similar way as in [22], thus proving that
the weak limit @ of the approximate solution is the weak solution to (1.1).

To conclude and prove the strong convergence of v to Vi, one needs to use the exact solution @ instead
of ¢ in the discrete counterpart of (4.7). However, in order to control the ensuing terms, because of (2.2)
one must bound the error between u(xy) — t(xx) and Viu(xg) - (X — Xk ) + Vu(xy) - (xr, — x,) (or
similar terms with the mean values of the functions on the control volumes instead of their values at xx
and xp,); since @ lacks regularity, such a bound does not exist in general. To overcome this difficulty, we
use in (4.7) any regular function ¢ which is close enough to @, and we are then able to prove that the
left-hand side of (4.7) with @ instead of ¢ is small if size(D) is small. This gives the a.e. convergence of v
to Vi, and the convergence in LP(2)? is then easy to obtain by classical techniques of monotone elliptic
equations.

We now turn to the proof of the existence and uniqueness of a solution to the finite volume approximation.

Proof of Theorem 2.1

Step 1: Existence.

The proof is made by means of the topological degree.

Since £ — ax(€) is continuous (this comes from (1.2), (1.5) and the dominated convergence theorem),
the non-linear system ((2.2),(2.3),(2.4),(2.5)) can be written as G(u, v, F') = 0 with G continuous Hp x
HE X Feons — Hp X HE X Feons (we define Feons as the vector space of families (Fi o) kem , vegx sSuch
that Fx » + Fr - = 0 whenever 0 = K|L € &p;). The components of G are respectively given by the
difference between the left-hand sides and right-hand sides of (2.5), (2.4) and (2.2).

For t € [0,1], let G; be the application Hp x H% X Feons — Hp x H X Feons defined, as G, by
(2.5), (2.4) and (2.2) in which we have replaced ax(§) by tax () + (1 — )¢ and |FK7[7|10%171FK7[7 by
t|FK7{,|ﬁ71FK7{, + (1 —t)Fk,o. The function t — G; is a continuous homotopy between Gy and G; = G.
But Gy is an affine function which corresponds to an invertible system, by the results in [12] (the estimate
we make below also shows that Gy is invertible); hence, for all R large enough, denoting Bg the ball of
radius R in Hp X H% X Feons, we have deg(Go, Br,0) # 0. If we manage to prove that, for R large enough
and for all ¢ € [0,1], any solution to G;(u, v, F) = 0 satisfies ||(u, v, F)|| < R, then the properties of the
topological degree (see [10]) ensure that deg(G, Bg,0) = deg(Go, Br,0) # 0, and thus that there exists a
solution in Bg to G(u, v, F) = 0.



Let t € [0,1] and (u, v, F') satisfy Gi(u, v, F') = 0, that is to say

Vi - (X0 — Xi¢) + Vi - (X1, — Xo) + viem(K) [t|FK,U|p—11—1FK,U (- t)FK,[,}
—Z/Lm(L) [1‘,|FL7[7|ﬁ71FL7[7 + (1 — t)FLﬂ} =ur —ug, Vo= K|L € Eint,

(4.8)
Vi - (X — xx) + vgm(K) [t|FK,g|m—1FK,[, (- t)FK,U} = —uk,
VK € M, Vo € Eg N Eext »
FKJ + FL,U =0, Vo = K|L c gint; (49)
m(K) [tax(vi) + (1= t)vi] = Y Fro(xe —xg), YK €M, (4.10)
oelk
=Y Fro= /f dr, VK € M. (4.11)

oelk

Multiply (4.8) by Fk ., sum over the edges and gather by control volumes using (4.9) and (4.11):

Z VK * Z FK,U(XU_XK Z Z VKm |:t|FKU|p (1_t)|FK70|2

KeM oelk KeMo€elk
= - E UK E Fg »

KeM cEEK

= Z urk fx

KeM
where fx = [, f(z)dx. By (4.10) and (1.3) we deduce, denoting up = inf{vg, K € M} > 0 and
Ap = inf{m(K), K € M} >0,
Ao (teol| (Vi) + 1 = OI(vi)ll2) + ppAp (t||(FK,o)||fpf + (1= t)||(FK7[,)||122) < Crff(ug)lfn (4.12)

where C7 does not depend on t or (u, v, F) (we have denoted, for a finite family (z;);c; and r € [1, 00|,
[[(z)|l;» = > icr |2i]"). Since all the norms on a finite dimensional space are equivalent, we deduce

(vl + (0= DI + (A E)lE + 0= DlFro)lB) < Cslle)lls (413)

where Cg depends on D but not on ¢ or (u, v, F).

Defining FK[7 = t|FKJ|P 1T FKJ + (1 — t)Fk,s, we notice that (u,v F) € Ly, (D); we can therefore
apply Lemma 3.1 (with p = 2) and use the fact that all the norms on a finite dimensional space are
equivalent to find Cy and C7¢ depending on the discretization D but not on ¢ or (u, v, F') such that

)l < Co (vl +11(Freo)l )
< Co (Il + I Fre o |77 i + (1= B)|(Frc.o) )
< Cu (Il +A1EIET + 11l (4.14)

(we have used the inequality ), ; |z1|zv_il < Card(1)(D,e; |zz|)ﬁ, which is true since each |z;| is
bounded by » .., |z|). Injecting this in (4.13), we obtain

vl + Q= Dllvi)l2) + (( (Freo)llE )+<1—t>||<FK,U>||%1)
<

(||<vK>||u+t||<Fm>||p +||<FKU>||11) (4.15)



where C7; does not depend on t or (u, v, F).
For t > %, Young inequalities allow to deduce that

1 1 )’ =
sl + 5 (1EET) < cu (1wl + 1 EIET +11Exaln

IN

1 1 1 \P 1 ,
Crat ol + 5 (1FRDIET )+ 5l

(where C12 only depends on p and C11) and thus that ||(vi)|[] + ||(FKG)||f1, < 4C1s.
For t < %, we write from (4.15):

1 1 \? 1
sl + ¢ (IEIET ) + 311

< Cu (||<vK>||u (P IE + ||<FK,0>||11)

A

1 !
< ot gl + (AENET) -+ I

IN

1 )1
Cra-t ol + ¢ (IFwIET) -+ §IFe I

where C13 only depends on C1; and p (we have used t?~1 < 1). Hence, here again we have an estimate:
(v + | (Ficol 3 < 4C1s.

In either case, we find Ry > 0 not depending on ¢ € [0, 1] or (u, v, F') such that ||(vi)||in + [|(Fk,o)l|n <
R;. Using this estimate in (4.14), we also deduce a bound on ||(uk)]||;:, which concludes the proof of
existence.

Step 2: Uniqueness.
Assume that (u,v, F) and (v/,v’, F') are two solutions to ((2.2),(2.3),(2.4),(2.5)). Then, by (1.4),

0 < Y wm(K)(ax(vi) - ax(v)) - (VK = Vi)
KeM

= 3 Y (Fro — Fieo) (%o = xx) - (vic = Vi)

KeMoelk

= Y (Fro — Ficp) (Vi = Vi) - (%0 — %) + (vi, = V) - (X — Xo)]
oge€

= Y (Fro = Fie o) [(ur —ulp) — (ug — uf)]
o€el

> (Fxo = Fi,) [vem(K)|Fx o|" ' Fi o — vim(L)|FL | FL
o€
- (VKm(K”FI/(,U'T_lFII(,U - I/Lm(L)|F£,U|T_1F£,U)}

where r = p%l and the quantities with index L are defined as null if 0 € oy N Ex. Gathering these last
sums by control volumes, we obtain

0 < > mK)(ax(vk) —ax(Vi)) - (VK = Vi)
KeM
= =) (ux —uk) Y (Fro—Fi,)
KeM oc€EK
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= > > vkm(K)(Fxo — Fic o) [|Frol™ ' Fr.o = |Fic oI Fic. ]

KeMoe€lx
= = > Y vkm(K)(Fro — Fio,) [|[Frol™ " Fro = |Fic 0" Fic o]
KeMoe€lx
since Y e, Fro = Yeer Fico = — [ic f(@)de + [ f(x)dr = 0. As X — |X|"'X is non-decreasing

on R, we deduce

0 < Y m(K)(ax(vi) - ax (V) - (Vi = Vi)

KeM

= =Y > vkm(K)(Fro — Fic,) [|Frol ™ Fro = | Fic ol Fic o]
KeMo€elk

< 0

and thus all the terms (which are non-negative) in these sums are null. By (1.4), this implies v = v/
for all K € M and, since X — |X|"~!X is one-to-one, Fro = F}(}G for all K € M and all o € &k.
We then use the equations (2.2) linking u to (v, F') and u’ to (v/, F’) to conclude that ux = u for all
K € M (first for the control volumes on the boundary of © and then, successively, for all the control
volumes inside 2). B

Before proving Theorem 2.2, we need more precise estimates on the solution to the finite volume approx-
imation.

Lemma 4.1 [Estimate on the discrete solution] Assume Hypotheses (1.2)—(1.6). Let D be an
admissible discretization of Q0 such that regul(D) < 0 for some 6 > 0. Let (vik)xem be a family of
positive real numbers such that, for some vy > 0 and some > —p'(d — 1), v < vodiam(K)? for all
K e M. Let (u,v,F) be the solution to ((2.2),(2.3),(2.4),(2.5)). Then there exists C14 only depending
ond, p, Q,0, f, vy, B and ag such that

p
15 pge + D S v (1Fiol77) m(K) < Cua.

KeMoelk

Proof of Lemma 4.1
Multiply (2.2) by Fk -, sum over the edges and gather by control volumes using (2.3). This leads to

Z VK - Z FKJ(XU—XK Z Z Z/Km |FK |P 1+1 — Z UK Z FKJ.

KeM oc€EEK KeMoefk KeM c€EEK
By (2.4) and (2.5), we deduce
S m(Kax(vi) v+ Y. Y vim(K (|FKU|p 1 :/f(a:)u(x)dx (4.16)
KeM KeMoeex @

and, thanks to Hypothesis (1.3) and Young inequality, for all £ > 0,

ol VIt 3 3 vaean() ([Fical)’

KeMoe€k

IN

||f||Lp’(Q)||U'||LP(Q)

IN

AN+ llull e
P(pe)
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We now apply Lemma 3.1 to find Cy5 only depending on d, p, 2, # and f such that

1 \P
ol VI ey + Yo 3 v (1ol 7T) m(K)

KeMoe€k
4 p
< Cise T+ eCus|VIG, e +2Cs D Y diam(K)TIPE (|FK,U|ﬁ) m(K)  (4.17)
KeMo€elk
o’ . _ _ _1 \P
< Cise™ 7+ eCslVI e + 505 Y0 Y (diam(B) PR v (1P o 7T) m(K).
KeMoe€k

Since v < vpdiam(K)?, we have
diam(K)(d_l)py%_l < Vg—ldiam(K)(d—l)p-irﬁ(p—l) < Vg—ldiam(g)(d—l)p+ﬁ(p—1)

(we have used (d — 1)p + B(p — 1) > 0, which is true since (d — 1)p’ + 8 > 0). Hence, there exists Cig
only depending on d, p, €2, 0, f, vy and 3 such that

1 \P
IVl et Do D vic (1ol 77 m(K)

KeMoe€k
_p _1 \P
< O™ 4+ 0|Vl +Ci6 Y Y v (|FK,U|p—1) m(K)
KeMoelk
and the choice € = inf(5z’-, ﬁ) concludes the proof. B

Let us now prove the convergence of the finite volume approximation.

Proof of Theorem 2.2
Step 1: convergence of (u,v).
For simplicity, we drop the indices n. We have

MyD v, FY = 303 diam(K) P e ([Pl ) m(K)
KeMoe€k

P
= 1/571 Z Z diam(K)(dfl)erﬁ(p*l)VK <|FKa|p_i1) m(K)
KeMoeék

P
< vE tsize(D) - DPHAEPD Z Z VK (|FK,a|”%1) m(K) (4.18)
KeMoelk

since (d — 1)p+ B(p — 1) > 0 (because 8 > —p'(d — 1)). Hence, by the assumptions and Lemma 4.1,
My,(D,v, F) — 0 (and is thus bounded) as size(D) — 0. Moreover,

Mi(D,v,F) = > diam(K) v | Fi o 7Tm(K)
KeMoe€k
< <Z 3" diam(K) @ Pyl (|FK,U|1711)pm(K)> (Z > m(K)>
KeMo€elk KeMoelk
< My(D,v, F)regul(D) ﬁm(Q) »

and therefore M;(D,v,F) — 0 as size(D) — 0. Since v is bounded in L?(Q)? (Lemma 4.1), the as-
sumptions of Lemma 3.3 are fulfilled and there exists @ € WO1 "P(Q) such that, up to a subsequence, as
size(D) — 0, u — @ weakly in LP(Q) and strongly in LI(2) for all ¢ < p, and v — Vi weakly in LP(Q)9.
We now prove that u is a weak solution to (1.1); since this solution is unique, this will prove that the
whole sequences (u, v), not only subsequences, converge.

12



Step 2: the limit is a solution to (1.1).

To prove that @ is a weak solution to (1.1), since the problem is non-linear and since we only have the
weak convergence of v, we copy the monotony method of Minty-Browder used in [22].

Let ¢ € C°(Q) and denote [Vy]k the mean value of Vi on the control volume K. By the monotony
hypothesis (1.4), we can write

0< Y m(K)(ax([Velr) - ax (V) - (Velx = Vi) (4.19)
KeM

We have

> m(K)ax([Velk) - (Velk — vi) = / ap(z, (Ve)p(z)) - (Ve)p(z) — v(z)) do
KeM Q

where ap(-,€) is the piecewise constant function equal to ax(£) on each control volume K and (Vo)p
is the piecewise constant function equal to [Vp]x on each control volume K. Lemma 8.3 shows that,
as size(D) — 0, ap(-, (Vo)p) — al-, Vi) strongly in L (Q)%, and it is quite clear that (Ve)p — Vi
strongly in LP(Q)9. Since v — Va weakly in LP(Q)?, we deduce that

Z m(K)ax([Velk) - ([Velx —vk) — / a(x,Vo(z)) - (Ve(x) = Vi(z))dx  as size(D) — 0. (4.20)
KeM @

By (2.4) and (2.3), we find

Y mK)ax(ve)-[Velxk = Y. Y Frolxe —%k) - [Vl

KeM KeMo€elk

= > Fro (Velk - (%0 — %K) + [VelL - (X — Xo))
0€Eint , o=K|L

(we take size(D) small enough so that ¢ = 0 on the control volumes which touch the boundary of ).
Since ¢ is regular, we have

Volk - (%0 —xK) + [Vl - (%1 — %X5) = p(x1) — p(xK) + B, (4.21)

where |Rk, 1| < Ci7(diam(K)? + diam(L)?) with Cj7 only depending on ¢. Hence, gathering by control
volumes thanks to (2.3), using (2.5) and recalling that ¢(xx) = 0 if Ex N Eexs # 0,

> m(K)ax(ve) - [Velx = Y Frolexrn) — o(xk)) + T
KeM 0€Ent , o=K|L
= =) exx) Y. Fxo+Tr
KeM o€EK
— K;A QP(XK)/Kf(x) dz +Tr (4.22)

where |T7| < C17 Y e Yogee, diam(K)?|Fg o|. We now write

77| < Ci7 Z Z (diam(K)Q(VKm(K))_pi’) X (|FK7G|(VKH1(K))P_1’)
KeMoelk

Ci7 ( >N diam(K)zp(me(K))ﬁf) (Z 3 |FK’U|P'me(K)>p . (4.23)

KeMo€elk KeMoefk

IN
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By Lemma 4.1, the second factor of this right-hand side is bounded. Moreover,

[

Z Z diam(K VKm(K))fﬁ < 7”/ regul(D Z diam(K)*~ By m(K)fﬁ*lm(K)
KeMoelk KeM
< v, " regul(D Z diam (KPP~ (K)"Pm(K).
KeM

Using (2.1), and since (2 —d)p — B(p — 1) > 0 (because 3 < —p'(d — 2)), we find

_r -5 1
>3 dian(KPPrem(K) P < vy 7 remul(D) B S g (12t 1)
KeMoeEx Ya  Kem
-z, (D)
< oyt regul(D)regjﬁ(j ) size(D) 2= DP=Br=Dy(Q),
d

This last term tends to 0 as size(D) — 0 (recall that regul(D) is bounded), and we deduce from (4.23)
that T — 0 as size(D) — 0. Coming back to (4.22), we obtain

Z m(K)akx(vi) - [Velxk — / f@)p(x)dx  as size(D) — 0. (4.24)
KeM @
We have seen in the proof of Lemma 4.1 that (u, v, F'), solution to ((2.2),(2.3),(2.4),(2.5)), satisfies (4.16);
in particular,

m(K)ag(vi) vk < | f(x)u(z)de — | f(x)u(z)dx as size(D) — 0. (4.25)
Z psesten) v h

Thanks to (4.20), (4.24) and (4.25), we can take the limsup of (4.19) as size(D) — 0 and we find
0 < /Qa(x,Vga(a:)) (Veo(x) — Vi(z)) dz — /Q F(@)o(x) do +/ F(@)alz
[ ale.Veota)) - (Vo(o) - Va)do - [ f@)(el) - a() de (4.26)
Q Q

It is well known that such an inequality, valid for all regular ¢, implies that @ is a weak solution of (1.1);
for the sake of completeness, we nevertheless make the proof.

Let ¢ € C(Q), t > 0 and (@,)n>1 be functions in C°(Q) which converge in Wy(Q) to @ + 1. We
can apply (4.26) to ¢, and pass to the limit n — oo, thanks to (1.2) and (1.5) (for example, we extract
a subsequence such that Vi, — Va + tV a.e. and we use Vitali theorem); this gives

/ a(z, Vu(x) + tVi(x)) - (VY (z)) de — / tf(z)y(z)dx > 0.
Q Q

Dividing this inequality by ¢ and letting ¢ — 0% (still using (1.2) and (1.5)), we obtain [, a(z, Vi(z)) -
Vip(x)de — [q, f(x)ip(x)dz > 0. Replacing 1) by —v, we see that this inequality is in fact an equality,
which proves that @ is a weak solution to (1.1).

Step 3: Strong convergence of v.

It remains to prove that v — Va strongly in LP(Q)?. As usual, we only prove the strong convergence
of a subsequence and we use the uniqueness of the limit to obtain the strong convergence of the whole
sequence. The methods used here are quite similar to the classical techniques of non-linear elliptic
equations; however, since we cannot directly put a discretization of @ as a test function in our finite
volume scheme (because % is not regular enough), we have to adapt these techniques by taking regular
functions which approximate .
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Let us first prove that, up to a subsequence, v.— V4 almost everywhere on Q. Let € €]0,1[ and take
(pj)j>1 € C2(Q) such that ¢; — @ in Wy (Q) as j — oo. We have

/Q(a(x, Vi(z)) — a(z,v(x))) (Vu(z) — v(z)) dx
< a(, Va) = a(-, Vo)l o @y IVl Lo @ya + [V Lo 0)a)
+ Q(a(x, Vj(z)) —a(z,v(z))) - (Va(z) — v(z)) dz

lla(-, V) = a(, Vi)l Lo () IVl oy + [V o))

(V) o s + 1aCs V)l o sy ) 1198 = Vipslaae

ale, Vs (2) — ale, v(2)) - (Vo (&) - v(a)) da.

IA

\/—\

Since v and Vi, are bounded in LP(2)4, (1.5) shows that a(-,v) and a(-, Vi;) are bounded in L¥' ()4,
independently of j or D. Moreover, since @; — @ in W, *(£2), (1.2) and (1.5) allow to see that a(-, Vip;) —
a(-, Vi) in LP (Q)? as j — oo. Hence, we can fix j = J not depending on D such that ||<PJ—11||W01,p(Q) <e
and

/Q(a(wv Vi(z)) = a(z,v(z)))-(Va(z) - v(z)) de
< e+ /Q(a(x,vw(x)) —a(z,v(z))) - (Ve (z) = v(z))dz.

We have (Vg )p — Vs in LP(Q)4 as size(D) — 0, which implies a(-, (Vs )p) — a(-, Vios) in LY (Q)4.
Using the fact that v is bounded in LP(Q)?, we deduce that, for size(D) small enough,

/Q(a(x, Vi(z))—a(z,v(z))) - (Va(z) — v(z)) dx
< 2+ /Q(a(x, (Ves)p(x)) —a(z,v(z))) - (Ves)p(z) —v(z))de.  (4.27)
But

/Q(a(% (Ves)p(x)) = a(z,v(2))-(Ves)p(x) — v(z)) dz

= Y m(K)(ax([Veslk) - ax(vk)) - ([Veslk = vi),
KeM

which is the right-hand side of (4.19) with ¢ = ¢;. The reasoning made in Step 2 (recall that ¢ is
regular) shows that this term is bounded from above by a quantity which tends, as size(D) — 0, to
Joalz, Ves(x)) - (Ves(z) — Va(z))de — [, f(z)(@s(x) — a(x)) dr. Since we have chosen ¢; so that
llos — u||W01p (@) <& (1.5) implies

/ oz, Vs (1)) - (Veps(z) — Va(z)) dr / F(@)(ps(x) - a(z)) de
Q Q
< (Il Tl s + 1l ) 2

< (Il @y + AV e + 1111 y) €
0186

N

IA



where C1g only depends on p, b, A, f and % (we have used the bound ||V ||y < 1+ [[Vil| Lo )e)-
Hence, if size(D) is small enough, [, (a(z,(Ves)p(z)) —a(z,v(z))) - (Ves)p(z) — v(z))de < Cige + ¢
and (4.27) gives
/(a(x, Vi(z)) — a(z,v(z))) - (Vi(z) — v(z)) dz < (Cis + 3)e.
Q

Since the integrand is nonnegative (see (1.4)), this proves that (a(-, Vi) —a(-, v))- (Va—v) — 0 in L' (Q)
as size(D) — 0. Up to a subsequence, the convergence therefore also holds almost everywhere on Q. Let
x be such that, along this subsequence,

(a(z, Va(z)) — a(z,v(x))) - (Va(z) —v(z)) — 0 as size(D) — 0. (4.28)
We have, by (1.3) and (1.5),

aolv(z)[P < a(z,v(z)) - v(z)
= (a(z, Va(z)) —a(z,v(2))) - (Vu(z) - v(2)) — alz, Vu(z)) - (Va(z) - v(z))
+a(z,v(z)) - Vu(z)
< (a(z,Vi(z)) —alz,v(z))) - (Va(z) — v(z)) + Cig + Cig|v(z)]
+Ciglb(x)| + CroA|v(z) P~
where C19 depends on @ and x but not on v. The first term of this right-hand side being bounded (it
tends to 0), this inequality shows that v(z) stays bounded as size(D) — 0 (the power of |v(x)| in the left-
hand side is greater than the powers in the right-hand side). Let £ be the limit of a subsequence of v(z);
passing to the limit (along this new subsequence) in (4.28), thanks to (1.2), we obtain (a(x, Vu(z)) —
a(z,€)) - (Vu(z) — &) = 0 and thus, by (1.4), £ = Va(z); since this is true for all converging subsequences
of v(x), this shows that, along the subsequence for which (4.28) holds almost everywhere on 2, we have

v(z) — Viu(x).
We can now conclude that v — V4 strongly in LP(Q)?. We first notice that

[ e via@) - via da = 3 mR)ar(vr) v,

KeM

so that (4.25) implies, since @ is a weak solution to (1.1),

Jimn sup / a(z, v(z)) - v(z) do < / F@)i(e) do = / a(z, Vi(z)) - Vi) da. (4.29)
size(D)—0J Q

Using (1.2) and the fact that v — Va almost everywhere, we have a(-,v) - v — a(-, Vi) - V a.e. on Q as

size(D) — 0; these functions being nonnegative (see (1.3)), Fatou’s lemma gives

/Qa(x, Via(z)) - Va(z) de < Silzier(nDi)n_f)O A a(z,v(x)) - v(z)de. (4.30)

Gathering (4.29) and (4.30), we deduce

/ a(z,v(z)) - v(z)de — / a(z,Vi(x)) - Vi(z)dx  as size(D) — 0.
Q Q

Since the integrand a(-, v)-v is nonnegative and converges a.e. to a(-, Vii)- Vi € L*(£2), we see by Lemma
8.4 that a(-, v) - v converges in L!(Q) as size(D) — 0; in particular, a(-,v) - v is equi-integrable and (1.3)
thus shows that |v|P is also equi-integrable. Vitali theorem then concludes the proof. B

Remark 4.1 If the sequence of discretizations satisfies: there exists C > 0 such that for alln > 1 and all

(K, L) € M,, neighboring control volumes we have i’lzr;((lg)) < C, then we can prove the strong convergence

in LP(Q) of u, to @ (by strengthening Lemma 8.1, see [13]). However, such an hypothesis restricts the
sequences of discretizations we can choose (for example, if we want to refine the grids, it must be done
by layers).

16



5 More schemes

5.1 Non-monotone operators

We can apply, with minor modifications, the scheme of Section 2 to non-monotone equations of the kind

—div(a(x,a,Va)) = f in Q, (5.1)

=0 on 0f) '

where f satisfies (1.6) and

a: QxR xR — R?is measurable w.r.t. its first variable (5.2)

and continuous w.r.t. its last two variables, ’
Jap > 0 such that a(z, s,€) - € > aplé|? for a.e. 7 € Q, all s € R and all £ € R?, (5.3)
(a(z,s,8) —a(x,s,m) - (E—n)>0forae xz€Q alseRandall £ #£n, (5.4)
b e LY (Q), Ir € [1,p[, IA > 0 such that |a(z, s, )| < blz) + Als|"~1 + Al¢g]P~1, (5.5)

for a.e. z € Q, all s € R and all £ € R?.

Under these assumptions, there exists at least one solution to (5.1). Except in some special cases (see
e.g. [6]), uniqueness is lost.

The scheme we consider is (2.2), (2.3), (2.5) and the following natural replacement of (2.4):

m(K)ax(ug, Vi) = Z Fro(xe —xK), VKeEM, (5.6)

o€lk
where ak(s,£) = ﬁ S a(z, s,€) du.

The space Ly, (D) does not change (it was solely based on (2.2)) and we can therefore use Lemmas
3.1, 3.2 and 3.3. Existence of a solution to ((2.2),(2.3),(2.5),(5.6)) is obtained exactly as in the proof of
Theorem 2.1; however, in general, uniqueness of the solution fails (as for (5.1)).

The mixed finite volume scheme for (5.1) then converges according to the following result. Notice that,
since there is not uniqueness of the solution to the limit problem, we can only prove the convergence of
a subsequence of approximations.

Theorem 5.1 Assume Hypotheses (5.2)—(5.5) and (1.6). Let (Dy)n>1 be a sequence of admissible
discretizations of Q0 such that size(D,,) — 0 and (regul(Dy,))n>1 is bounded. Let vy > 0 and § €] —
p'(d—1),—p'(d—2)[. Let (un,Vn, Fy) be a solution to ((2.2),(2.3),(2.5),(5.6)) for D = Dy, and vi =
vodiam(K)? for all K € M,,.

Then there exists a weak solution @ € WyP(Q) to (5.1) such that, up to a subsequence, u, — @ weakly in
LP(Q) and strongly in LI(Q) for all ¢ < p, and v,, — Va strongly in LP(Q)<.

Proof of Theorem 5.1

We drop the indices n. Under the assumptions on D and v, we obtain the same estimate on the solutions
0 ((2.2),(2.3),(2.5),(5.6)) as in Lemma 4.1 (using (5.3) instead of (1.3)). Thus, as in Step 1 of the proof
of Theorem 2.2, we have a subsequence of (u,v) which converges, as size(D) — 0 and regul(D) stays
bounded, to some (@, V) weakly in LP(Q)%+!, with @ € WP (). We also have u — @ strongly in L?(Q)
for all ¢ < p and therefore, up to another subsequence, a.e. on €.

To prove that @ is a solution to (5.1), we replace (4.19) by

0< > m(K) (ax(ur, [Veli) — ax (ur, vi)) - (Ve x = Vi) (5.7)
KeM
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(see (5.4)) and the only term whose study of convergence differs from what is done in the proof of Theorem
2.2 s

> m(K)ak (ur, [Velx) - (Velx = Vi) = /QGD(%U(JJ), (Ve)p () - (Ve)p(x) — v(z)) dx

KeM

(where ap(z,s,€) = ak(s,§) if x € K). To prove the convergence of this term to fQ a(z,u(z), Ve(z)) -
(Vo(x) — Vi(z)) dz, we only need to prove that ap(-,u, (Ve)p) — a(-, @, Vi) strongly in L' (Q)¢ as
size(D) — 0 (since (Vo)p — Vo and v — Vi weakly in LP(Q)%). This is done using the same techniques
as in the proof of Lemma 8.3: define (a(-,u, Vy))p as the piecewise constant function whose value on a
control volume K is the mean value of a(-, 4, Vi) on K; we have, the same way we prove (8.1),

/Q lap(z, u(z), (Vo)p(2)) - (a(-, @, V))p (@) da
/Q la(y, u(y), (Vo)p(y)) — aly, aly), Ve(y))[? dy. (5.8)

For a.e. y € Q and as size(D) — 0, we have (Vo)p(y) — Ve(y) and u(y) — u(y) so that, by (5.2),
la(y, u(y), (Vo) (y)) — aly, u(y), Ve(y))|” — 0. By (5.5), we can write

la(y, u(y), (Vo)p(y))—aly, aly), Ve (y)) P
< Cagb(y)? + Caol [Vl [B, + Caolu(y) P "1 + Cagla(y) P =Y

where Cyo only depends on p and A. But 0 < p’(r — 1) < p/(p — 1) = p and u is bounded in LP(Q);
hence, |u|?’ =1 is equi-integrable and Vitali theorem shows that the right-hand side of (5.8) tends to 0 as
size(D) — 0. As a(-, 4, Vo) € L (Q)%, we have (a(-, @, V))p — a(-, 4, V) in LP (Q)? as size(D) — 0,
which concludes the proof of the convergence of ap(-,u, (V)p) to a(-, @, Vi) in LP' (Q)%.

Passing to the limsup in (5.7), we arrive at the equivalent of (4.26):

0< /Qa(x,ﬁ(x)vvsﬁ(w)) - (Ve(z) — Viu(z)) de — /Q f(@)(po(x) — u(x)) de

and the conclusion that @ is a weak solution to (5.1) follows as in the proof of Theorem 2.2.

To obtain the strong convergence of v to Vi, we reason as in Step 3 of the proof of Theorem 2.2 with
a(-,u,-) instead of a(-,-): taking (;);>1 € C°(2) which converges to @ in W, (), we write

/Q(a(x,u(x), Vi(z)) — a(z,u(x), v(z))) - (Va(z) — v(z)) dz
< la(u, Va) = a(,u, Vo)l e (1IV@l oye + [Vl o))
5 a(z, u(z), Vo;(2)) — a(z, u(z), v(z))) - (Vu(z) — v(z)) dz

la(eyu, ) = a1, Vo) | apa (19l wsq@ye + ¥l o(oye)
+ (o, Tl o s + s, V)l oy ) 1198 = Vipsll o

+/(a(w,U(w),Vsoj (2)) — alz, u(z),v(2))) - (Vo;(z) - v(z)) d.
Q

IA

Since u — @ a.e. on Q and |u[P’"=1 is equi-integrable as size(D) — 0, and since Vp; — Va in LP(Q)?

as j — oo, it is possible to prove (for example by way of contradiction), using (5.2) and (5.5), that
a(-,u, Vip;) — a(-,u, Vi) in LP (Q)? as j — oo, uniformly with respect to u and thus D (recall that,
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though we do not indicate it, u and D are considered along a sequence such that size(D) — 0). Therefore,
we can take j = J not depending on D such that ||p; — 11||W01,p(9) < e and

/Q(a(x,U(x), Va(z))=a(z,u(z),v(z))) - (Va(z) - v(z)) de

< e+ /Q(a(x,U(x),Vw(w)) —a(z,u(z),v(2))) - (Ve (z) = v(zx))dr.

Still using the fact that u converges a.e. and |u|P’ "~ is equi-integrable as size(D) — 0, we see that
a(-,u, (Voi)p) —a(-,u, Vipy) — 0 in LP (Q)? as size(D) — 0 and we arrive at the equivalent of (4.27):
for size(D) small enough,

/Q(a(x,u(x), Vi(z))—al(z,u(x),v(z))) - (Vi(x) — v(z)) dx

< 2€+/Q(a(w,U(w)7(Vw)D)(x) — a(z,u(z),v(2))) - (Ves)p(z) — v(z)) de.

This last term is the right-hand side of (5.7) with ¢ = ¢, and the reasoning at the beginning of the
proof shows that it is bounded from above by a quantity which tends to [, a(z, @(x), Vo (x))- (Vs (z)—
Via(z))de — [, f(x)(@s(x) — u(x)) dx as size(D) — 0. We deduce, as in the proof of Theorem 2.2, that
(a(-,u, Vi) — a(-,u,v)) - (Vii — v) — 0 in L'(2) as size(D) — 0, which gives, up to a subsequence, the
convergence a.e. of v to Vu. We have

/Qa(x,u(x),v(x)) -v(z)dx = Z m(K)ag(ug,vi) vk < /Qf(x)u(x) dx

KeM

(this inequality, obtained as the one in (4.25), was already necessary to take the limsup of (5.7)). Hence,

lim sup /Qa(x,u(x),v(x)) cv(z)dr < /Qf(a:)ﬂ(x) dr = /Qa(a:, a(z), Vu(z)) - Va(x) dz

size(D)—0

and, using the a.e. convergences of u and v, Fatou’s lemma implies

/ a(z,u(z), Va(z)) - Va(zr) de < liminf / a(z,u(z),v(x)) - v(z) dx.

Q size(D)—0 Jo

As in the proof of Theorem 2.2, we then obtain the convergence of a(-,u,v) - v in L'(), and thus its
equi-integrability as size(D) — 0. (5.3) therefore gives the equi-integrability of |v|[? and concludes the
proof. H

5.2 Non-penalized scheme

We can also study a non-penalized version of the scheme of Section 2, that is to say the scheme for (1.1)
defined by (2.3), (2.4), (2.5) and

Vi - (X — XK )+ VL - (X, —X,) =up, —ug, Vo=K|LE &nt, (5.9)
Vi (X —XK) = —ug, VK M, Vo€ Ex N Eext .

(i.e. (2.2) with v = 0). For general discretizations, it is not possible to prove a priori estimates on the
solutions to ((2.3),(2.4),(2.5),(5.9)) (?). However, restricting ourselves to “simplicial discretizations” as
defined below, we can prove the existence and uniqueness of an approximate solution, and its convergence
to the weak solution of (1.1).

2Consider the linear case on cartesian meshes; take one control volume K and put Fg - = +1 on two parallel sides and
—1 on the other two sides; extend then these fluxes by conservativity: this gives an element in the kernel of the system.
Hence, the fluxes cannot be estimated; however, one can see that estimates on u and v still hold, but the lack of estimates
on the fluxes prevents to pass to the limit.
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Definition 5.1 We say that an admissible discretization D of Q is simplicial if, for all K € M, K is the
interior of the convex hull of d+1 points of R in general position (not contained in an affine hyperplane)
and Card(Ex) = d + 1 (the smallest possible number of edges for a control volume).

Remark 5.1 In dimension d = 2, simplicial discretizations are the ones made of triangles.

Theorem 5.2 Assume Hypotheses (1.2)—(1.6). Let (Dy)n>1 be a sequence of admissible discretizations
of Q such that size(Dy) — 0 and (regul(Dy,))n>1 is bounded. We also assume that each discretization Dy,
is simplicial.

Then, for all n > 1, there exists a unique solution (un, vy, Fy) to ((2.3),(2.4),(2.5),(5.9)) for D = D,.
Moreover, if u € Wol’p(Q) is the weak solution to (1.1) then, as n — oo, u, — 4 weakly in LP(2) and
strongly in LY(Q) for all ¢ < p, and v,, — Va strongly in LP(Q).

Remark 5.2 We can also, in the case of simplicial discretizations, prove the convergence of a mon-
penalized version of the scheme presented in Subsection 5.1 for non-monotone operators.

Remark 5.3 In fact, sequences of simplicial discretizations (Dy)n>1 such that (regul(Dy,))n>1 s bounded

satisfy the assumption in Remark 4.1. In Theorem 5.2, the convergence of (un)n>1 to @ is therefore strong
in LP(£2).

Proof of Theorem 5.2

Notice first that, though the space L,(D), defined as the set of functions (u,v) € Hp x H{ which satisfy
(5.9), is different from L, , (D), one can verify that all the results of Section 3 are still true for L,(D)
(even for discretizations not made of simplicial meshes), provided that we replace all the vk by 0 (in
which case the terms My and M), vanish and there is no mention of F').

As usual, we drop the indices n. If Fx = (Fr,s)ocex and Ag is the (d + 1) x (d + 1) matrix whose
columns are the vectors (1,x, — xx )’ (0 € Ex), then Equations (2.4)-(2.5) can be written

o = [ fx)dz
A Fy = ( o) ) (5.10)

It is shown in [12, proof of Lemma 6.4] that Ag is invertible and that
|AZ ] < Cor sup(1, diam(K) ™) (5.11)

with C9; only depending on d and a bound on regul(D) (recall that there are exactly d + 1 edges
o € &k, so the norms we choose on the spaces RC#d(€x) — RI+1 inyolved do not matter; in the
following, we take the norms [|Fi|| = (3, ce. [Fr.ol? )7 and ||(= [4 f(2)dz,m(K)ak (vi))T|| =

| [ (@) x| + [m(K)ax (vic)]).

Step 1: existence and uniqueness of an approximate solution.
Thanks to (5.10), we can eliminate the fluxes in the non-linear system ((2.3),(2.4),(2.5),(5.9)), which can
therefore be considered as a system on (u,v). Existence of a solution is obtained, as in the proof of
Theorem 2.1, through a priori estimates on this system where ax (vk) has been replaced by tax(vk) +
(1 —t)vk. Reasoning as in Step 1 of the proof of Theorem 2.1, we arrive at (4.12) which reads, since
VK = O,

Mo (taol|(vie)llfs + (1 = [I(vi)IIi) < Crll(ur)]in-

In our framework, Lemma 3.1 gives ||u||zr(q) < C1]|V||1r ()¢, and we thus deduce an estimate (indepen-
dent on t) on v which gives, in turn, an estimate on u. Existence of a solution to ((2.3),(2.4),(2.5),(5.9))
follows from these estimates and the topological degree.

Uniqueness is done exactly as in Step 2 of the proof of Theorem 2.1: even with vxg = 0, the same
inequalities implies v = v’ which gives, by (5.9), u = v’ and, using (5.10), F = F".
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Step 2: convergence of the approximate solution.

The estimate of Lemma 4.1 is still true for vx = 0 (recall that, in this case, Lemma 3.1 bounds ||u|zr )
solely in terms of ||V||Lp(Q)d ). This shows that v is bounded in LP(Q)? and, applying Lemma 3.3 with
vi = 0, we find @ € WP () such that, up to a subsequence and as size(D) — 0, u — @ weakly in LP(2)
and strongly in L9(Q) for all ¢ < p, and v — V& weakly in LP(Q).

To prove that @ is a weak solution to (1.1), we use the same argument as in the proof of Theorem 2.2.
Starting from (4.19), the only term whose convergence needs a special work is ).\ m(K)ax (Vi) -
[Voli, because we have yet no estimate on the fluxes (since vxg = 0, Lemma 4.1 says nothing on
(Fr.o)Kem, ccex ). We still write

> m(E)ax(v) - Vel = 3 olxx) [ S@)do+ Ty

KeM KeM

with |T7| < C17 Y ke p Poges, dlam(K)?Fi 5| By (2.1),

x| < Cir Y Y diam(K)*m(K) "5 |Fy o lm(K)»

KeMoelk
4 1
, p’ P
< oo 5 mmrn i) (£ 5 )
KeMoefk KeMoe€gk
regul(D) ¥ , ’
< Crregul(D)rm(Q)7 | 20 S ST diam(K)* U Fr P | . (5.12)

w;; KeMoelk

By (5.10) and (5.11) we have, taking size(D) < 1 and using (1.5),

( > IFKUIP> = [|Frll

c€EK

==

IA

Cundiann()™ ([ 17(0)] o+ m(m)axcvic)

IA

Cyydiam ()~ (/K|f(x)|dm+/Kb(x)dx—km(K)A|vK|p1).

Hence,

Z |FK,U|p,

oelk

IN

Coodiam(K) ™7 </K(|f($)| +b(x) + |[v(z)[P7") dx)
< Copdiam(K) ™ m(K) ! / (1F(@)] + (@) + V(@) P~ de

< Cop? ~Mdiam(K)47 )P / (1F(@)] +b(z) + v(@) P~ de

where Ca only depends on d, p, A and a bound on regul(D). (5.12) then implies

i
7

ITy] < Cas ( S diam(K)% ~ 4 @ -0 / (£ (@)] + b(z) + [v(z) P~y dx)
KeM K

where Cos only depends on ¢, d, p, Q, A and a bound on regul(D). But 2p’ — d% +dp —1)—p' =
p +dp'(1— %) —d=19p', so that

IT] < Cagsine(D (Z/ (17 @)] +b(a) + [v(@)P~) dx>
KeM

-
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1
7

— Cusine(D) ( L@+ + v P~y dx)

Since v is bounded in LP(Q)%, |v|[P~! is bounded in L? (€2) and this inequality proves that T; — 0 as
size(D) — 0. We then conclude as in the proof of Theorem 2.2. B

5.3 Right-hand sides in W~ (Q)

The natural space for the right-hand side of (1.1) is in fact W=2'(Q) (see [22]); besides, such terms can
naturally appear when obtaining conservative equations as (1.1) (see [19]). Following the ideas of [14],
we can adapt our scheme to this setting.

If f € W2 (Q), it is known that f = div(G) for some GelL” (Q)d Let D be an admissible discretiza-
tion of Q. For all K € M, we can formally write [, f(z)dz = D ooctr [, G - ng , dvy; defining

1

/G dx if 0 € Eext NEK,

G(z)dx if o = K|L € &g s
G, =

the expression m(0)G, - ng,, can be seen as a replacement of fa G - ng , dy (which is not well defined)
and the finite volume scheme for (1.1) with f = div(G) therefore reads: (2.2), (2.3), (2.4) and

Y Fro= ) m(0)G, ng,, VKeM. (5.13)

c€EK oc€elK

We then have the following result.

Theorem 5.3 Assume Hypotheses (1.2)—(1.5) and that f = div(G) with G € LP (). Let (Dy,)n>1 be
a sequence of admissible discretizations of Q such that size(D,,) — 0 and (regul(Dy,))n>1 is bounded. Let
vy >0 and g €] —p'(d—1),—p'(d—2).

Then, for all n > 1, there exists a unique solution (un, vy, Fy) to ((2.2),(2.8),(2.4),(5.13)) with D = D,,
and vi = vodiam(K)P for all K € M,,.

Moreover, if @ € Wy () is the weak solution to (1.1) then, as n — oo, u, — @ weakly in LP(Q) and
strongly in LY(Q) for all ¢ < p, and v,, — Va strongly in LP(Q).

Proof of Theorem 5.3
We first notice that, since (2.2) has not been modified, the results of Section 3 still hold.

Step 1: existence and uniqueness of the approximate solution.

The existence and uniqueness of a solution to ((2.2),(2.3),(2.4),(5.13)) is a consequence of the proof of
Theorem 2.1 once we notice that, in this proof, fx = fK f(x)dz can be replaced by any real number
(and in particular ) .. m(0)Go - nk ) without changing the reasoning.

Step 2: estimates on the approximate solution.

In the following, we forget the indices n. To obtain estimates on the solution to ((2.2),(2.3),(2.4),(5.13)),
we make the manipulations at the beginning of the proof of Lemma 4.1 and we arrive at the equivalent
of (4.16), which reads here

Z m(K)ak(vi) vk + Z Z vm(K (|FKU|P 1) = Z UK Z m(o)G, -ng . (5.14)

KeM KeMoe€lk KeM c€EK
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Let Ty be the right-hand side of this equation. Gathering by edges (notice that G, - ng , = -G, - np 4
if o = K|L), we have Ty = ) ., m(0)G, - g o (uxg —ur) (we denote o = K|L if 0 € &y and ug, = 0 if
0 € Eext NEK). Hence, by (2.2) and defining vy, = v = Fr , = 0if 0 € Eexy N Ex, we find

Ty = - Z m(o)Gy - ng o (Vi - (Xe —XK) + VL - (XL — X5))
ce€
=Y m(0)Go i (vrm(E)| Fico |77~ Fic o = vim(L)|Fy o 7T F o )
oce€
= - Z VK Z m(o)Gy - Nk o (Xe — XK)
KeM cEfK
=3 N m(0)Gy - ngerrm(K)| Fi ol 7 Fr o
KeMoe€k
= T9+T10.

We have, by (2.1),

[To] < wg—1 Z Z diam(K)?|vk| |G|
KGMGng(
(D

< Wd— 1regu Z Z |VK||G |

KeMoefk
wq—_1regul v ’

< “—(z > e ) (3 3w

KeMocEEx KeMoelk

and

Tl < wan 303 mEwicdiam(K)' Fc |77 Gl
KeMoe€k

(2 mimie)

KeMoe€k

1
I

IN

) < > 2 m(K)ygdiam(K)M—l)mFK,g|#> " (5.15)

KeMoelk

Using Young inequalities, we deduce that for all € > 0 there exists Ca4 depending on & but not on D
(recall that regul(D) is bounded) such that

175l < Cas Z Z K)|Go|” +ellvIlz, p()d T€ Z Z pdiam(K)(d_l)p|FK,a|#.

KeMoelk KeMoelk

Let us study the expression involving G,: by Jensen’s inequality,

> S wmiel < ¥ Y AL el a

KeMo€elk KeMo€elk
< > > </ |G (z |de+/|G |de>
KeMoe€k
< 2regul(D Z / |G (2)|” da
KeMm
< 2egul(D)[GI?, g (5.16)
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(we have taken L neighbor of K such that 0 = K|L, or L = 0 if 0 € et N Ek). We deduce that there
exists Cy5 depending on € and G, but not on D, such that

|Ts| < Cas +elIVIlTo e + € S 3T m(K)E diam(K) VP | Fy o |77
KeMoelk
Injected in (5.14), this inequality leads to (4.17) and we can conclude, as in the proof of Lemma 4.1, that
P
[[VIlLr)e and Do peag D peey VI (|FKU|ﬁ) m(K) stay bounded as size(D) — 0.
Step 3: convergence of the approximate solution.
Thanks to the preceding estimates, we can reason as in the proof of Theorem 2.2 and we arrive at (4.19).

The convergence (4.20) is obtained as before, and it remains to study the limits of ), v, m(K)ax (vik)-
Vol and Y- oy m(K)ak (Vi) - Vi

Let us first consider the second expression. By (5.14), we have

> m(K)ak(vk) - vi < Ts =Ty + Tio. (5.17)
KeM

Inequalities (5.15) and (5.16) show that |Tig| < CasM,(D, v, F') where Cq does not depend on D. But
Mp(D,v, F) — 0 as size(D) — 0 (see (4.18)), and thus Tyg — 0 as size(D) — 0.
Let ¢ > 0 and G € C>°(Q)? such that ||G — G||Lp ‘(e < €. Let G, be defined as G, but using G instead

of G, and let
fa= = X vier X o) s — 1)
KeM o€fK

(i.e. Ty in which G, has been replaced by G ). We have, by (2.1),

|T9—T11| S Wd—1 Z Z dlam |VK||G —G |
KEMUEgK
Wa— 1regu1
< Z > m(K)vk||Gs — Gyl
KeMo€elk
! 5
wq—1regul ! ~ o\
< s (5 5, w) ( zmwcn—w)
KeMo€elk KeMo€elk
N
wq_1regul(D ’
< 2ot o) |v||Lp<Q>d<Z > m(K)/G, - G, |p>

KeMoelk

The same estimates that lead to (5.16), but applied to G — G instead of G, show that the last term of
this right-hand side is bounded by (2regul(D))Y/*'||G — G||» ()2 Hence,

Ty — T11| < Care (5.18)

where Cy7 does not depend on ¢ or D (recall that v is bounded in LP(Q)?). Let G = ﬁ Jx G(z)dx
Since G is regular we have, for all K € M, by Lemma 8.2,

Z m(U)(~}[7 ‘N e(Xe —XK) = Z m(a)(N;rK ‘N, (Xe — XK) + Z m(o)Rk o - Nk o (Xe — XK)
c€EK ocefK c€EK
= K)Gg + Z o) Rk Ngo(Xe — XK)
cEEK
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where [Ri »| < Cog(diam(K) + diam(L)) < 2Cagsize(D) with Cag depending on G but not on D. Hence,

‘Tn + Z m(K)VK . CN-}K‘

KeM
< 2Cssize(D)wg—1 Z Z diam(K |VK|
KeMoelk
) regul(D) i
< 2Cggsize(D)wg—1regul(D)———=||v||p1(q)e — 0  as size(D) — 0. (5.19)
wq

But 3 e m(K)vi - Gk = Jov(z) - G(z)dz — Jo Va(z) - G(z) dz as size(D) — 0, since v — Vi
weakly in LP(Q)¢. Moreover,

dx—/Vu x)dx

Therefore, by (5.18) and (5.19),

< IVl ooyl |G = Gl 1 e < el Val o (@ya-

lim sup ‘Tg —l—/ Vi(z) - G(x) dm‘ < (Cor + ||Vl pr () )e.
size(D)—0 Q

Since this is true for all € > 0 and since Cy; does not depend on &, we deduce that Ty — — fQ Via(zx) -
G(z) dzx as size(D) — 0. Recalling that T9 — 0, we deduce from (5.17) that

limsup S m(K)ax(vie) - vie < — / V() - G(x) da. (5.20)
size(D)—0 KeM Q

To study the convergence of ), v m(K)ax (Vi) - [V¢]k, we make the manipulations that allowed to
write (4.22); here, they give, using (5.13),

> mK)ax(vi)-[Velx = Y exx) Y m(0)Gy - ng o+ T

KeM KeM ocelK
= Y m(0)Go - nk,(p(xK) —p(x1)) + T
e

(where T7 is the same term as in the proof of Theorem 2.2, and thus tends to 0 as size(D) — 0, thanks
to the estimate we have on the fluxes F ). We then re-use (4.21) to find

> m(K)ak(ve) - [Velk

KeM
= - Z m(0)Go - ngo ((Volk - (X6 —xx) + [Vl - (X2 — X)) + Th2 + 17

oc€e€
= = > [Velk - Y m(0)Go - nko(xe —xk) + Tiz + T (5.21)
KeM o€k

where [T15] < C29 Y e m(0)|Go|(diam(K)? +diam(L)?) with Cag only depending on ¢. Using the same
techniques as in the convergence of Ty above, it is easy to see that the first term of the right-hand side
of (5.21) tends to — [, Vo(z) - G(x) dx as size(D) — 0. Moreover,

|T12| S 029 Z d1am(K)2 Z m(O’)|Gq|

KeM cEEK
< Cowg—1size(D Z Z diam(K |G |
KeMoelk
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(D
< Cowg—1size(D regu Z Z K)|Go|

KeMoefk
1
_l

Cagwq—1size(D) regul <Z Z K)|G, |p> (regul(D)m(Q))%

KeMoelk

IN

and this right-hand side tends to 0 as size(D) — 0, thanks to (5.16). Hence, (5.21) shows that

Z m(K)akg(vk) - [Volxk — —/ Vo(z) - G(x)dr as size(D) — 0.
KeM @

Thanks to this convergence, to (4.20) and to (5.20), we can take the limsup as size(D) — 0 of (4.19) and
we obtain

Og/Qa(x,Vgo(x))-(ch( 2) - Vi(a) d:r,—i—/ G(@) - (Ve(z) — Vi) do

The conclusion that @ is a weak solution to (1.1) with f = div(G) and that v strongly converges to Va
then follows exactly as in the proof of Theorem 2.2. &

Remark 5.4 This handling of right-hand sides in W‘l’p,(Q) can be simultaneously conducted with all
or part of the techniques in the preceding subsections.

Notice however that, to apply the non-penalized scheme to a right-hand side which belongs to Ww—Le (Q),
one needs a more precise estimate than (5.11) on the matriz Ax: we can see [12, Proof of Lemma 6.4]
that, in fact, the coefficients in the first column of Ay are of order 1 (and not diam(K)~!). Hence,
when estimating Fi by inverting (5.10) with fK x) dx replaced by deg m(o)G, Nk o, this last term
appears with coefficients of order 1; once we have factomzed diam(K)~1, the coefficients of G, are of
order diam(K)? ~ m(K), which is suﬁcicient to obtain a good estimate on the fluzes (see (5.16)).

6 Numerical results

We present here some numerical results. The domain =] — 1,1[? is discretized using triangular grids;
each point xx is randomly chosen inside its control volume K. The equation we study is the p-Laplacian:
—div(|Vu[P=2Viu) = f, where the right-hand side f is taken so that the exact solution is @(z,y) =
(22 —1)(y® — 1) (one can check that this right-hand side belongs to L?' (Q) provided that p > v/2). We
are mainly interested in the way our scheme behaves with respect to p.

Remark 6.1 The non-linear system ((2.2),(2.3),(2.4),(2.5)), or its non-penalized version, is of size
(d+ 1)Card(M) + Card(&) (thanks to (2.3), we can consider that there are as many fluzes as there are
edges). This is quite big; however, if we compute its solution via a Newton method (which requires the
resolution of a linearized version of this system), we can use the hybridization method of [12] to reduce
the linear systems to solve, at each iteration of the Newton method, to systems of size Card(Eng)-
Notice that, strictly speaking, the function G defining the system ((2.2),(2.3),(2.4),(2.5)) is not regular if
p > 2 (because of the term |FK,U|ﬁ_1FK,U), which could be considered as an issue for its linearization
in the Newton method. However, the set where G is not regular is very thin (from a numerical point
of view, there is nearly no chance to fall in this set while applying the Newton algorithm) and, above
all, the existence of a solution to the scheme has been obtained by a topological degree argument; this
solution is therefore stable and, if one wants to be sure to apply the Newton method on a reqular function,
it is possible to consider an obvious reqular approximation of G (with the same structure as G and, in
particular, the same hybridation properties) and to search for a zero of this reqularization, hence obtaining
a good approzimation of the zero of G. However, in practical situations, this is not really necessary.

Remark 6.2 The grids we consider here are simplicial, so that the non-penalized version of the scheme
can be applied. When using other grids, the question arises as how to choose the penalization parameters vy

26



and 3. The numerical tests on non-simplicial grids such as the ones in [12] give similar (and sometimes
even better) results to the ones we present below and show wvery little dependence on the choice of the
penalization parameters “within a reasonable range”: any vy € [1072,1071% and B €]—p'(d—1), —p'(d—2)]
provide good numerical results. Only very small values of vy (below 10711) should be avoided since, in
some cases, they can give rise to numerical issues in the Newton algorithm; large values of vy are not
really a problem, except that they demand very thin grids in order to obtain correct approxzimations of the
solution.

Figure 1 shows the relative errors Hqﬁ;ﬁy" and H“;Zﬁllp versus the size of the discretization, in log-log
scale and for p = 1.5. The rates of convergence are 2.1 for u and 1 for v (the results for p = 2, not shown
here, exhibit the same slopes and, in fact, the graphs of the errors for p = 1.5 and p = 2 can nearly be

superimposed).

10°

Figure 1: p = 1.5. Relative errors llu—all, (“007; slope = 2.1) and lv—Vall, (“47; slope ~ 1)

] ) 7 el [Ivallp
versus the size of the discretization, in log-log scale.

We have also run experiments for p = 1.1 (f then does not belong to L (Q), but its singularities are
isolated so we have still used (2.5) instead of (5.13)): the results are quite similar, and even better for
u (the rates of convergence for u and v are respectively 2.5 and 1). All these tests show something
that often appears when discretizing PDEs on regular meshes: a super-convergence of the approximate
solution with respect to its gradient; notice however that our meshes are not regular, since the xx have
been randomly chosen and are not located at the center of each control volume.

The results for p = 4 are presented in Figure 2. The rate of convergence for u (roughly 1.6) is worst
than in the cases p < 2; curiously enough, the rate for v (roughly 1.2) seems slightly better than with
the preceding choices of p, but this does not last: as p increases, we notice that the rates of convergence
for both w and v diminish (for p = 6, these rates are respectively equal to 1 and 0.3). This phenomenon
is probably due to the fact that, if p > 2, the factor |Va|P~2 vanishes as Vi — 0 (in which case
—div(|Va|P~2Va) is a degenerate elliptic operator), and it can be compared with the lack of regularity
of the solution for large p: if p > 2, there exists right-hand sides in L¥’ (©) such that the solution does
not belong to W2P(Q) (this never happens if p < 2, see [5]).

In [8] and [5], some theoretical error estimates are given for the approximation by the Finite Element
method of the p-Laplacian equation in dimension d = 2; these estimates are of order p/2 (if p < 2) or
2/p (if p > 2) in the WP norm. The preceding numerical results show that our scheme has a better
behavior in the vast majority of cases: for p = 1.5, the gradients converge with order 1 in our scheme
and (theoretically) with order 0.75 in the Finite Element scheme, and for p = 4 (respectively p = 6) our
convergence is of order 1.2 (respectively 0.3) whereas the order in [8] is 0.5 (respectively 0.33).
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107 107 10°

Figure 2: p = 4. Relative errors % (“007; slope =~ 1.6) and % (“47; slope =~ 1.2)

versus the size of the discretization, in log-log scale.

Reference [21] studies the Finite Element approximation of a problem similar to (1.1) with p = 1.5, and
they observe a convergence of order 0.95, which is the same magnitude as the order 1 our scheme provides
in this case. In [4], numerical results are given for another Finite Volume scheme for anisotropic and
nonlinear elliptic equations in dimension d = 2. For anisotropic linear equations, the rate of convergence
is 0.5 in H! norm, which is less that our scheme: as explained in [12], we observe in general an order
of convergence 1 in this situation. They also give orders of convergence for nonlinear equations with
different values of p: for example, with p = 4 they show orders 1.83 and 0.84 for the approximations of
the function and its gradient (we respectively have 1.6 and 1.2) and, with p = 6, the orders are 1.65 and
0.65 (versus 1 and 0.3 for our scheme). Notice however that these comparisons become sketchy since the
operator is not exactly the p-Laplacian, and the exact solution and meshes do not coincide with the ones
we have taken.

7 Conclusion

To conclude, we constructed Finite Volume schemes for nonlinear elliptic equations of the Leray-Lions
type (the p-Laplacian being the canonical example of these equations).

We defined spaces of functions associated with these schemes and we proved general properties on these
spaces (Poincaré’s inequality, compactness property), which allowed us to make the theoretical study
of the schemes. We showed the strong convergence of the approximate solutions and the approximate
gradients towards the solution of the PDE and its gradient, even in the case of a non-monotone operator
or for right-hand sides with little regularity.

The convergences hold for very general meshes (even unstructured or non-admissible ones, with respect
to the definition of [15]), with minimal assumptions; the proofs needed very few geometric considerations,
which allowed them to work in any space dimension and makes of this scheme a good candidate to handle
complex geometries and/or strongly coupled equations (as shown in [7]), all the more as the approximate
gradients strongly converge. We provided numerical results which show good performances for the scheme
(in most situations comparable to or better than other schemes).

8 Appendix
Lemma 8.1 Let r € [1,00[ and K be a non empty open polygonal convez set in R? such that, for some

a > 0, there exists a ball of radius adiam(K) contained in K. Let E be an affine hyperplane of R? and
o be a non-empty open subset of E contained in 0K N E. Then there exists Csg only depending on r, d
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and « such that, for all v e W (K),

1 Cg()dlam Cso
- < 230 r T de.
‘m(a) /UU by < m(o)diam(K) / Vo)l dz + s ) m(o)diam(K) /K ()| dw

Proof of Lemma 8.1
Since K is convex, the regular functions are dense in W17 (K) and it suffices to prove the result for
v € CH(R?). Let px be the center of a ball of radius adiam(K) contained in K, and denote Ay, the
convex hull of px and o. The last inequality in the proof of Lemma 6.2 in [12] reads

Cgldist(p}(, E)

’m(%m/AKﬁv(x)dx—$/0vd'y < m(A—K,a)/AK,G |Vou(z)| dx

where C3; only depends on «. Hence, since dist(pk, F) < dist(px, o) < diam(K),

/T d ‘< %/AKW |Vv(x)|dx+m(%m/AK’d lv(z)| dx.

We have m(Ak,») = w, and Jensen’s inequality therefore gives

e Lo

g

" 2107 diam(K)" / or—1 /
< Vou(2)|" de + —— v(z)|" dz
a m(AK7I7) AK,o | ( )| m(AK fT) AK,o | ( )|

2714, diam(K)" ) 9r=14 .
m(o)dist(pr, E) /K'V“(“’” e o)At (pr, B / [o@)|" de.

Since K is convex and 0K N E contains a non-empty open subset of F, K is on one side of E; hence,
the ball of center px and radius adiam(K) is also on one side of F and dist(pg, E) > adiam(K). The
preceding estimate then concludes the proof. B

Lemma 8.2 Let K be a non empty open conver polygonal set in R%. For o € Ex (the edges of K, in
the sense given in Definition 2.1), we let X, be the center of gravity of o; we also denote ng , the unit
normal to o outward to K. Then, for all vector e € R? and for all point xi € K, we have

m(K)e= Y m(o)e-ng,q (X, — Xx).

c€EK

The proof of Lemma 8.2 is a straightforward application of Stokes’ formula on the function z — (2 —x% )e
(where the superscript ¢ denotes the i-th component). It can be found in [12].

Lemma 8.3 Assume (1.2) and (1.5). Let 1 € C.(Q)?. For D an admissible discretization of Q, we
define ap : Q x RY = R? and ¢p : Q — R? by

for all K € M and all ¢ € RY, ap(-,€) = ak(¢) = ﬁ/ a(z,&)dx on K,
K
1

m/}(zﬂ(m)dm on K.

Then ap(-,¥p) — al-, 1) strongly in LP (Q)% as size(D) — 0.

forall K e M, t¢p =9k :=
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Proof of Lemma 8.3
Let (a(-,7))p : © — R? be the piecewise constant function equal, on each control volume K € M, to the
mean value of a(-,%) on K. We first compare ap(-,¥p) with (a(-,v))p; by Jensen’s inequality, we have

[ lan(e. () ~ (ol o)l e
2 / lan (2, ¥p(2) = (a(,¥)p(@)|” da

KeM
1 1 P
- 3 )| / ol )y~ e [ aly v dy
< laly éx) — aly, Bly)” d
2 Sl ,
= | latvo) - aly. v dv. 51)

For all y € €, the function a(y, ) is continuous on R? and p(y) — 1 (y) as size(D) — 0 (because 1 is
continuous); hence, |a(y, ¥p(y)) — a(y, ¥(y))[*" — 0 as size(D) — 0. Moreover, by (1.5),

/

la(y, vp(y) — aly, @)l < 271 (2 () + 2 A £ + 27 by + 2 ATy 2 )
< 2@V 4 2Dy E

Since b € L¥'(2), the dominated convergence theorem then implies that the right-hand side of (8.1) tends
to 0 as size(D) — 0, which shows that ap(-,v¥p) — (a(-,%))p — 0 in LP (Q)%

As a(-, 1) € LP (Q)% (see (1.5)), it is classical that (a(-,¥))p — a(-,¥) in L (Q)¢ as size(D) — 0, and
the proof is therefore concluded. ®

The following lemma is a very easy result, quite classical in the study of non-linear elliptic equations.

Lemma 8.4 Let (fn)n>1 be a sequence of nonnegative functions which converge a.e. on ) to f € L*(£2).
If [ fo(@)dz — [, f(z)dz as n — oo, then fn — f in L*(S).

Proof of Lemma 8.4

We first notice that ( f—fa)T < f, since f, > 0. Hence, since f is integrable, the dominated convergence
theorem gives f ) fn(x))T dz — 0 as n — oo. We then write [,(f(z) — fn(2))dz = [(f(z) —
fn(@)) T dx — [,(f(z) — fu(z))” dz so that

/|f 2)) do

/ (F(@) — fule))* do + / (F(@) = fule)™
Q Q

) — fo(e)T da — z) — fn(x)) dz
2/Q(f()f())d /Q(f()f())d

and the proof is concluded. &
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