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CONTINUITY OF SOLUTIONS OF A NONLINEAR ELLIPTIC EQUATION

PIERRE BOUSQUET!

Abstract. We consider a nonlinear elliptic equation of the form div [a(Vu)] + F[u] = 0 on a domain
Q, subject to a Dirichlet boundary condition tru = ¢. We do not assume that the higher order term
a satisfies growth conditions from above. We prove the existence of continuous solutions either when
Q is convex and ¢ satisfies a one-sided bounded slope condition, or when a is radial: a(§) = %5 for
some increasing [ : RT — RT.
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1. INTRODUCTION

In this article, we consider the following nonlinear elliptic equation:

{fv:[c;(voz)}grglﬂu] =0 on Q, (1.1)

Here, Q is a bounded open Lipschitz set in R (n > 2) and ¢ : 9Q — R is Lipschitz continuous. The vector field
a: R™ — R"™ is continuous and elliptic:

(a(€) —a(€),£-¢) >0 V&, eR™ (1.2)

For z € Q and u € C°(Q2), F[u](x) is a non linear functional of u. This term can be nonlocal. For instance, the
following variational problem is considered in [8]:

Minimize { /Q L(Vu()) dz — ( /Q h(m,u(m))daz)ﬁ}.

The Euler equation can be written as in (1.1) with a(§) = VL(&) and

Flul(z) = g( /Q B, u(z)) daz) (e (@)
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2 P. BOUSQUET

A solution of (1.1) is a function v € W11(Q) such that a(Vu) € L}, .(Q), Flu] € L}, .(Q), trulsg = ¢ and

loc
(E) /Q<<G(Vu(x)), Vn(z)) — F[u](w)n(x)) dz =0, Ve O>(Q).

A natural approach to solve (1.1) is to consider it as a quasilinear elliptic equation to which Schauder’s theory
applies (see [6,9]). One then obtains a classical solution u. This requires however that a belong to C1:®(£2) and
satisfies some structure conditions that we do not assume here.

Consider now the case when a satisfies the following growth assumptions: there exists p > 1 and a1, as
and (31, 02 in (0,00) such that

(a(§),8) = [P — 1 VE€R?, (1.3)

|a(©)] < azl€P~! + B2 VEER™, (1.4)

Then, under suitable conditions on F[u], there exists a solution to (E) in W1P(Q2). This is the consequence
of a theory initiated by Visik and then developped by many authors, notably Minty et al. (see [10] and the
references therein). Once the existence of a W1 solution u is established, the question of the regularity of u
arises. Is the solution C* () or even C?(2), so that equation (1.1) is satisfied in a classical sense? Is the solution
continuous up to the boundary of €2, so that the trace is a ‘true’ restriction to 907

Another way to prove the existence of classical solutions of (F) has been considered by Hartman and Stam-
pacchia. In [8], they proved the existence of regular solutions to (E) without assuming any growth assumption
from above on a. Here, ‘regular’ means Lipschitz continuous. This is the key regularity property from which we
may deduce further regularity when the coefficients of the equation are smooth (see [8], Sect. 14).

We proceed to detail the strategy of Hartman and Stampacchia. We first introduce for K > 0 the set
Lipy (2, K) of those functions u :  — R which are Lipschitz continuous on (2, their Lipschitz rank being not
larger than K. This set is not empty except when K is lower than the Lipschitz rank K of ¢. We also denote
by Lips(Q) the set of Lipschitz continuous functions on Q. The set C°(Q) is endowed with the L norm. For
K > Ky, we say that ux € Lipy(2, K) is a K quasi solution of (E) if

/Q<a(VuK), V(o — ux)) — Flur](v —ug) > 0, Vo € Lips(Q, K). (1.5)

When a satisfies (1.2), there exists a K quasi solution ug for each K > Ky ([8] Thm. 1.1). Under a stronger
ellipticity condition on @, Hartman and Stampacchia prove that there exists C' > 0 such that for any K > K,

[uk || Lo (@) + [[Vuk||pe@) < C. (1.6)

In order to obtain such an estimate without any growth assumption from above on a, ¢ is required to satisfy
the bounded slope condition: there exists @ > 0 such that for any v € 99, there exist ¢ and ij in R™ which
satisfy |(:5H <@ and

() + (¢S y =) < oly) <o(y) + (T y—7), Vye o

By using (1.6), one can extract from (ux)x>r, a subsequence which converges to a Lipschitz solution of (E).

In [2], we have generalized this result to a larger class of functions ¢. The bounded slope condition used in [§]
is indeed quite restrictive. It requires that  be convex (except when ¢ is affine). It forces ¢ to be affine on ‘flat
parts’ of 9. Moreover, if 2 is smooth, then ¢ must be smooth as well (see Hartman [7] for precise statements;
see also [1]). Recently, Clarke [4] has introduced a new hypothesis on ¢, the lower bounded slope condition of
rank @ (Q > 0): given any point v € 99, there exists an affine function

y— (G, ¥y =) +o(7)
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with |(;] < @ such that
Gy =7 +0(7) <oly), Vyeo (1.7)

The map ¢ : 92 — R satisfies the lower bounded slope condition if and only if ¢ is the restriction to 02 of a
convex function defined on R™. When {2 is uniformly convex, ¢ satisfies the lower bounded slope condition if
and only if it is the restriction to 9 of a semiconvex function (see [1] for details and further properties).

When ¢ satisfies the lower bounded slope condition (rather than the full two-sided bounded slope condition),
it can be proved (see [2]) that a solution u of (E) still exists in WH2(2) N WL °(Q) when a satisfies

(a(§) —a(€), 6~ €)= plg ¢ (1.8)

and F' satisfies growth assumptions similar to those of [8]. The convexity of 2 is also required here. The main
idea of the proof, inspired from [4], was that a ‘one sided barrier’ is enough to obtain local Lipschitz continuity.
Moreover, the result was optimal in the following sense: even when a(p) = p, F[u] = 0 and  is a disk in R?, it
may happen that the corresponding solution is not globally Lipschitz on (Q if ¢ satisfies the mere lower bounded
slope condition.

In [2], the solution that we obtained satisfied the boundary condition only in the sense of traces. We were
unable at that time to prove the continuity of the solution up to the boundary, except when () was a polyhedron.
This is the content of our first main result Theorem 2.3 below to generalize this property to any convex domains
(under the same assumptions). As in [3], the proof uses ‘implicit barriers’. In contrast with classical barriers
which are explicitly defined in terms of the distance to the boundary and the function ¢ (see e.g. [6,8]), the
implicit barriers are obtained as solutions of auxiliary problems stated on larger domains Qg D €2 with different
boundary conditions.

Up to now, only convex domains have been considered. It is an open problem to know whether Theorem 2.3
holds true on any smooth domain, even when ¢ is smooth. However, we prove in Theorem 2.5 that the Lipschitz
continuity of ¢ is enough to prove the existence of Holder continuous solutions when « is radial: there exists
[:RT — RT such that a(£) = %f, where |- | is the Euclidean norm in R™. Once again, we only assume that [
satisfies a growth assumption from below which corresponds to (1.8).

The next section describes the hypotheses that we posit on the data. Each of the following sections is devoted
to the proof of Theorems 2.3 and 2.5 respectively.

2. MAIN RESULTS

Throughout the paper, €2 is a bounded open Lipschitz set. We denote by I" the boundary of €. Hence, there
is a 0 > 0 such that for every point v € I', I' N B(, d) is the graph of a Lipschitz function (in an appropriate
coordinate system varying with -). We also assume that the map ¢ : I' — R is Lipschitz continuous of rank K.

For the sake of clarity, we proceed to quote some results from [8]. Assume that F' : C°(Q) — LY(Q) is
continuous:

(HF1) If u, € C%Q) for h=1,2,... converges uniformly to u

on Q as h— oo, then Fluy] — F[u] in L'(Q).
We also assume that F' is locally bounded: for every M > 0, there exists x (M) > 0 such that
(HF2)  |u(z)| <M on Q= [Flu|(z)] < x(M).
The existence of quasi solutions follows from
Theorem 2.1 ([8] Lem. 12.1). Assume that a is continuous and elliptic (see (1.2)), and that F satisfies (HF'1)
and (HF2). Then for each K > K, there exists at least one ux € Lipy(Q2, K) such that

/Q<a(VuK), V(v —ux)) — Flux](v —ux) >0, Vo € Lipy(Q, K). (2.1)
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The a priori L bound on quasi solutions can be obtained under the following assumptions (see [8] for more
general conditions): we assume that a € C°(R", R") satisfy (1.3) for some 1 < p < n, and that

(HF3) Flul(@)sgnu(@) < ey |lullfu o @07, z€Q ae.
=1

where ¢ > 0,a(i) > 1,0(i) > 0,7(i) > 1 and «(i) < p*, (i) + (i) < p. Here, p* = np/(n — p) if n > p. When
n < p, we replace the condition a(i) < p* by a(i) < co.
We then have

Theorem 2.2 ([8], Thm. 8.1). There exists a constant T such that for any K > K, for any K quasi solution
u, we have
HUHLoc(Q) S T.

The constant T depends on ||, ||¢||L=(q) and the parameters in (1.3) and (HF3).

For later use, we observe that (1.8) implies (1.3) for any p < 2 (for p = 2, one can take e.g. @1 = p/2 and
B1 = |a(0)]*/(2p)).

We can now state our first main result:

Theorem 2.3. Assume that Q) is convex, ¢ satisfies the lower bounded slope condition as in (1.7), and a €
CO(R™,R™) is uniformly elliptic as in (1.8). If F satisfies (HF1), (HF2) and (HF3) with p = 2, then there
exists a solution u to (E) in WH2(Q) N L () which is locally Lipschitz in Q. Moreover, u is Holder continuous
on Q and agrees with ¢ on 0.

As explained in the introduction, the first sentence of the above statement is proved in [2]. The continuity of
u is established in Section 3 below.

In the class of those functions which are locally Lipschitz on €2 and continuous up to the boundary, a unique-
ness result can be stated provided that a further condition is introduced on F'[u] regarding its monotonicity.

Theorem 2.4. In addition to the assumptions of Theorem 2.8, assume that for any uy,us € C°(Q), we have

/(F[ul] — F[’ILQD(’LH — UQ) S 0
Q

Then there exists one and only one locally Lipschitz solution u to the equation (E) which is continuous on the
closure of €.

Theorem 2.4 is proved at the end of Section 3.
When the domain €2 is not necessarily convex or when the Lipschitz function ¢ does not satisfy a one sided
bounded slope condition, it is still possible to prove the existence of a continuous solution when a is radial:

Theorem 2.5. Assume that a € CO(R™,R") can be written as a(€) = %5 where | : RY — R satisfies:

(HI) there exists > 0 and p > 2 such that for any 0 < s < t,
I(t) —1(s) > p(t —s)P~

Assume that F satisfies (HF1), (HF2) and (HF3) (for the same exponent p). If Q has the uniform exterior
sphere condition and ¢ is Lipschitz continuous, then there exists a solution u of (E) in WLP(Q) which is Holder
continuous on 2.
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Please remember that a solution u is such that a(Vu) and F[u] belong to L} (Q), trulsq = ¢ and (E) is

loc

satisfied. We say that {2 has the uniform exterior sphere condition if there exists > 0 such that for any v € I,
there exists z € R™ which satisfies:

(1) |z =l =7
(2) B(z,r) CR™\ Q.

Since a is continuous, we necessarily have 1(0) = 0.
One of the most classical examples of radial fields a satisfying the above assumptions is the p Laplacian
(p > 2): a(&) = |£|P~2¢. More generally, any C' map [ such that inf;~g f,,(—_t% > 0 satisfies (HI).

3. PROOF OF THEOREM 2.3

Since ¢ satisfies the lower bounded slope condition, it is the restriction to I of a convex function which is
globally Lipschitz on R™ (see [1]). We still denote by ¢ this extension and by K its Lipschitz rank on R™.

By Theorem 2.1, for every K > Ky, there exists a K quasi solution to (1.5). By Theorem 2.2 and (HF2),
there exists a constant 7' (independent of K) such that if u is a K quasi solution, then

JullLe) < T, |[Flull|pe @) < x(T).

It then easily follows from (1.8) that there exists S > 0 such that [|u|[y1.2(q) < S for any K quasi solution
(see [2], Prop. 3.3 for details). Here, S depends on ||¢||yw1. (), [|a(V®)||L= (), [, #, T and x(T').
Barriers are the basic tool to control the behaviour of quasi solutions near the boundary.

Definition 3.1. Let Ky > K, and v € 9Q. Then we say that a function w : Q@ — R is a lower barrier for (E)
at v in Lips(Q, Ko) if the following properties are satisfied:

e the function w is Lipschitz continuous on 2 of rank < Kj;
e w(y) = ¢(y) and w < ¢ on I
e for K > Ky, any K quasi solution u of (F) satisfies u > w on Q.

We define similarly an upper barrier. We can construct lower barriers for K quasi solutions by using the lower
bounded slope condition (see [2], Prop. 3.4):

Proposition 3.2. There exists Ko > Ky such that for any vy € T, there exists a lower barrier w in Lips(§2, Ko).

This lower barrier was used to prove the following key estimate (see [2], inequality (3.10)):

Proposition 3.3. There exists (Q > 0 such that for any K > Ky, for any K quasi solution u, we have

|z —y
|z — 7 (zly)|’

u(z) <uly)+Q x,y € Q. (3.1)

Here mp(z|y) denotes the unique point of T' of the form x + t(y — x), t > 0.

The constants K in Proposition 3.2 and @ in Proposition 3.3 depend on p, T, x(T'), ||¢||z (), K¢ and the
diameter diam 2 of 2. Moreover, (3.1) implies that on any compact subset Qo C 2, the Lipschitz rank of ux is
bounded by Q/d (20,T') (here, d (20,T") denotes the distance between 2y and T').

The new result of this section is given by the following proposition:

Proposition 3.4. There exists C' > 0 such that for any K > Ky, for any K quasi solution u, we have

lu(z) —u(y)| < Clz —y[* =,y e, (3.2)

1

where o 1= P



6 P. BOUSQUET

Proof of Proposition 3.4. Estimate (3.2) will follow from

Lemma 3.5. [3] Let u € WYP((=1,1)"), p > 1. We assume that there exists Q > 0 such that for a.e.
€ (-1,1), for a.e. 2,24 € (—1,1)" 1

(e, t) — u(zh, t)] < Qlz) — x5, (3.3)

Then there exists C > 0 only depending on n, p, Q and ||Opu||re((—1,1») such that for some representative  of
u, we have for any x1,x2 € (—1,1)",

. - _po1
|t(z1) — a(x2)| < Clozy — zo| 7755
Proof. By reflection and regularisation, we can assume that u is the restriction to (—1,1)" of a map in C*°(R™)

still denoted by u. We introduce a smooth kernel p € C°(R*~1 R*), fRn—l p=1,supp p C B"1(0,1). We
denote by p the function defined by pc(-) = p(-/€)/e" L. We consider

wld )= [ ul — o/ o)y

By (3.3), we have |uc(2',t) — u(2’,t)] < Qe.
Let 2/ € (—=1,1)" Y and —1 < t; < t3 < 1. Then

lu(x’ t1) —u(2’ ta)| < |u(@’ t1) — ue(2' )| + |ue(@’, t1) — ue(2',t2)| + |ue (', ta) — u(z’, t2)|

2
< 2eQ —|—/ pe(z — 1) dy’/ |Opu(y’, t)] dt.
Rr—1

t1

By Holder’s inequality, we get

t2 _a el o gn—r
[t [ e =)oy 014y’ < 10eallisn e -raplta o'
t1 Rn—

€ P
Therefore,
HPHLP’ Rn—1 1
lu(a’, t1) — u(z’, t2)| < 2eQ + %‘|8tu‘|LP(B’"*1(ac’,e)><(—1,1))‘t2 — '
€ P
We now take € := [ty — {1 el This gives
(@', t) — u(z', ta)| < Clta — t1|7=1+7 (3.4)
where C' depends only on n, p, @ and ||0su|[»((~1,1)»). Lemma 3.5 follows from (3.3) and (3.4). O

We observe that the possibility to exploit the continuity of a map in one direction together with the integra-
bility properties in the other directions had already been used in [4].
The construction of upper barriers will be based on:

Lemma 3.6. Let Q* be a bounded subset of R™ such that Q* D Q. Let ¢* : R™ — R be a convex function
such that ¢*|q- € C(Q*). We assume that ¢* > ¢ on I'. Let u* € Lipy- (", K) be a K quasi solution in
Lipg- (2, K):
(@(Vu*), V(v —u")) = x(T)(v —u") >0 , Vv €& Lipg(Q°, K). (3.5)
Q*
Then for any K quasi solution u of (E) in Lips(Q, K), u* > u on .
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(The constant x(7') > 0 has been introduced at the beginning of Section 3: |F[u]| < x(T) for any K quasi
solution w of (E) in Lipe (2, K)).
Proof. We first prove that ¢* < u* on Q* by inserting v(z) := max(u*(z), ¢*(z)) in (3.5). This gives
/ (@(Vu*), Vo* — Vu) — x(T)(6* — u*) > 0.
[¢* >u~]
Using (1.8), we obtain
o ewe e =ve s xm) [ @) (3.6
o

[p* >u*]

We claim that the left hand side is non negative.
Indeed, let {a6 = (al,..., a?)}6>0 be a family of smooth vector fields which converge locally uniformly to a
and satisfy (1.8) with the same p (a convolution of a by a smooth kernel will do). For each ¢, Stokes formula

implies
/ (@ (V™) V' — Vo) = / div [ac (V") (6" — u")
[p* >u*] [p* >u*]

n Oat 82¢*
= =(Vo") (¢" —u") =0,
/[¢>*>u*] igz:l 8@ 8;@8%

by convexity of ¢*. By letting ¢ — 0, we get
/ (a(V6™), V™ — V™) > 0. (3.7)
[p*>u*]

The comparison of (3.6) and (3.7) implies that ¢* < u* on Q*.
In particular, u* > ¢* > ¢ on I'. We now prove that u* > u on €, for any K quasi solution u of (E) in
Lipy (2, K). The function
v(z) 1= min(u, u™)(x)

belongs to Lipe (2, K). The function

vy fmax(u,u*)(z) if z € Q,
v (z) = {u*(ac) otherwise

belongs to Lip(*, K) and agrees with u* on 9Q*.
By inserting v in (1.5) and v* in (3.5), we get

/[ - ((a(Vu(z)), Vu*(z) = Vu(z)) — Flu](u"(z) — u(z))) dz > 0,
/[ ., {al¥0 ), Vo) = )~ X(D)fue) — ' (@) de 20
This gives by (1.8) and the definition of x(T')
Vu — Vu*|? < a(Vu) —a(Vu*), Vu — Vu*
M/[u>u*] | = /[u>u*]< v ( : >

< [ D)) <o

which implies that u < u* on €. This completes the proof of Lemma 3.6. O
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A first consequence of Lemma 3.6 is given by:

Lemma 3.7. There exists C; > 0 such that for any K > Ky, any K quasi solution u and any v € I',x € Q,
we have
u(z) < ¢(y) + Cilw — [, (3.8)

_ 1
where o = P

Proof. Fix v € T'. Since 2 is convex, there exists an open hypercube Q* such that Q* D Q and ~ is the center
of an n — 1 dimensional face X of Q*. We introduce

¢*(x) = 0(7) + Kolz —7l.
Thus, ¢* > ¢ on I'.
By Theorem 2.1, for any K > K, there exists a K quasi solution u* € Lipg-(Q*, K) satisfying (3.5).
Moreover, there exist 7% > 0, S* > 0 (not depending on K) such that

L@y ST |u*|lwizger) < 5™
By Proposition 3.3, there exists Q* > 0 (not depending on K') such that

|z —yl

W) swy) + Qo

, T,y €0 (3.9)

Let Qf = 2(Q* — ) + 7. In view of (3.9), we can apply Lemma 3.5 on Qf with p = 2. We get

1
2
[u™(z) —u" (V)| < Cilz —~]%, 2 e (3.10)
for some C;7 > 0. By enlarging C1 if necessary, we can assume that this inequality holds true for any = € Q*.
By Lemma 3.6 and the fact that u*(y) = ¢*(y) = ¢(7), we have
u(z) Su'(x) < 9(y) + Cilz —9[%, 7€
This completes the proof of Lemma 3.7. O

In order to exploit the estimate given by Lemma 3.7, we need the following maximum principle:

Lemma 3.8. There exists Co > 0 such that for any K > Ky, any K quasi solution u and any x,y € €0,

u(@) —u(y)l < max - Ju(z) = é(7)[ + Colz — y]. (3.11)

lz=v|<|z—y|
The constant Cy depends only on x(7)/u, and |€2]. Lemma 3.8 is a consequence of the proof of [8] Lemma 10.0
(more precisely, it is a rephrasing of inequality (10.14) there). The lower bounded slope condition plays no role
here, neither does the convexity of .
We now complete the proof of Proposition 3.4. For any K > K, and any K quasi solution u, we have by
Proposition 3.2
u(z) > w(x) > ¢(y) — Kolz —|, veT,ze. (3.12)

This gives a lower bound of u(z) — ¢() when z € Q.
From (3.12) and (3.8), for K > K4, a K quasi solution u satisfies

max_ [u(z) — ¢(7)| < (Ko(diam Q)% + Cy)[x — y|*.
zeQyel’,
[z—7|<]z—y]
By Lemma 3.8, this implies that for any =,y € €,
lu(z) —u(y)| < Clz —y|?,

with O := (Ko + Cp)(diam Q)= + C;. Hence, u is Holder continuous. Proposition 3.4 follows at once. O
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Finally, we complete the proof of Theorem 2.3. For each K > K, let ux € Lips(Q2, K) a K quasi solution,
so that [|luk|[r~@) < T, [luk|[wi2@) < S and the Lipschitz rank of ux on any compact subset Qy C Q is
bounded by @/d (Q0,T"). Finally, (3.2) holds true for any u.

Then there exists a subsequence (ug,) which uniformly converges on € to a function u which is locally
Lipschitz on 2, and Holder continuous on €2 of order .. As in [2], Proposition 3.6, one can also prove that the
function w is a solution of (£). This completes the proof of Theorem 2.3. g

Proof of Theorem 2.4. Here, we assume further that if u;, us are two continuous functions on €2, then

/Q (Flur](2) - Flus)(2)) (wn (&) — us(x)) da < 0. (3.13)

Let u1,us : Q — R be such that:

(1) w1, ug are locally Lipschitz on Q;
(2) u1,us are continuous on ) and agree with ¢ on I';
(3) w1, ug are solutions of (E).

We then prove that u; = us. Let 6 : R — R be a smooth odd nondecreasing function such that

_foifp <1
9“)—{1: it > 2.

We define for each i > 1, 0;(t) = 0(it) /i and n;(z) = 6;(u2(x) — ui(x)). Then 7; is a Lipschitz continuous function
on € which vanishes on a neighborhood of I' (here we use the fact that u; and ue are continuous up to the
boundary and agree on the boundary). Hence, we can insert n; in (E), which yields:

/Q<a(Vu1), Vi) — Flual = 0.
Since Vn; = 6 (i(uz — u1))(Vuz — Vuy), we get
/ 0 (i(ug — u1)){a(Vuy), Vug — Vui) — Fluq]n; = 0. (3.14)
Symetrically, we have (with ug, —7); instead of uq,7;)
/90’(1'(161 —ug)){a(Vug), Vuy — Vug) + Flug|n; = 0. (3.15)
The sum of (3.14) and (3.15) gives

/99’(1‘(112 —up))(a(Vug) —a(Vuy ), Vug — Vuy) = /Q(F[uﬂ — F[UQ])M
Here, we have used the fact that 0(z) = —0(—x) and €' (x) = 6'(—x). Using (1.8), we get
M/ﬂe’(i(w — u))|Vus — Vua P dz < /Q(F[ul] ~ g 20— 2)),
By the dominated convergence theorem, the right hand side goes to [,(F[u1] — Flug])(u1 — u) when i — oco.
This quantity is nonpositive by (3.13). Hence, by Fatou’s Lemma in the left hand side, we have

liminf @' (i(ug — u1)(2))|Vuz(z) — Vui(z)|*> =0, a.e. €.

This implies that
(ug — u1)(2)|Vua(z) — Vuy ()]* =0, ae. x €0

so that u; = ug on Q. This completes the proof of Theorem 2.4. O
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4. PROOF OF THEOREM 2.5

Exactly as in the proof of Theorem 2.3, for each K > Ky, there exists a K quasi solution ug € Lipg (€2, K).
There exists 7" > 0 such that for any K > Ky,

lulleee) < T, [[Fluk]llLee @) < x(T) (4.1)

We observe that for any &, & € R™,

(a(§) — a(¢),6 =€) = Ll €1 (1.2)

Indeed, let r = |¢], s = |¢/| and b = (€/|€],€/|€']). Then
(a(§) —a(&),£ = &) =ri(r) + sl(s) — b(sl(r) +ri(s))
and |€ — ¢'|P = (r? 4 s — 2brs)P/2. Then (4.2) is equivalent to
ri(r) + sl(s) — b(sl(r) + ri(s)) > 2“—p(r2 s~ 2rs)P/?, 1 s>0,-1<b<1. (4.3)

By convexity of the right hand side with respect to b, we only need to prove (4.3) when b € {—1,1}. When
b =1, this amounts to

H P
(Ur) = Us))(r = s) 2 5l — sI”.

This follows from (H1) at once. When b = —1, we have to prove that

(I(r) +1(s))(r +s) = 2“—p(r + 5)P. (4.4)

By (HI) and the fact that [(0) = 0, we have () > urP~!, I(s) > pusP~!. This implies (4.4) and thus (4.3) is also
true in that case. This completes the proof of (4.2).

Step 1: A variational setting. We proceed to prove that ug is the solution of a variational problem on
Lipy (2, K). We introduce A(t) := fg I(s)ds and L(&) := A(|¢]). Then L is non negative, convex and differentiable

with VL(§) = 1([£])§/1¢] = a(§).
Let K > Ky and v € Lipg(Q2, K). For any « € 2, the function

t— L(Vug(z) +tV(v — ug)(z))
is convex. Hence, the function

g:it— /QL(VUK + (Vv — Vug)) — Flug](ug +t(v — ug))

is convex as well. Since v and ug are Lipschitz continuous, their gradients are uniformly bounded and we can
differentiate under the integral sign. We have

4(0) = / (a(Vux), Vo — Vug) — Flug](v — ux).
Q
Since ug is a K quasi solution, we get ¢’(0) > 0 so that g is non decreasing on [0, +00). Whence

/L(VuK)—F[uK]uK §/L(Vv)—F[uK]v. (4.5)
Q Q
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By (HI), L(Vug) > £|Vuk|P. By (4.5) with v = ¢ and (4.1), there exists S > 0 (independent of K) such
that H'LLKHWLP(Q) <5S.

Step 2: A uniform Ho6lder continuity estimate for quasi solutions. In order to establish a Holder
estimate, we need a generalization of Lemma 3.8:

Lemma 4.1. Assume that a € CO(R™,R") satisfies
(@(@) —a(f), e &) zv[¢ =P, & eR” (4.6)

for some v > 0, p > 1. Let ¢ : R” — R be a Lipschitz map of rank Ky, g € L>(Q) and K > K,. Let
u € Lipy(Q2, K) such that

/Q<a(Vu), Vo —Vu) —g(z)(v—u) >0, ve Lips(Q, K). (4.7)

Then there exists Cp > 0 depending only on 11/||g|[ (o) and || such that

u(z) —u(y)| < | zerg‘)lfi%r | u(z) = ¢(y)| + Colz —y|»-1. (4.8)
z—y|<|z—y

Proof. This is a mere adaptation of [8] Lemma 10.0. Fix Z, 7 in Q and set 7 := 7 — 7. We define u,(-) = u(-+7)
on Q, :=Q—7,as well as ¢-(-) = ¢(- +7) and g-(-) = g(- + 7). Then

/Q (a(Vu:), Vw — Vur) — g-(x)(w —u;) >0, w € Lipg (27, K). (4.9)

-

Let M > M, := max.cq er [u(z) — ¢(7)]. We observe that for any x € 9(QNQ;), z € 92 or x + 7 € ON.
l[z=|<T
Hence, |u(x) — u-(x)| < M on (2N Q).
In (4.7), we take
_ Juon Q\Q,
Y7\ max(u, ur — M) on QN Q.

We get
/A (a(Vu), Vur — Vu) — g(z)(ur —u— M) >0 (4.10)

where Ay :={r € QN Q; 1 u(z) <u-(xr) — M}. Now, we define

 JuronQr\Q,
Y= min(u + M, u,) on QNQ,.

By inserting w in (4.9), we get
/ (a(Vur), Vu — Vur) — gr(2)(u —ur + M) > 0. (4.11)
Awm
By adding (4.10) and (4.11) and in view of (4.6), we get

1// |[Vu, — Vu|P < / (9r(z) — g(2))v(z)dz (4.12)
A Am
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where v(x) := max(u-(x) — u(r) — M,0) € Lipo(Q2NQ;). We extend g and v on R™ by 0. The right hand side
of (4.12) is equal to

| s@ =) =@ do < lgllilrl | (Vo) da. (413)

By (4.12) and (4.13), we have

/ IVu — Vu,|P < MT/ IV — Vu,|.
Anr v Am

By Holder inequality, this gives

([ wu-vup) < (M) ™y,
M

Hence, by Fubini Theorem and the definition of Ay;, M > M, , we obtain

/M+°° | Angs| dM? = /A {e(e) ~ () M) de

< (/ uT—u—M|p*)p |Ape |7 <c</ |Vu7—vup)p|AM1—%*
A]u AJVI

< C'lr|7 7| Anl?,

where 3 > 1 while C' and C' depend only on n, p, Q and ||g|| - (q)/v. Here, we have used the Sobolev inequality
with p* = np/(n — p) if p < n (in that case, 8 = 1+ 1/n). When p > n, we take for p* any exponent larger
than p.

This implies (see [8] Lem. 7.2) that |Ap;| = 0 for

B o6
M > C' |77 |Q ! 4+ M,.
> o e+
In particular, u,(Z) < u(T) + Co|r|"/P=Y + M, (Co = C'|QP~'3/(8 — 1)). The other inequality can be
established similarly. Since 7 = 7§ — 7, this completes the proof of Lemma 4.1. O

We can now state the Holder estimate for K quasi solutions:
Proposition 4.2. There exists C' > 0 such that for any K > Ky, for any K quasi solution ug,

luk (z) —ur(y)| < Cle —y|*  Ve,y € Q (4.14)

—mi p—1 1
where o := min (n+p_1, p—1)’

Proof. By Lemma 4.1, it is enough to prove that there exists a positive constant C' such that for any v € T', for
any K > K, and any K quasi solution u we have

lu(z) —u(y)| < Clz—7 "i;il, Vo € €. (4.15)

We proceed to prove that u(x) — u(y) < Clz — ~|®=D/(+P=1 The other inequality could be established
similarly.
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Fix v € I'. There exists r > 0 not depending on v and z € R" such that B(z,r) C R" \ Q and |z — [ = 1.
Let R :=r + diam Q. We define Q* := B(z, R) \ B(z,r) and

¢ (x) = ¢(7) + Koz — 7.
Fix K > K, and consider u a K quasi solution of (E).
There exists a K quasi solution solution v € Lipy-(2*, K) to the inequation

/ {a(V0), Vu = Vo)~ x(T)w —v) >0, Vw € Lips- (2", K). (4.16)

Moreover, there exist T* > 0 and S* > 0 independent of K such that
[[ol[Lo (@) ST, [|v]lwrir@e) < 5™

By Lemma 3.6 (wih u* = v), we get v > u on (.

We claim that the Holder norm of v can be estimated independently of K and ~. The proof is very similar to
the proof of Lemma 4.1 except that we replace translations by rotations. This is the main reason why we require
that a be radial. Without loss of generality, we can assume that z = 0. For any linear isometry I : R” — R",
I(Y") = Q. For any w € Lipg~(Q*), we denote by w; the map w o I. By (4.16) and an obvious change of
variables, we have

/*<a(Vv1),Vw1 —Vour) —x(T)(wr —vr) >0, Yw € Lipy- (2, K). (4.17)

Here, we have also used the fact that
(a(Vvr),Vwr — Vor) = (a(I*(VvoI)), I"(Vwo I —Vvol))

~U(|Vvoll)
~ |[Vwol]

= (a(Vvol),Vwol—Vvol).

(I*(VvolI), I"(VwolI—Vuvol))

Let b := maxy = [/(y) — y|. We now take w = max(v; — KyRb,v) € Lipg-(Q*, K) in (4.16):
/ (a(Vv), Vur — Vo) — x(T) (v — K¢Rb—v) > 0. (4.18)
[vr—KgRb>v]
With w = min(v,vo I~! + K4Rb) € Lips-(Q*, K) in (4.17), we have:
/ (a(Vor), Vo — Vor) + x(T) (vr — KsRb —v) > 0. (4.19)
[vr —K4Rb>v]
The sum of (4.18) and (4.19) (see also (4.2)) leads to
/ Vv — Vor|P < 0. (4.20)
[vr —K4Rb>v]

Hence, for any © € Q*, vr(z) — v(x) < KyRb. Symetrically, we have v < v + K, Rb.
Now, if 2,y € Q* are such that |z| = |y|, there exists an isometry I such that I(z) =y and

[v(z) —v(y)| = [v(z) —vi(2)] < KyRb < Qlx —y|
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for some constant () which depends only on Ky, r and R. We now apply to v the following lemma which is a
‘spherical” version of Lemma 3.5:

Lemma 4.3. Letv € WYP(B(0, R)\ B(0,7)). Assume that there exists Q > 0 such that for any x,y € B(0, R)\
B(0,7), |z| = |yl, we have

lv(@) —v(y)| < Qlz —yl.

Then there exists C' > 0 depending only on Q, HUHWLP(B(O RN\BO) " and R such that for any x,y € B(0,R)\

B(0,r

~

b

p—1
n+p71.

lv(z) —v(y)| < Clz —y

Lemma 4.3 easily follows from Lemma 3.5 by the change of variables formula (see [3], Lem. 5 for a detailed proof).
It gives an estimate of the Holder norm of the quasi solution v of (4.16). Since u < v on Q and u(y) = ¢(v)
= ¢"(7) = v(v), we thus get

uw(x) —u(y) < Clz—v "i;il, x € Q,

where C' depends neither on v nor on K. This completes the proof of Proposition 4.2. O

By Proposition 4.2, a subsequence of quasi solutions (u ;) uniformly converges to a Holder continuous function
u satisfying (4.14). Since (uk,) is bounded in W1P(Q), we can further assume that (ug,) weakly converges to u
in Wr(Q).

The convexity of L implies that [, L(Vu) < liminf; ., [, L(Vug,). From (4.5) and (HF1), we thus get for
any v € Lipg(Q)

/ L(Vu) — Fluju < / L(Vv) — Flu]v. (4.21)
Q Q

In particular, L(Vu) € L'(Q). We proceed to prove that u is a solution of (E). The map u is not Lipschitz
continuous so that we cannot differentiate under the integral sign. Still, the minimum of a problem in the
calculus of variations is a solution of the corresponding Euler equation when the Lagrangian L is convex (and
does not depend on z and w). This result recently proved in [5] does not require any growth assumption on L.
We cannot directly apply it because in our situation, the admissible maps are Lipschitz continuous whereas u
only belongs to W1P(Q). We have to prove somehow that no Lavrentiev phenomenon can occur.

Step 3: An approximation Lemma. We first state

Lemma 4.4. There exists a sequence (ug)p>1 C W;I(Q) converging to u in WH1(Q) such that

(1) for each k > 1, uy is Lipschitz continuous on a neighborhood of 9§ in §;
(2) for each k > 1, L(Vug) € LY(Q);
(3) (L(Vug))g>1 converges to L(Vu) in L*(Q).

Proof of Lemma 4.4. Since T is locally the graph of Lipschitz maps, there exist 6 > 0, and finitely many cubes
Q(z;,0) of centers x; and radius 6 > 0, ¢ = 1,..., M, such that I' C U;2,Q(x;,/4) and for each 4, there is an
isometry ¢; of R™ which maps Q(x;,d) onto (—4,d)™ and Q(z;,d) N Q onto

Ui = {(2',2,) € (—=6,0)" "1 x (6,0) : m, > hi(2")},
where h; : [—6,6]"! — R is Lipschitz continuous. We can further assume that

GOAN Qx4 8)) ={(y' hi(y) : y € (=6,0)" 1} (4.22)
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Let 6 € C°((—9,6)™) be such that 0 <6 <1 and § =1 on (—§/2,/2)". We introduce

Yp(z) =2 — %9(.1‘)(3"

where e, := (0,...,0,1). Clearly, for any k > 1,

[ — Id|| + | Dy — Id] = < = (4.23)

= Q

Moreover, 9, = Id outside (—d,d)™. We claim that there exists C’ > 0 such that for any k£ > 1 and for any
i=1,..., M, we have

d(vr(x),U;) > % when x € (—6/2,6/2)" \ U;, (4.24)
d(Yy(z),U;) > C" d(z,U;) when x € (—6,6)™ \ U;. (4.25)

Indeed, let z = (2/,2,) € (=8,9)™ \ U;. We then consider y = (v/, h(y’)) € U; such that |z — y| = d(z,U;). Then
there exists B > 0 such that

hi(2') = 2n < lzn = hi(y)] + [hi(y') = hi(2")| < Blz =yl = B d(2,T5).

If z = 9y (z) for some x € (—§/2,6/2)" \ U;, then 2’ = 2’ and

1 _
7= |z — 2| < hi(2") — 25, = hi(2") — 2, < B d(z,U;).
This implies (4.24) while (4.25) can be proved similarly.

We now introduce ¢ = (; ' ot,0¢;. Then 1}, satisfies (4.23)—(4.25) in Q(z;,d). We extend ¢ by the identity

K2

outside Q(z;,0). Finally, we define
Py, =g ool

We easily get from (4.23)—(4.25), that the map &;, satisfies

S

0

|y — Id|| L + || DBy — Id||p= < =2, (4.26)

d(@k (F)’ ﬁ)

Y

(4.27)

for some positive Ag, A > 0. By relabelling the sequence &y, we can assume that Ay = 1.
There exists a constant Cy > 0 such that for any k > 1,

|D&k| | + |ID(2x) |z < Co.
For each k > 1, we define on T' U @ (T")

o Joly) on T,
kY { |D®y|| Lo $(P, () on By ().

We claim that ¢y, is Lipschitz continuous of rank not larger than

C = max(Ky, C§ Ko, K4(1+ 1/A) + [|¢]| = /A).
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Indeed, we only need to prove that for any y,z € T, we have |¢x(y) — or(Pr(2))] < Cly — Pi(2)|. We have

6% (y) — Gk(Pr(2))] = [B(y) — || DDy b(2)]|
< o(y) — ¢(2)| + [¢(2) = [|DPr||L=p(2)] < Kgly — 2| + ||@]|[1 — || DPy| Lo~ |
< Kyly — Pp(2)| + Ko|Pr(2) — 2| + ||| Lo [ Id — DDy |[ L=

Ky + |9l

< Koly — ®r(2)| + B

by using (4.26). By (4.27), we get
|6k (y) — Pr(@r(2))] < Koly — Br(2)] + %(f% +1l¢l[L) d(I, Px(I))

< (0 (14 ) + Slolm ) - 2.

The claim is proved.
We still denote by gz@k a Lipschitz extension on R™ of qZ)k with Lipschitz rank not larger than C. We then
introduce
_  Ju(z)ifz e,
k() = {q}k(ac) if z € R™\ Q.

Finally, we define for z € Q

up(x) = | ! ay, o P ().

|D®Py (z)|| Lo
Since @) converges to Id in the C! topology, (uy) converges to u in W1(Q). There exists a subsequence that
we still denote by (uy) such that (Vuy) converges to Vu almost everywhere in 2.

Moreover, for any v € I', we have

1 1 ~

ug(y) = mﬂk o Py(y) = mﬁbk(@k(ﬂ) = ¢(7)-

For each k > 1, there exists 0 > 0 such that for any x € Q satisfying d(z,T") < i, we have @y (x) ¢ Q.

Since uy(x) = mék o @y (z) when d(z,T") < i, the map uy, is Lipschitz continuous on a neighborhood
of I in Q.
We claim that
lim sup/ L(Vuy) < / L(Vu). (4.28)
k—o0 Q Q

This follows from the fact that A is non decreasing:
1
/L(Vuk) = / A(‘iDd%(w)*(Vﬂk(@k(x))D dz
Q Q HD‘pkHoo
<[ A(Va@i@)de + 2O\ @)
Qng, ' (Q)
By the change of variables formula, we then get

/L(VUk)S/L(VU(y))IJaf/@;Zl(y)\dy+/\(6)IQ\SP;Zl(Q)I-
Q Q
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By the dominated convergence theorem, the right hand side converges to fQ L(Vu). This implies inequality
(4.28). By Fatou Lemma,

liminf | L(Vuy) z/L(Vu).

k—+oc0 Q Q
Hence, (L(Vug))g>1 converges to L(Vu) in L'(£2). This completes the proof of Lemma 4.4. O

Finally, we have the following approximation lemma:

Lemma 4.5. There exists (um) C Lips(Q) such that (um,) converges to u in WH(Q) and (L(Vu,y,)) converges
to L(Vu) in L*(Q).

Proof. By Lemma 4.4, we can assume that w is Lipschitz continuous near the boundary. We extend u by a
Lipschitz continuous function outside 2. Let K be a compact subset of €2 such that w is Lipschitz continuous on
Q\ K. Let K; be a compact subset of 2 such that int &; D K. We introduce § € C2°() such that 0 < 0 <1,
6 =1on K. Let p € C°(B(0,1)), p>0, [, p=1and pi(-) := k"p(k-). We then define

up(w) = 0(x)(u pr)(2) + (1 = 0(x))u(z).
Then uy, is Lipschitz continuous on Q. We have
Vui (@) = () (Vu + pr)(@) + (1 - 0(x)) V() + (u + py(a) — u(e)) V().
This implies that (uy) converges in W (Q) to u and (up to a subsequence), (Vuy) converges to Vu a.e. We also
observe that when x € K1, Vug(z) = (Vuxpg)(x). For k > 1/d(K,0K1), |[Vu*pr||peo\ k) < ||Vullpe@e\ k-
Hence, by considering the two cases © € K7 and x ¢ K5 separately, we get for any k > 1/d(K,0K)

L(Vug()) < KL[[VO[ Lo~ (o|u* pr(x) — (@) + L(O(2)(Vu * pr)(x) + (1 = 0(x)) Vu(z))

where K, is a Lipschitz rank for L on the ball B(0, 2||ul|5~(q)||VO]| L) + [|Vul|| Lo @\ k). This gives

/L(Vuk) SKLHVQHLooHu*pk—uHLl—I—/HL(Vu*pk)—i—/(l—H)L(Vu).
Q Q Q

By Jensen Theorem, we have L(Vu * pi(x)) < (L(Vu) % pi)(z). By letting k — +00, we thus get:
limsup/ L(Vuy) < / L(Vu).
k—+oco JQ Q

Since by Fatou Lemma lkimJirnfo L(Vuy) > [, L(Vu), the sequence (L(Vuy)) converges to L(Vu) in L*(€2).

This completes the proof of Lemma 4.5. O

It is worth noting that as a by-product of the proofs of Lemmas 4.4 and 4.5, we have proved the non occurence
of the Lavrentiev phenomenon in the following setting 2:

Theorem 4.6. Let L : R™ — R be a convex map of the form L(£) = 1(|€]) for some | : RT — R. Then
inf / L(Vu)= inf / L(Vu).
Q Q

weW, () u€Lipy (Q)

2A similar result has been recently obtained by Bonfanti and Cellina with a different method.
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Step 4: End of the proof of Theorem 2.5. Let o € (0,1) and w € Lipy(€2). For the sequence (u,,) given
by Lemma 4.5, we write

0 < L(aVw+ (1 — a)Vuy) < aL(Vw) + (1 — ) L(Vup,).

By the dominated convergence theorem and up to a subsequence (we do not relabel), (L(aVw + (1 — @)Vu,,))
converges to L(aVw + (1 — a)Vu) in L*(2). Hence (4.21) remains true for any v of the form aw + (1 — a)u,
w € Lipy(Q).

Let w € Lipy(S2). For any k > 1,

k (L (Vu + %V(w - u)) _ L(Vu)) < L(Vw) — L(Vu) € L}(Q).

This implies [(VL(Vu), V(w — u))]T € L*(Q2) and by Fatou Lemma

(w-)

)
1

. 1
= lllcrﬁilolfk {/Q L(Vu + EV(U) —u)) — Flu](u+ E(w —u))

_/QL(vu)—F[u}u}

>0 by (4.21) with v = %w + (1 = %) u.

/Q<VL(Vu), V(w—u)) — Flul(w —u) = /Q (lllcrEJsrtg)k <L(Vu + %V(w —u)) — L(Vu)> — Flu]

Il e

> timsup k| ((L(Vu + %V(w — ) - L(Vu)) ~ Flu]

We have thus proved
(VL(Vu),V(w —u)) € L'(Q) (4.29)
/Q<VL(Vu), V(w—u)) — Flul(w—u) >0 (4.30)

for any w € Lipy ().

By taking w = (1 —n)¢ +n where n € C°(Q) is equal to 1 on an arbitrary compact subset of €, we get by
(4.29) (VL(Vu),Vu) € L}, (). This implies that (VL(Vu), Vw) € Li, (Q) for any w € Lips(£2). In particular,

loc loc

when w = (1 —n)¢ £ nz; (1 <i<n and n a bump function as above), we obtain VL(Vu) € L}, .(Q).
Now let n € C°(Q2) and t > 0. We define w = ¢ + tn € Lipy(2). By (4.30), we have

[ OL0). ) = Flan+ 7 [ (VL(V0), (0 - w) - Flul(o - ) > 0.
Q Q

We now let t — 4oc0. This gives

/Q (VL(Vu), V) — Fluly > 0.

We then take w = ¢ — tn to obtain the opposite inequality. Finally, we have
VL0, V1) = Fluly =0,
Q

We have thus proved that v is a solution of (E). This completes the proof of Theorem 2.5. O
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