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QUASILINEAR ELLIPTIC SYSTEMS IN DIVERGENCE FORM
WITH WEAK MONOTONICITY AND NONLINEAR PHYSICAL
DATA

FABIEN AUGSBURGER, NORBERT HUNGERBUHLER

ABSTRACT. We study the quasilinear elliptic system
—divo(z,u, Du) = v(z) + f(z,u) + div g(z, u)

on a bounded domain of R™ with homogeneous Dirichlet boundary conditions.
This system corresponds to a diffusion problem with a source v in a moving and
dissolving substance, where the motion is described by g and the dissolution
by f. We prove existence of a weak solution of this system under classical
regularity, growth, and coercivity conditions for o, but with only very mild
monotonicity assumptions.

1. INTRODUCTION

Let © denote a bounded open domain in R™. Let M™*™ denote the set of real
m by n matrices equipped with the usual inner product A : B = A;;B;;. In [12]
the following quasilinear elliptic system was cosidered:

—div o(z,u, Du) = v(z) on L1
u=0 on 0N, (1.1)

where v belongs to the dual space W17 (Q; R™) of Wy (; R™) and o satisfies
the following conditions for some p € (1, 00):
(E0) (Continuity) o : Q x R™ x M™*™ — M™*" ig a Carathéodory function,
ie. x — o(x,u, F) is measurable for every (u,F) € R™ x M™*™ and
(u, F) — o(z,u, F) is continuous for almost every x € Q.
(E1) (Growth and coercivity) There exist ¢; > 0, ¢; > 0, \; € LP (), Ay €
LYD),0<a<p, A3 e L@/ (Q) and 0 < 8 < 725 (p — 1) such that

oz, u, F)| < Aa(z) + ea(Jul” + |FP)
o(x,u, F): F 2 —Xa(x) — Ag(x)|u|® + 2| F|P

(E2) (Monotonicity) o satisfies one of the following conditions:
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(a) For all z € 2 and all u € R™, the map F + o(z,u, F) is a C*-function
and is monotone, i.e.

(o(z,u, F)—o(z,u,G)): (F—-G) >0

forall z € Q, u € R™ and F,G € M™*™,

(b) There exists a function W : QxR™xM™*"™ — R such that o(z,u, F) =
%—V}/(x,u,F), and F +— W (z,u, F) is convex and C1.

(c) For all z € Q and all w € R™, the map F > o(z,u, F) is strictly
monotone, i.e. o(z,u,-) is monotone and (o(z,u, F) — o(x,u,G)) :
(F —G) =0 implies F = G.

(d) o(x,u, F) is strictly p-quasimonotone in F i.e.

/Mmm(a(x,u,)\) —o(xz,u, N) s (A= AN)dr(N) >0

for all x € Q, all w € R™ and all homogeneous WP gradient Young
measures v with center of mass A = (v, id) which are not a single Dirac
mass.

Condition (EQ) ensures that o(z,u(x),U(x)) is measurable on  for measurable
functions u : & — R™ and U : Q — M™*"™; see e.g. [20, Appendix “Measurable
funtions” (12), page 1013].

Condition (E1) states standard growth and coercivity conditions. The main
point is that we do not require strict monotonicity of a typical Leray-Lions operator
[15] or monotonicity in the variables (u, F) in (E2) as it is usually assumed in
previous works. Thus, the classical monotone operator methods [6] [15], [4, 2T, 20]
developed by Visik, Minty, Browder, Brézis, Lions and others do not apply in
general for functions satisfying only (E0)—(E2).

For example, the assumption (E2) allows to take a potential W (x, u, F'), which
is only convex but not strictly convex in F, and to consider the corresponding
elliptic problem (QES) with o(x,u, F) = %—V}/(az,u, F). Even such a very simple
situation cannot be treated by conventional methods. The problem is that the
gradients of approximating solutions do not need to converge pointwise where W
is not strictly convex. The idea is now, that in a point where W is not strictly
convex, it is locally affine, and therefore, passage to the limit should locally still
be possible. Technically, this can indeed be achieved by considering the Young
measure generated by the sequence of gradients of approximating solutions.

The assumption (d) in (E2) is motivated by the study of nonlinear elastostatics
by Ball. For non-hyperelastic materials the static equation is not given by a poten-
tial map. Subsequently quasimonotone systems have been studied by Zhang and
Chabrowski [7] who investigated the existence of solutions for perturbed systems.
However, a slightly different notion of quasimonotonicity is used in the mentioned
papers. The regularity problems for such systems were studied by Fuchs [I0]. A
simple example of a strictly p-quasimonotone function is the following:

Example 1.1. Assume that n: M"*" — M™*™ satisfies the growth condition
n(F)] < ClFP

with p > 1 and the structure condition

/ (n(F + V) —n(F)) : Vodz > c / Vol da
Q Q
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for constants ¢ > 0, r > 0, and for all ¢ € C5°(2;R™) and all F € M™*". Then 7
is strictly p-quasimonotone. This follows easily from the definition if one uses that
for every WP gradient Young measure v there exists a sequence (Dvy,) generating
v for which (|Dvg|P) is equiintegrable [13].

An example of an operator which satisfies all conditions (E0)—(E2) is the p-
Laplace operator A, (which in fact is even uniformly monotone).

Example 1.2. The function o(z,u, Du)=|Du|P~2Du satisfies (E0)—(E2). Condi-
tions (E0), (E1) are obvious and (a), (c¢) and (d) in (E2) follow by direct calculations.
For (b), we may choose W (x,u, F) = %|F|p. Note that we have then

div |DulP~2Du = A,u.

In [12], Young measures are used to prove the needed compactness of the ap-
proximating solutions obtained through a Galerkin scheme. With this method,
it is shown in [II] that the Dirichlet problem (QES) has a weak solution u €
WP (€; R™) under the mild assumptions (E0)-(E2).

Definition 1.3. We say that v : 2 — R™ is a weak solution of
—div (a(z, u, Du)) + b(z,u, Du) = v(z) on Q
u=0 on JdNQ,

with v € W17 (Q; R™) if:
(i) u belongs to Wy (4 R™)
(i) a(-,u(-), Du(-)) belongs to L' (2; M™*") and b(-, u(-), Du(-)) to L*(2;R™),
(iii) the equality

[ ate,u(e). Dute) s Dpta)de + [ b, uta), Du(a) - plo)ds = (v,)
Q Q

holds for every function ¢ € C°(;R™).
Here, (-,-) denotes the dual pairing of W=Lr" and Wi,

Remark 1.4. In Definition [I.3] the boundary condition u = 0 on < is interpreted
in the sense of (i).

The purpose of this article is, motivated by physics or geometry, to generalize
the right hand side of (|1.1) and to prove the existence of a weak solution, again
under the weak assumptions (E0)—(E2). In this sense, for a function u :  — R™,
we consider the quasilinear elliptic system, (QES),q,

—div o(z,u, Du) = v(z) + f(z,u) + div g(z,u) on Q
u=0 on 09,

which is a Dirichlet problem. Here, o satisfies (E0)-(E2) for some p € (1,00), v €
w—Lp (Q;R™) and f and g satisfy the following continuity and growth conditions:
(FO) (Continuity) f : Q xR™ — R™ is a Carathéodory function, i.e. x — f(x,u)
is measurable for every v € R™ and u — f(z,u) is continuous for almost
every x € €.
(F1) (Growth) There exist 0 < v < p—1, by € LP () and by € L7 () such that
[ (@, u)] < br(x) + ba(a)|ul”.
(G0) (Continuity) g : 2 x R™ — M™*™ ig a Carathéodory function.

(1.2)
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(G1) (Growth) There exist 0 < 7 < p— 1, by € LP () and b5 € L7 (Q) such
that
gz, u)| < ba(x) + bs (z)|ul".

Conditions (F0) and (GO0) ensure that f(x,u(x)) and g(x,u(x)) are measurable
on  for any measurable function v : @ — R™. (F1) and (G1) state standard
growth conditions. In particular, if u € Wy (Q;R™) then f(-,u(-)) - u(-) and
g(-,u(+)) : Du(-) belong to L*(Q).

The notation (QES)y 4 for should help the reader and lighten the text. So
that the subscripts f and g show the nature of the right hand side. In particular,
when g = 0, the system will be denoted by (QES);. Note that the system (QES)y 4
is more general than the system (QES)s. Indeed, the term div g cannot be absorbed
in divo or in f since no condition on the derivatives of g or on the monotonicity of

f and g is imposed. Adapting the methods used in [T1], we will prove the existence
of a weak solution for the system (|1.2):

Theorem 1.5. If p € (1,n) and if o satisfies the conditions (E0)—(E2), then
the Dirichlet problem (T.2) has a weak solution u € Wy (S;R™) for every v €
Wﬁl’p'(Q;Rm), every f satisfying (F0)—(F1) and every g satisfying (GO)—(G1).

Remark 1.6. (a) For p = n, Theorem holds if the conditions by € L*(Q) in
(F1) and bs € L>=(2) in (G1) are assumed. All the progress below remains valid
with these adaptations.

(b) For p > n, Theorem [L.5| remains valid with u € C(;R™) if by € L' () in
(F1) and b5 € L*(Q2) in (G1) hold.

(¢) The strict bound p — 1 for v and 7 in the growth conditions (F1) and (G1)
ensures the coercivity of the operator F' introduced in Section |4} However, the limit
value p — 1 is admissible in some particular cases (see Section .

(d) When o satisfies (c) or (d) in (E2), the function f may even depend on the
Jacobian matrix Du. See the subsequent articles of the authors.

The general structure of the proof of Theorem (1.5 follows [11] and [2].

2. A BRIEF REVIEW ON YOUNG MEASURES

Weak convergence is a basic tool of modern nonlinear analysis because it en-
joys the same compactness properties that convergence in finite dimensional spaces
does Evans90. Nonetheless, this notion does not behave as one would desire with
respect to nonlinear functionals and operations. Young measures are a device to
understand and to control these difficulties. The main theorem we will advocate to
solve nonlinear PDEs systems is the following result due to Ball and proved in [3]:

Theorem 2.1 (Ball). Let  C R™ be Lebesgue measurable, let K C R™ be closed,
and let uj: Q@ — R™, j € N, be a sequence of Lebesgue measurable functions satis-
fying u; — K in measure as j — oo, i.e. given any open neighborhood U of K in
Rm

lim {z € Q: u;(z) ¢ U} =0.

Jj—o0
Then there exists a subsequence (uy) of (u;) and a family (v,), © € Q, of positive
measures on R™ depending measurably on x, such that
(1) [[Vallmeas= [gm dve < 1 for a.e. z € Q,
(ii) suppv, C K for a.e. x € Q, and
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(i) f(ur) = (ve, f) = Jrm F(N)dvg(X) in L®(Q) for each continuous function
[+ R™ — R satisfying lim|y o f(\) = 0.
Suppose further that {uy} satisfies the boundedness condition

VR > 0: Llim sup|[{z € QN Bg: |uk(z)| = L} =0, (2.1)
T keN

where Bg = Br(0). Then
Ve llmeas =1 for a.e. x € Q (2.2)

(i.e. vy is a probability measure), and there holds:

For any measurable A C Q) and any continuous function f: R™ —
R such that {f(ug)} is sequentially weakly relatively compact in (2.3)
LY(A) we have f(uy) — (v, f) in L1(A).

Improved versions of this theorem exist: In [12] Theorem 1.2], it is shown
that (2.1)) is necessary for and to hold, and that in fact ,
and (2.3]) are equivalent.

In this article, we will adopt the following terminology:

Convention 2.2. Choosing K = R™, the assumptions of Ball’s Theorem [2.1] are
always fulfilled. Thus a family (v, ).cq satisfying (i)—(iii) always exists. Moreover,
once the subsequence (uy) of (u;) is fixed, (v;)zeq obtained by this way is unique
and is a sub-probability family on R™ by (i): A sub-probability family (7,).cq on
R™ is a family of measures such that ||7,|lmeas < 1 for a.e. € Q. Such a family
(Vz)zeq is called a Young measure on € x R™. Thus, in this sense, each sequence
generates a Young measure.

Remark 2.3. The notion of Young measure introduced in Convention does
not entirely coincide with the original definition of Young [16]. which is adopted in
measure theory. For the link between these notions and a geometrical interpretation
of Young measures, refer to [2] or [17].

Theorem [2.1] has useful applications, in particular in non-linear PDE theory. The
following technical statements build the basic tools used in the next sections.

Proposition 2.4. If |Q| < 0o and v, is the Young measure (see Convention [2.9)
generated by the (whole) sequence w;, then there holds

uj — u in measure if an only if v, = Oy () for a.e. x € Q.
For the proof, see [12], Proposition 1.3].

Proposition 2.5. Let [ < co. If the sequences uj: @ — R™ and v;: Q — R?
generate the Young measures 8,y and v, respectively, then (uj,v;) generates the
Young measure §y(z) ® V.

For the proof, see [12 Proposition 1.4]. This result also holds for sequences ;,
A; of Young measures converging in the narrow topology to u and A respectively;
see [I7]. However it is false in general if both p and A are not Dirac measures. The
third application is a Fatou-type lemma:

Lemma 2.6. Let F' : Q x R™ x M™*" — R be a Carathéodory function and
up : 2 — R™ a sequence of measurable functions such that Duy generates the
Young measure vy, with ||Vg||meas = 1 for almost every x € Q. Then

lim inf F(x,uk(x),Duk(;E))de// F(z,u,&)dv, (§)dx
Q Jmmxn

k—oo Jo
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provided that the negative part F~(xz, up(xz), Dug(x)) is equiintegrable.

More general versions of this lemma may be found in [16], [I7] and [I4]. However,
these assumptions allow a more elementary proof as in [12, Lemma 1.5].

3. A CONVERGENCE RESULT FOR o

This section presents a general convergence result for functions o satisfying sim-
ilar conditions as stated in Section [1} In fact, an elliptic div-curl inequality is the
key ingredient to prove that one can pass to the limit in our quasilinear elliptic
system. Since they are, in part, independent of the differential equation, we state
them in a general form using only a set of hypotheses:

(H1) The sequence (uy) is uniformly bounded in W,?(Q; R™) for some p > 1
and hence a subsequence converges weakly in VVO1 P(Q;R™) to an element
denoted by wu.

(H2) o: Q x R™ x M™*"™ — M™*" is a Carathéodory function.

(H3) The sequence oy (z)=0(x, ug(x), Dug(x)) is uniformly bounded in the space
¥’ (€; M™*™) and hence equiintegrable. The equiintegrability follows from
the Holder inequality.

(H4) The sequence (o () : Duy)~ is equiintegrable.

(H5) There exists a sequence (vy) such that v, — u in W, *(Q; R™) and
Jo ok(z) : (Dugp — Dvg)dz — 0 as k — oo.

Note that the assumption (H1) ensures even a strong convergence in some

Lebesgue spaces:

Lemma 3.1. Let p > 1 and (uy) be a sequence which is uniformly bounded in
WP (S R™). Then there exists a subsequence of (ug) (for convenience not rela-
beled) and a function u € Wy (Q; R™) such that

up —u in Wy (;R™) (3.1)

and such that
up — u  in measure on Q and in L°(Q;R™) (3.2)

for all s < p*.

Proof. Since (uy) is bounded in W, (Q; R™), follows directly from Eberlein-
Smuljan Theorem [5]. Moreover, the Rellich-Kondrachov Theorem [I] implies that
(ug) converges to an element @ in L*(Q;R™) for all s < p*. Notice that in order
to have the strong convergence simultaneously for all s < p*, the usual diagonal
sequence procedure applies. By unicity of the limit, &« = u. Finally, the sequence
converges in measure [9, Proposition 2.29] since p > 1. ([l

Now, under the conditions (H1)-(H5), we can prove the following div-curl in-
equality:

Lemma 3.2 (div-curl inequality). Suppose (H1)-(H5) and assume (after passing
to a suitable subsequence if necessary) that (Duy) generates the Young measure v,.
Then the following inequality holds:

/ / o(x,u,A) : Adrgy(AN)de < / / o(z,u, A) : Dudv,(N)dx. (3.3)
Q JMmMmXn Q JMmXn
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Proof. Let us consider the sequence
In=0(z,up, Duy) : (Duy — Du) = oy, : Dug, — oy, : Du.
By conditions (H3) and (H4), the negative part I,  of I} is equiintegrable. Hence,
we may use the Fatou-Lemma [2.6] which gives that
X= liminf/ Ipdx > / / o(z,u, A) : (A — Du)dv,(N)dz.
(9] Q JMmXn

k—o0
It remains to prove that X < 0. For this, we note that by (H5) we have

X = liminf (/ or : (Duy, — Dug)dx —|—/
Q

oy : (Dvg — Du)dm)
k—oo Q

1p =0
m in P )

= liminf/ ok 1 (D — Du)dz < liminf ||og |y |lox — u
Q k—00 e —
<C

where we used the Holder inequality and (H3). Thus the conclusion follows. O

Remark 3.3. The naming “div-curl inequality” can be explained as follows. Sup-
pose for a moment that div o(x, ug, Dug) = 0 for all k and that o(x, ug, Du) : Dug
is equiintegrable. Then, the weak limit of o (x, ug, Dug) : Duy in L'(Q) is given by
Jygmxn 0(@, 1, A) © Addvg(X). On the other hand, by the usual div-curl lemma we con-
clude that [, o(z, ug, Dug) : Dugda converges to [ [imxn 0(2,u,A) : Dudv, (X)dz
and hence, the lemma would follow with equality.

The div-curl inequality will be the key ingredient to pass to the limit in the
approximating equations. However, we need some additional information on the
Young measure v, generated by the sequence of the gradients (Duy) to exploit
(3.3). These properties are the following;:

(N1) v, is a probability measure for almost every = € .

(N2) v, is a homogeneous WP gradient Young measure for almost every €

in the sense that for z € Q fixed there exists a sequence #(z) such that the
Young measure (7,).cq generated by Di(z) is homogeneous and equal to
Vy: U, = v, for almost every z € Q.

(N3) v, satisfies (v,,id) = Du(x) for almost every = € .

The properties (N1)—(N3) follow in particular from the two estimates formulated
in the next Lemma:

Lemma 3.4. Let Q be a bounded subset in R™ and (uy )y, a sequence in Wy ' (Q; R™).
Suppose that there exist r > 0, p > 1 and some constants C, M and L such that

sup/ lug|"dx < C
Q

keN
and
sup/ |Duy|Pde < MR+ L VR > 0.
keN Jjug|<R
Then the Young measure v, generated by (a subsequence of) Duy, has finite p-th
moment for almost every x € Q and satisfies (N1)—(N3).

For the proof, see [8, Lemma 9]. In particular, (N1)—(N3) hold if the condition
(H1) is fulfilled (actually if (H1) is satisfied, (N1)—(IN3) can also be verified directly).
In any case, the conditions (N1)—(N3) will be sufficient to pass to the limit as shown
by the following convergence result for o:
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Proposition 3.5. Suppose that (H1)-(H5) hold. Further assume that the Young
measurcﬂ v, generated by the gradients Duy, satisfies (N1)—(N3) and that one of the
following conditions holds:

(a) The map F +— o(x,u, F) is monotone and continuously differentiable for
all (z,u) € @ x R™.
(b) o(z,u,F) = 2% (z,u, F) and F — W (z,u, F) is a convex C'-function for
all (x,u) € Q x R™.
(¢c) The map F — o(z,u, F) is strictly monotone for all (x,u) € Q x R™.
(d) The map F — o(x,u, F) is strictly p-quasimonotone.
Then (after passage to a subsequence) the sequence oy, converges weakly in the space
LY(Q;M™ ") as k — oo and the weak limit & is given by
a(x) = o(z,u(x), Du(x)).
If (b), (c) or (d) holds, then
o(x,up (), Dup(x)) — o(x,u(x), Du(x)) in LY(Q;M™*™).
In cases (c) and (d), it follows in addition that (after extraction of a further sub-
sequence if necessary) Duy, — Du in measure and almost everywhere in €.

Before we prove Proposition we state a technical lemma which allows to
localize the support of the Young measures v,.

Lemma 3.6. Suppose that (H1)—(H5) hold. Further assume that v, is the Young
measure generated by the gradients Duy and satisfies (N1)—(N3). If the map F +—
o(x,u, F) is monotone for all (x,u) € Q x R™, then

sptv, C{N e M™ " : (o(x,u,\) — o(x,u, Du)) : (A — Du) = 0}. (3.4)
Proof. By (N1) and (N3), we have (with A = Du(x))

/men a(x,u,\) : (A — N)dvg(\)
:/ o(x,u, ) : Advg(\) —/ o(x,u, ) : Advg(\)
MmXn Mmxn

=o(z,u,\) : /men vy (N) —o(z,u, \) : X/M dv,(\) = 0.

mxn

—_— —_—
=\ =1

By conditions (H1)-(H5), we have A = Du(x) and we infer from inequality (3.3) in

Lemma that

/ / (o(z,u,\) — o(z,u,\)) : (A= A)dvy(N)dz < 0. (3.5)
Q Jmmxn

On the other hand, the integrand in (3.5)) is non negative by monotonicity. It follows
that the integrand must vanish almost everywhere with respect to the product
measure dv, ® dr. Hence, the conclusion follows. ([l

Proof of Proposition[3.5. We start with the easiest case:

Case (c): Since ¢ is monotone by assumption, holds by Lemma By strict
monotonicity, it follows from that v, = dpy(e) for almost all x € €, and hence
Duy, — Du in measure for k — oo by Proposition [2:4] Since we have already that

LThe existence of v is guaranteed by Ball’s Theorem (see Convention .
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uj — u in measure for k — oo by (H1) and Lemma we may infer that (after
extraction of a suitable subsequence, if necessary [9, Theorem 2.30])

up — u and Duy — Du almost everywhere in Q for k — oo.

From the continuity condition (H2), it follows that o(z,ux, Dug) — o(z,u, Du)
almost everywhere in Q. Since, by assumption (H3), o(x) is equiintegrable, it
follows from the Vitali convergence Theorem [9, Page 180] that

o(x, u, Duy) — o(z,u, Du) in L'(Q;M™*™)

for k — oo, which proves the proposition in this case.

Case (d): Assume that v, is not a Dirac mass on a set x € M of positive Lebesgue
measure |M| > 0. Then, by the strict p-quasimonotonicity of o(x,u, ) and (N2),
we have for a.e. z € M (with A\ = (v,,id) = Du(z) by (N3))

/ o(x,u, A) 2 Advg(N)
men

MmXn

> /Mmm a(x,u, ) 1 Adyg (M) —/ o(x,u, \) 1 Advg(N)

=0 (x,u,A): =o(z,u,\):\1 (36)

—|—/ o(x,u, ) @ Adyg(\)
Mm™m Xn

:/ o(x,u,\) @ Adyg(N),
Mm™m Xn

where we used (N1). We claim now that we obtain a contradiction. Indeed, by
integrating (3.6) over © and using the div-curl inequality (3.3) in Lemma we

get
/ / o(x,u, ) : Advg(AN)dx > / / o(z,u, \) : My, (\)dz
Q JMmMmXn Q JMmXn
> // o(x,u,\) : Adv,(N)dz
Q Mm,xn

as desired. Hence, we have v, = 05 = dpy(,) for almost every x € Q. Thus, it
follows again by Proposition that Dup — Du in measure for k — oco. The
reminder of the proof in this case is exactly as in case (c).

Case (b): We start by showing that for almost all z € ), the support of v, is
in the set where W agrees with the supporting hyper-plane L={(\, W (z,u, \) +
a(z,u, \)(A — X))} in A = Du(z), i.e. we want to show that

sptv, C Ky ={A €M™ "™ : W(z,u,\) = W(x,u,\) +o(z,u,\) : (A=)}

Since o admits a potential, ¢ is monotone and then (3.4) holds by Lemma
Thus, if A € spt v, then by (3.4))

(1 —t)(o(z,u,\) — a(x,u,\) : (A=) =0 forallt€0,1]. (3.7
On the other hand, by monotonicity, we have for ¢ € [0, 1] that
0< (1=t)(o(m,u, A +t(A=A)) —a(z,u,\): (A= A). (3.8)
Subtracting from , we get
0< (1—t)(o(m,u, A +t(A = X)) —a(x,u,\) : (A= N) (3.9)
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for all t € [0, 1]. But by monotonicity, in (3.9)) also the reverse inequality holds and
we may conclude, that

(o(z,u, N Ft(AN = X)) —o(z,u,\) : (A=) =0 (3.10)
for all ¢ € [0,1], whenever X\ € sptv,. Now, it follows from that
W(z,u,\) = W(z,u,\) + (W(z,u,\) — W(z,u,\))

=W (z,u,\) +/01 oz, u, N+ t(A = X)) 1 (A= N)dt

=W(x,u,\) +o(x,u,\): (A=)

as claimed.

By the convexity of W we have W (z,u, A) = W (x,u, \) + o(z,u,\) : (A=) for
all A € M™*"™ and thus L is a supporting hyper-plane for all A\ € K. Since the
mapping A — W (x,u,\) is by assumption continuously differentiable we obtain

o(z,u,\) = o(x,u,\) forall A\ € K, D sptv, (3.11)
and thus
5(95)5/ o(x,u,\) dvg(\) = o(z,u, \) . (3.12)
MmXxXn
Now consider the Carathéodory function

(@, u,p) = |o(z,u,p) —o(x)].
The sequence ¢ (z) = ¥(z,ug(x), Dug(z)) is equiintegrable and thus by Ball’s
Theorem 2.1]
Y — 1 weakly in L'(Q)

and the weak limit 1 is given by

Bz) = / o) = (@) 48, () © ()
:/t o, u(x), ) — &(2)| dva(X) = 0

by (3.11)) and (3.12)). Since 95 > 0 it follows that
Yp — 0 strongly in L'(Q).

Thus the proof of the case (b) is finished.

Case (a): First we note that since o is monotone, holds by Lemma We
claim that in this case for almost all z €  the following identity holds for all
M € M™*™ on the support of v,:

o(z,u,\) s M = o(z,u,\) : M + (Veo(z,u, \)M) : (A —N), (3.13)

where Vr is the derivative with respect to the third variable of o and A = Du(z).
Indeed, by the monotonicity of ¢ we have for all ¢ € R

(o(x,u,A) — (T, u, A +tM)) : (A= X —tM) >0,
whence, by ,
—o(z,u, ) s (tM) > —o(z,u, \) - (A= N) +o(z,u, A +tM) : (A — X —tM)
=t((Vro(z,u, M)A = A) — o(z,u, A) : M) + o(t).
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The claim follows from this inequality since the sign of ¢ is arbitrary. Since the
sequence oy () is equiintegrable by (H3) or by (C5), its weak L!-limit & is given
by

6(;3):/t o(x,u, A)dvg(A)

:/l (ﬂ@U}ﬁhJM%{Vpd%ujDi/ (% — N)dva(N)

Spt vy
=X—(vs,id)=0
=o(z,u,\),
where we used in this calculation. This finishes the proof of the case (c¢) and
hence of the proposition. ([l

Remark 3.7. In case (b), we remark, that the relation already states that
o(x,u, 5\) is the weak L!-limit of o(x, ug, Dug), which is enough to pass to the limit
in an equation which holds in the distributional sense. However, we wanted to point
out that in this case, the convergence is even strong in L1 (£2; M™*™).

4. EXISTENCE OF A WEAK SOLUTION

To prove Theorem [I.5] we will apply a Galerkin scheme. First we recall that by
the Poincaré and the Sobolev inequalities, there exists a constant A > 1 such that

o) < A|Dull, Yue WP (Q;R™). (4.1)

max({|ullp, [[u

Note that we write A, in general without further comment, to point to the use of
(4.1). This relation and the Holder inequality are central to establish the required
estimates to prove the desired results.

Lemma 4.1. For arbitrary u € Wy P(Q;R™) and v € W12 (Q;R™), the func-
tional F(u) : Wy P(Q; R™) — R given by

w |—>/Qo*(x, u(x), Du(z)) : Dw(x)dz — (v, w) — A flz,u(x)) - w(z)d
—|—/Qg(a:,u(x)) : Dw(z) dx

is well defined, linear and bounded.

Proof. On the one hand, the growth condition in (E1) allows us to estimate
I= [, o(x,u, Du) : Dwdz for each w € WyP (4 R™):

| 1] g/ lo(x, u, Du)||Dw|dx
Q
g/)\1|Dw|d:c+cl/ |u|’3|Dw|d:c+cl/ | DulP~ | Dw|dx
Q Q Q

< IDwlly (Al + er (A | Dulp /7 + [ Dul5~1)),

by the Holder inequality and the bound for 8. Next, the generalized Holder in-
equality implies that

(o, w)| < [[oll-1pr[wllip < Allvll-1p ([ Dwllp.
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On the other hand, if I1= [, f(z,u) - wdz, it follows from the growth condition
(F1) (Without loss of generality, we may assume that v = p — 1). An application
of the Holder inequality to the three functions yields

|II|</|f(x,u)Hw\dx</b1|w|dx+/b2|u|p_1\w|dx
Q Q Q

< ”blHP’”w”p + W)z”% ||u

—1
b w

B
< 1Dwly (Allilly + 422l 3 | Duls ).

Finally, the growth condition (G1) (Without loss of generality, we may assume that
1 =p— 1) allows us to estimate I1I= [, g(z,u) : Dwdz for each w € WP (Q; R™):

111] g/ |g(m,u)||Dw|dm</b4|Dw|dx+/b5|u|”_1|Dw|dx
Q Q Q
—1
< [ballpr | Dwllp + 1165 ]| 2wl | Dwll,
<

.
[ Dw|lp (1[ballpr + AP~ Hbs]| =y | Dul5™).

for each w € WO1 P(Q;R™). Since these four expressions are finite by our assump-
tions, F'(u) is well defined. Moreover, F(u) is trivially linear and we have for all
w e Wy P(Q;R™)

(' (w), w)| < [+ [{v,w)]| + [IT] + [ITT] < C[|Dwl]p,
which implies that F(u) is bounded. O

So we can define the operator
F:WEP(Q;R™) — W2 (4 R™),  u— F(u),
which satisfies the following property.

Lemma 4.2. The restriction of F' to a finite dimensional linear subspace V' of
Wy (4 R™) is continuous.

Proof. Let r be the dimension of V and (¢;)j_, a basis of V. Let (u; = a’¢;) be
a sequence in V which converges to u = a‘¢; in V (with the standard summation
convention). Then on the one hand the sequence (a;) converges to a in R” and so
uj — wand Du; — Du almost everywhere and on the other hand ||u,||, and ||Du;|,
are bounded by a constant C. Thus, it follows from the continuity conditions (EO0),
(F0)* and (GO) that o(z,u;, Du;) : Dw — o(z,u, Du) : Dw, f(z,u;) - w — f(z,u)-
w and g(z,u;) : Dw — g(z,u) : Dw almost everywhere. Moreover we infer from
the growth conditions (E1), (F1) and (G1) that the sequences (o(x,u;, Du;) : Dw),
(f(z,u;, Duj) - w) and (g(z,u;) : Dw) are equi-integrable. Indeed, if ' C Qis a
measurable subset and w € Wy (Q; R™), then

lo(z,u;, Duj) : Dw|dx
Q/

</ (A + er(luy]? + | Duy[P~1)) | Dw|da
QI

1/p . -
< / Dulrdz) " (Il + en (A7 Duy |27 + [ D [57)
Qf —— ——

<C <C
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and (Without loss of generality, we may assume that v =p — 1),
/ ;) - wlde < / (b1 + boluy ") wlda
% %

<a( [ 1Dwpdar) (Il -+ (41

2) IDus 57"
——
<C

and (Without loss of generality, we may assume that n = p — 1),

[ 9t ) s Dulds
Q/
1
< ([ 1Dwpds)” (Ieally + (47 sl ) [l )
Q ~—
<cC

by the Holder inequality (see the proof of Lemma . Applying the Vitali Theo-
rem, it follows that for all w € Wy (Q; R™) we have lim; o (F(u;), w) = (F(u), w)
as desired. ]

Remark 4.3. Note that in all the progress in this subsection we used only the
conditions 7, 8,7 < p — 1. Thus Lemmas and are still valid as y =6 =n =
p—1
Now, the problem (T.2) is equivalent to find a solution u € Wy*(; R™) such
that
(F(u),w) =0 for all w € WyP(Q;R™). (4.2)
In order to find such a solution we apply a Galerkin scheme. Let Vi3 C V5 C
... C VVO1 P(Q; R™) be a sequence of finite dimensional subspaces with the property

that UgenVi is dense in Wol’p(Q;Rm Let us fix some k£ and assume that V) has
dimension r and that ¢1,..., ¢, is a basis of V. Then we define the map

A\ ((F(aig), )
a? (F(a'i), ¢2)
G:R"—R", e .
a (F(a'¢s), ¢r)
Proposition 4.4. G is continuous and

G(a)-a— o0 as |a|]|gr — 0.

Proof. Since F restricted to Vj is continuous by Lemma [£.2] G is continuous. Let
be a € R" and u = a'¢; € Vi. Then G(a) - a = (F(u),u) and |al
equivalent to |ju|l1, — oo. Next, we note the following considerations. First the
coercivity condition in (E1) and the Holder inequality imply that

Rr — 00 1S

I= / o(x,u, Du) : Dudz > —[[A2l1 — A% Azl 2y [[Dully + cal| Dull}.
Q

Next the generalized Holder inequality implies that

(| = [(v, )] < [[oll-1pl[ully < Allvll-1p [ Dullp.

2Such a sequence (V}) exists since Wol’p(Q;Rm) is separable.
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Finally, it follows from the growth conditions (F1) and (G1) that (see the proof of

Lemma

= / f(,u) - udz < Allby|ly | Dull, + AT+||bs
Q

Du||;§+1

n
P
and

V| =| /ng,mo : Dude| < [Jbally [ Dully + A" | e [ Dul7.

From these estimations it follows that
(F(u),uy =I—II —IIT+1IV — 00 as |ull1,p, — oo,

since p > max(1,,v+ 1,0 + 1,7+ 1) and A,co > 0. O

The properties of G allow us to construct our Galerkin approximations:
Corollary 4.5. For all k € N there exists uy € Vi such that
(F(ug),wy =0 for all w € Vj. (4.3)

Proof. By Proposition [4.4] there exists R > 0 such that for all a € 9Br(0) C R”
we have G(a) -a > 0 and the usual topological argument [19, Proposition 2.8] gives
that G(x) = 0 has a solution « € Br(0). Hence, for all k there exists uj € Vi such

that (4.3) holds. O

The Galerkin approximations satisfy the following bound:

Proposition 4.6. The sequence of the Galerkin approximations constructed in
Corollary is uniformly bounded in Wol’p(Q;Rm), i.e. there exists a constant
R > 0 such that

luklli,p < R forall k € N. (4.4)

Proof. As in the proof of Lemma we see that (F(u),u) — oo as |jull1, — oo.
Then it follows that there exists R > 0 with the property, that (F(u),u) > 1
whenever |lulj1, > R. Thus, for the sequence of Galerkin approximations uy € Vi
which satisfy (F(uy),ur) = 0 by ([4.3)), we have the uniform bound (4.4). O

Now, we are able to pass to the limit and so to prove Theorems First, in
order to apply Proposition we verify that, under our assumptions, the condi-
tions (H1)—(H5) and (N1)—(N3) hold for the Galerkin approximations solutions wy
constructed before.

(H1) holds by Proposition Moreover, it follows then by Lemma that
(N1)-(N3) hold.

The condition (H2) is equivalent to (E0). To obtain (H3), we observe that by
the growth condition in (E1)

/ o, ug, Dug)|P der < C / (M@ + [usl?” + | Dug|?)dz),
Q Q

which is uniformly bounded in k by (4.4)) since |Jug||p» < Al Du|l, by (4.1)).



EJDE-2004/144 QUASILINEAR ELLIPTIC SYSTEMS 15

Next, to verify (H4), we fix an arbitrary measurable subset 2 C Q. Then, on
the one hand, the growth condition in (E1) implies that

| min(o (z, ug, Dug) : Dug, 0)|dz

Q
< / Maldz + / (gl |z
Q/ Q/

< /Q |Ao|da + {/Q \)\3|(§)/d:z:r/(§)/ {/ Iuklpdxr/p

< R™

by the Holder inequality and . Since a finite set of integrable functions is
equi-integrable, the equi-integrability of (oy, : Duy)~ follows.

Finally, we want to prove (H5): According to Mazur’s Theorem (see, e.g., [18]
Theorem 2, page 120]) there exists a sequence vy, in W?(Q) where each vy is a
convex linear combination of {uy, ..., u} such that vy — u in WyP(Q;R™). Le.

vg belongs to the same space Vj, as uy, and vy — u in WyP(Q; R™). (4.5)

This allows us in particular, to use ug — vi as a test function in (4.3)). We have

/ o(x,uk, Dug) : (Dux, — Duy)dx
Q

(4.6)
= (v, ux — V) —|—/ flx,ug) - (v — ug)dx — / g(z,ug) : (Dv — Duy)dzx.
Q Q
The first term on the right in (4.6)) converges to zero since
up —vp — 0 in WyP(Q;R™) (4.7)

by the choice of vg, (H1) and Lemma Now, for the second term I1.= [, f(x, us)-
(vk — ug)dx in (4.6) it follows from the growth condition (F1) and the Holder in-
equality that

(L] < Nloallp llow — ullp + l[a ] 2 [Jun

By (1) and ([{4), [lus

and Lemma [3.1] we have

;* vk—ukH%.

p+ is bounded. Moreover, by the construction of v, (HI)

Jur = oklls < llux = ulls + flu = vklls = O

*

for all s < p*. Since it follows from v < p—1 that ppj < p*, we infer that the second
term in vanishes as k — oo. Finally, for the last term I1I,= fQ g(z,up) :
D(vi — ug)dz in we note that g(x,uy) — g(x,u) strongly in LP' (Q; M™*")
by (GO), (G1), (H1) and in Lemma [3.1] Indeed we may assume by (H1) that
up — u almost everywhere (since in the sequel we consider only a subsequence of
ug, not relabeled for convenience, which converges almost everywhere to u). Since
by (G1) |g(z,uz)[?" is bounded by an integrable function

(e, u) P < C(lba” + (0] Jus[P) < C(Iba” + 057 (1 + [ul?)) € L}(9),
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the claim follows from (G0) and the Dominated Convergence Theorem [9, Theorem
2.24]. We infer then that

TT14| < llg(ug) — g(u)llyr | Dok — Dugl, +] / g, u) : D(vy — up)de| — 0
S————— Q
<C

as k — oo by (4.7). Thus the last term in (4.6)) disappears also as k — oo and (H5)
is fulfilled.
So, (H1)-(H5) and (N1)—(N3) hold and we may infer from Proposition (3.5 that

o0
lim [ o(x,uk, Dug) : Dw(x)dx = / o(x,u, Du) : Dw(x)dx Yw € U Vi.
Moreover, since ui — u in measure for k — 0o, we may infer that, after extraction
of a suitable subsequence, if necessary, [9, Theorem 2.30]

up — u  almost everywhere for k£ — oc.

Thus, for arbitrary w € WO1 P(Q; R™), it follows from the continuity conditions (F0)
and (GO) that f(z,ur) w(z) — f(z,u)  w(z) and g(x,ur) : Dw(z) — g(x,u) :
Dw(z) almost everywhere. Since, by the growth conditions (F1) and (G1) and
the uniform bound (.4)), f(z,ux) - w(z) and g(z,u) : Dw(z) are equiintegrable
(see the proof of Lemma [1.2)), it follows that f(z,us) - w(z) — f(z,u) - w(z) and
g(z,uy) : Dw(z) — g(z,u) : Dw(z) in L*(Q) by the Vitali convergence Theorem.
This implies that

lim /Qf(:muk(x)) cw(x)dr = /Q flz,u(x)) - w(x)de Ywe U Vi

k—o0
k=1

and

i Qg(xmk(:c)) : Dw(z)dx = /Qg(xau(x)) : Du(z)dr Vo € kL:J1 b

Since Jg—; Vi is dense in Wy (Q; R™), u is then a weak solution of (T.2)), as desired.

5. IMPROVED RESULT IN A PARTICULAR CASE

In this section we consider again the elliptic system . In the previous sec-
tion, we optimized the various parameters in the different assumptions on f and
g. However, in some particular case, our main assumptions on f and g may be
weakened. We focus in particular our attention on the case where the limit bound
p — 1 for vy and 7 is admissible.

We consider only the case p € (1,n). For the cases p = n and p > n, refer to
Remarks [1.6l

As seen in the proofs of Theorem the strict bound p — 1 for v and n in the
growth conditions (F1) and (G1) ensures the coercivity of the operator F introduced
in the previous section. However, when the norms of by and bs; are small enough,
the limit bound p — 1 in (F1) and (G1) is allowed for v, ¢, and 1. More exactly if

(C) c2 > x(7)A ™ ballz + x(n) A”[[bs || 2

where
_J1 ifE=p-1
X<§)_{o ifo<g<p—1 (5-1)
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and A is given by (4.1, the factor multiplying || Du||% remains strictly positive. So,
the argumentation is still valid in this special case and Propositions and
hold. Note that the condition (C) is in particular fulfilled when the measure of €
is small enough.

However, we cannot infer that Theorem holds when v,n < p—1 even though
the condition (C) is satisfied. Indeed, we use the strict bound for 7 to verify that the
condition (H5) is fulfilled and then to apply Proposition So, in order to allow
the bound p — 1 for the different parameters, we have to set stronger assumptions
on the coefficient by:

Theorem 5.1. Let be p € (1,n), o satisfying the conditions (E0)-(E2), v €
W12 (;R™), f satisfying (FO)~(F1) and g satisfying (G0)—(G1) with 0 < n <
p — 1 where
(F1) (Growth) There exist 0 <y <p—1, ¢ > 2o b€ LP () and by € LI(Q)
such that
|f (@, )] < b1 () + ba(z)[ul”.
If the condition (C) is fulfilled, then the Dirichlet problem has a weak solution
u € Wy (Q;R™).

Proof. Note first that the conclusions of Lemmas [£.1] and 2] hold in view of Re-
mark Moreover Propositions and hold by (C). Then, as before, we
verify easily that the conditions (H1)-(H4) and (N1)-(N3) are fulfilled. To prove
that (H5) holds, we choose a sequence vy such that holds. This allows us in
particular, to use uy — vi as a test function in . We have

/ o(x,uk, Dug) : (Dug, — Duy)dx
@ (5.2)
= (v, ux — vg) + /Q fla,ug) - (v — ug)dx — /Qg(:v,uk) : (Dvg, — Duy)dzx.

The first and the third terms in (5.2)) converge to zero as seen before. For the second
term I1= [, f(x,ux) - (vp — ug)de in (5.2) it follows from the growth condition
(F1) and the Hélder inequality that

p—1

(1| < ballprllon = urllp + [102lqllwrl[pe " lor = ullse),

where

q'np
s(q) p .
np—¢'(n—p)p—1)
By (4.4), ||uk|lp- and |[Dugl|, are bounded. Moreover, by the construction of vy,
(H1) and Lemma [3.1] we have

lJur = vklls < llux = ulls + flu = vklls = O

for all s < p*. Since it follows from ¢ > n/p that s(¢q) < p*, we infer that the second
term in (5.2)) vanishes as k — oo and thus (H5) is fulfilled. Now the proof ends as
in the previous section. O
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