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Abstract

We consider a nonlinear elliptic equation of the form div [a(Vu)] +
Flu] = 0 on a domain €, 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 € is convex and ¢ satisfies a one-sided bounded

slope condition, or when « is radial: a(§) = %f for some increasing

l: Rt — RT.

1 Introduction

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

div [a(Vu)] + Flu] =0 on £,
{ u=¢ on Of). (1)

Here, Q is a bounded open Lipschitz set in R (n > 2) and ¢ : 902 — R
is Lipschitz continuous. The vector field a : R" — R"” is continuous and
elliptic:

(a(€) —a(f),§-¢) >0 YV eR™ (2)
For x € Q and u € C°(Q), Flu](z) is a non linear functional of u. This
term can be nonlocal. For instance, the following variational problem is
considered in [10]:

Minimize { /Q L(Vu(z)) do — < /Q h(x,u(w))dw)ﬁ}.

The Euler equation can be written as in (1) with a(§) = VL(§) and

Flu)(z) = </Q h(z,u(z)) dm) ﬁ_lhu(:n, u(z)).
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A solution of (1) is a function u € W11() such that a(Vu) € L} (),
Flu] € L} (Q), trulsn = ¢ and

loc
® [ <<a<w<x>>,w<x>>—F[u}<x>n<x>)das—o L WneoX(@).

A natural approach to solve (1) is to consider it as a quasilinear elliptic
equation to which Schauder’s theory applies (see [8, 11]). One then obtains
a classical solution u. This requires however that a belong to C1*(Q) 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 (1, 32 in (0, 00) such that

(a(§),§) =z cu¢l’ — B VE € R, (3)
|a(€)] < aglé[P! + B2 VE € R™, (4)

Then, under suitable conditions on F[u], there exists a solution to (E)
in W1P(Q). This is the consequence of a theory initiated by Visik and then
developped by many authors, notably Minty, Browder, Leray, Lions, and
Morrey (see [12] and the references therein). Once the existence of a W1?
solution wu is established, the question of the regularity of u arises. Is the
solution C'(Q) or even C?(), so that equation (1) is satisfied in a classical
sense 7 Is the solution continuous up to the boundary of €2, so that the trace
is a ‘true’ restriction to 0§ ?

Another way to prove the existence of classical solutions of (F) has been
considered by Hartman and Stampacchia. In [10], 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 [10], section 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 : 2 — 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 Ky
of ¢. We also denote by Lipy(£2) the set of Lipschitz continuous functions
on Q. The set C°(€2) is endowed with the L™ norm. For K > K, we say
that ug € Lipy(2, K) is a K quasi solution of (E) if

/(a(VuK),V(v —ug)) — Flug](v—uk) >0 , Vv € Lipy(2, K). (5)
Q
When a satisfies (2), there exists a K quasi solution ug for each K > K

([10] Theorem 1.1). Under a stronger ellipticity condition on a, Hartman
and Stampacchia prove that there exists C' > 0 such that for any K > Ky,

luk L @) + [[Vur|[e@) < C. (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 € 02, there exist ¢} and Cf[ in R™ which satisfy
¢l < Q and

6+, y =7 < 8y) <o)+ (G y—7) . Vyeon.

By using (6), one can extract from (ux) x>k, a subsequence which converges
to a Lipschitz solution of (FE).

In [3], we have generalized this result to a larger class of functions ¢. The
bounded slope condition used in [10] 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  is smooth, then ¢ must be smooth as well (see
Hartman [9] for precise statements; see also [1]). Recently, Clarke [6] has
introduced a new hypothesis on ¢, the lower bounded slope condition of rank
Q (@ > 0): given any point v € 01, there exists an affine function

y = (Cyy =) +o(7)

with |¢y] < @ such that

(CGhy—7+o(y) <oly) , Vye . (7)

The map ¢ : 9 — R satisfies the lower bounded slope condition if and only
if ¢ is the restriction to 9€2 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 [3]) that a solution
u of (E) still exists in WH2(2) N Wlicoo(Q) when a satisfies

(@) —a(¢),6—&) > ple¢—¢ (8)

and F satisfies growth assumptions similar to those of [10]. The convexity
of Q is also required here. The main idea of the proof, inspired from [6],
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,
Flu] = 0 and Q is a disk in R?, it may happen that the corresponding
solution is not globally Lipschitz on € if ¢ satisfies the mere lower bounded
slope condition.

In [3], 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 €2 was a polyhedron. This
is the content of our first main result Theorem 3 below to generalize this
property to any convex domains (under the same assumptions). As in [2],



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. [8, 10]), 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 3 holds true on any smooth domain,
even when ¢ is smooth. However, we prove in Theorem 5 that the Lipschitz
continuity of ¢ is enough to prove the existence of Holder continuous solu-

l
tions when a is radial: there exists [ : RT — RT such that a(¢) = (||§’|)
where | - | is the Euclidean norm in R™. Once again, we only assume that [

satisfies a growth assumption from below which corresponds to (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 3 and 5
respectively.

2 Main results

Throughout the paper, € is a bounded open Lipschitz set. We denote by I
the boundary of €. Hence, there is a § > 0 such that for every point v € T,
I'NB(v,d) is the graph of a Lipschitz function (in an appropriate coordinate
system varying with 7). 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 [10]. As-
sume that F: CY(Q) — L1() is continuous:

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

on Q as h— oo, then Fluy] — Flu] in LY(Q).

We also assume that F' is locally bounded: for every M > 0, there exists
X(M) > 0 such that
(HF2) lu(z)] <M on Q= |Flu|(x)| < x(M).

The existence of quasi solutions follows from

Theorem 1 ([10] Lemma 12.1) Assume that a is continuous and elliptic
(see (2)), and that F satisfies (HF1) and (HF2). Then for each K > K,
there exists at least one ug € Lipy(2, K) such that

/Q<a(VuK), V(v—ug)) — Flug](v—ug) >0 , Vo e Lipy(Q2, K). (9)



The a priori L* bound on quasi solutions can be obtained under the fol-
lowing assumptions (see [10] for more general conditions): we assume that
a € C°(R™, R") satisfy (3) for some 1 < p < n, and that

(HF3) Flu)(z)sgnu(z <cZHu||La() w(@)| D7 e ae

where ¢ > 0, (i) > 1,6(i) > 0,v(¢) > 1 and a(i) < p*, B(i) +7(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 ([10, Theorem 8.1]) There exists a constant T' such that for
any K > Ky, for any K quasi solution u, we have

[|ullpoe) < T

The constant T depends on |9, ”¢||L<>O(Q) and the parameters in (3) and
(HF3).

For later use, we observe that (8) implies (3) for any p < 2 (for p = 2,
one can take e.g. a; = u/2 and By = |a(0)|?/(2u)).
We can now state our first main result:

Theorem 3 Assume that € is convex, ¢ satisfies the lower bounded slope
condition as in (7), and a € C°(R™,R™) is uniformly elliptic as in (8). If F
satisfies (HF'1), (HF2) and (HF3) with p = 2, then there exists a solution
u to (E) in WH2(Q) N L>(Q) which is locally Lipschitz in Q. Moreover, u
is Holder continuous on Q and agrees with ¢ on OS.

As explained in the introduction, the first sentence of the above state-
ment is proved in [3]. 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 uniqueness result can be stated provided
that a further condition is introduced on F[u] regarding its monotonicity.

Theorem 4 In addition to the assumptions of Theorem 3, assume that for
any u1,uy € C(Q), we have

/ (Flur] — Flua]) (ur — uz) < 0.
Q

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

Theorem 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:



{(S))

Theorem 5 Assume that a € CO(R™,R") can be written as a(§) = el
where | : RT™ — RT satisfies:

(HI) there exists > 0 and p > 2 such that for any 0 < s < t,

I(t) —1(s) > p(t — s)P L.
Assume that F' satisfies (HF1), (HF2) and (HF3) (for the same exponent

p). If Q has the uniform exterior sphere condition and ¢ is Lipschitz con-
tinuous, then there exists a solution u of (E) in WYP(Q) which is Hélder
continuous on 2.

Please remember that a solution w is such that a(Vu) and F[u] belong
to Li,.(Q), trulapg = ¢ and (E) is 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—=9]=mr,
2) B(z,r) CR™\ Q.

Since a is continuous, we necessarily have [(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
/

Ut
C! map [ such that inf ) > 0 satisfies (H1).
>0 tP—2

3 Proof of Theorem 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 1, for every K > Ky, there exists a K quasi solution to (5). By
Theorem 2 and (H F'2), there exists a constant 7' (independent of K) such
that if u is a K quasi solution, then

ullpoe) T 5 [[F[u]l] o) < x(T).

It then easily follows from (8) that there exists S > 0 such that ||u|[y12(q) <
S for any K quasi solution (see [3, Proposition 3.3] for details). Here, S
depends on ||l (0, [|a(V0)ll (2, 12, g T and x(T).

Barriers are the basic tool to control the behaviour of quasi solutions
near the boundary.

Definition 1 Let Ky > Ky and v € 0S). Then we say that a function
w : Q — R is a lower barrier for (E) at v in Lipg(Q, Ko) if the following
properties are satisfied:



e the function w is Lipschitz continuous on Q of rank < Ky,
o w(y) = ¢(7y) and w < ¢ on 0N,
o for K > Ky, any K quasi solution u of (F) satisfies u > w on .

We define similarly an upper barrier. We can construct lower barriers for K
quasi solutions by using the lower bounded slope condition (see [3, Proposi-
tion 3.4]):

Proposition 1 There exists Ko > K such that for any v € T, there ewists
a lower barrier w in Lips(€2, Ko).

This lower barrier was used to prove the following key estimate (see [3],
inequality (3.10)):

Proposition 2 There exists Q > 0 such that for any K > Ky, for any K
quasi solution u, we have

[z — |

u(z) < uly) + Qm

, T,y € Q. (10)

Here nr(z|y) denotes the unique point of T of the form x + t(y — ), t > 0.

The constants Kg in Proposition 1 and @ in Proposition 2 depend on pu, T
X(T), ||¢]lpe (), K¢ and the diameter diam €2 of Q2. Moreover, (10) implies
that on any compact subset g C €2, the Lipschitz rank of ux is bounded

by Q/d (Q,T") (here, d (29, I") denotes the distance between Qg and T").
The new result of this section is given by the following proposition:

Proposition 3 There exists C > 0 such that for any K > Ky, for any K
quasi solution u, we have

u(z) —uy)| < Clz —y|* z,y €, (11)
1
where o = 17
Proof of Proposition 3 Estimate (11) will follow from

Lemma 1 [2] Let u € WYP((—1,1)"), p > 1. We assume that there exists
Q > 0 such that for a.e. t € (—1,1), for a.e. 'y, 25 € (—1,1)"" 1

u(zh, 1) — u(2y,1)| < Qlay — ). (12)

Then there exists C > 0 only depending on n, p, Q and ||Opul|pp((—1,1yn) such
that for some representative @ of u, we have for any xi,xe € (—1,1)",

- - _p—1
|a(z1) — a(z2)| < Clzy — 20| 7—TFP.



Proof: By reflection and regularisation, we can assume that u is the restric-
tion to (—1,1)" of a map in C*°(R") still denoted by u. We introduce a
smooth kernel p € C(R"™ 1 RY), [pa1p =1, supp p C B"1(0,1). We
denote by p. the function defined by p.(-) = p(-/€)/€"~t. We consider

wl )= [ e = )y

By (12), we have |uc(2/,t) — u(2’,t)| < Qe.
Let 2’ € (—1,1)" ! and —1 < t; <t < 1. Then
’u(lj,tl) - u(l‘l,tg)’ < ’u<x/7t1) - ue(xlvtlﬂ
e’ 1) = e, 1) 4 o 12) — (e 1)
to
< 2eQ) +/ pe(x’ — o) dy’/ |0yu(y’, t)| dt.
Rn—1

t1

By Holder’s inequality, we get

to
/ dt/ (' —y")|owu(y' 1) dy’
Rn— 1

o 1ol o (gn—1
< [0kul|Le(Br—1 (2 e) x (—1,1))It2 — t1] p B,
p

€
Therefore,

/ ' HPHLP’(Rn 1) 1-1
‘U({E ,t1>—U($ 7t2)’ < 2€Q+TH815UHLP(B" Lz, e)x(—1,1) ’tQ tl’

€ p
—1
We now take € := [ty — t1|nil+P. This gives
-1
lu(a’,t) — u(a,t2)] < Clty — ty|7 15 (13)

where C' depends only on n, p, @ and ||0yu||rr((—1,1)»). Lemma 1 follows
from (12) and (13).
O
We observe that the possibility to exploit the continuity of a map in one
direction together with the integrability properties in the other directions
had already been used in [6].
The construction of upper barriers will be based on:

Lemma 2 Let " be a bounded subset of R"™ such that Q* D Q. Let ¢* :
R™ — R be a conver function such that ¢*|g- € C°(Q*). We assume that
¢* > ¢ onT. Let u* € Lipy-(2*, K) be a K quasi solution in Lipy-(Q*, K) :

/*(a(Vu*), Vv —-u")) = x(T)(v—-u")>0 , Vve Lipy (2, K). (14)

Then for any K quasi solution u of (E) in Lipg(Q, K), u* > u on .



(The constant x(7") > 0 has been introduced at the beginning of Section 3:
|Flu]| < x(T) for any K quasi solution u of (E) in Lipg(Q2, K).)

Proof: We first prove that ¢* < u* on Q* by inserting v(z) := max(u*(z),
¢*(x)) in (14). This gives

[ 6T, 56" =) (D)6 ) 20
Using (8), we obtain
[ @@ ve-ve <o [ @ -w) )
[@* >u*]

[¢* >u*]

We claim that the left hand side is non negative.
Indeed, let {a. = (a;, ..., a?)}oo be a family of smooth vector fields which
converge locally uniformly to a and satisfy (8) with the same p (a convolution

of a by a smooth kernel will do). For each €, Stokes formula implies

/ (a(V$*), Vur — V) = / div [ae(V4"))(6" — )
[p*>u*]

[* >u*]

n 81 82 *
— [ Y STt (67— u) 2,
[¢*>u*]

3fj 8.% 8.%']'

by convexity of ¢*. By letting € — 0, we get

i,j=1

/ ((V6*), Vi — V™) > 0, (16)
]

The comparison of (15) and (16) implies that ¢* < u* on Q. B
In particular, u* = ¢* > ¢ on I'. We now prove that u* > u on €, for
any K quasi solution u of (E) in Lips(€2, K). The function

v(z) := min(u, u*)(x)
belongs to Lipy (€2, K). The function

« ~ | max(u,u*)(z) ifze€Q,
vi() = { u*(z) otherwise

belongs to Lip(2*, K') and agrees with u* on 0Q*.
By inserting v in (5) and v* in (14), we get

/[ . ((a(Vu(z)), Vu*(z) — Vu(z)) — Flu](u*(z) — u(z))) dz > 0,
/[ Sur] (a(Vu*(z)), Vu(z) — Vu'(z)) — x(T)(u(z) — u*(2))) dz = 0.

9



This gives by (8) and the definition of x(7')

,u/ |Vu — Vu*? < / (a(Vu) — a(Vu*), Vu — Vu™)
[u>u*] [u>u*]

which implies that v < u* on 2. This completes the proof of Lemma, 2.
O
A first consequence of Lemma 2 is given by

Lemma 3 There erists C1 > 0 such that for any K > Ky, any K quasi
solution v and any v € I';xz € ), we have

u(z) < ¢(v) + Crlz —~|7, (17)

_ 1
where o = i

Proof: Fix v € I'. Since € is convex, there exists an open hypercube Q*
such that Q* D Q and ~ is the center of an n — 1 dimensional face ¥ of Q*.

We introduce
¢* () == () + Kglz — 7.
Thus, ¢* > ¢ on I.

By Theorem 1, for any K > K, there exists a K quasi solution u* €
Lipg+«(Q*, K). Moreover, there exist 7% > 0, S* > 0 (not depending on K)
such that

][z ST, [lullwr(eey < S*.
By Proposition 2,

|z — |

R A ra— |

, x,y € Q" (18)
Let Q] = %(Q* — ) + 7. In view of (18), we can apply Lemma 1 on Q

with p = 2. We get
[u™(z) —w ()| < Cilz =~ , e (19)

for some C7 > 0. By enlarging C if necessary, we can assume that this
inequality holds true for any z € Q*.
By Lemma 2 and the fact that u*(y) = ¢*(y) = ¢(y), we have

u(e) < u'(2) < 6(7) + Cile =17, 2 €

This completes the proof of Lemma 3.
O
In order to exploit the estimate given by Lemma 3, we need the following
maximum principle:

10



Lemma 4 There exists Co > 0 such that for any K > Ky, any K quasi
solution u and any z,y € €2,
lu(z) —u(y)| < max  |u(z) = ¢(v)| + Colz —yl. (20)
zeQyerl,
lz—7]<|z—y|
The constant Cp depends only on x(7)/u, and |€2|. Lemma 4 is a conse-
quence of the proof of [10] 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 2.
We now complete the proof of Proposition 3. For any K > Ky and any
K quasi solution u, we have by Proposition 1

u(z) > w(z) > 6(7) — Kolz =~ , veT,zeq. (21)

This gives a lower bound of u(z) — ¢(y) when z € Q.
From (21) and (17), for K > Ky, a K quasi solution u satisfies
max  |u(z) = ¢(7)] < (Ko(diam )17 + C1)z — y|*.

zeQ,yeT,
|z—v|<]z—yl

By Lemma 4, this implies that for any =,y € €,
u(z) — u(y)| < Cle —y|*,

with C := (Ko + Cp)(diam )1~ + Cy. Hence, u is Holder continuous.
Proposition 3 follows at once.
O
Finally, we complete the proof of Theorem 3. For each K > K, let ug €
Lipg(Q2, K) a K quasi solution, so that |[uk|[z~@) < T, [luk|lwr2@q) < S
and the Lipschitz rank of ux on any compact subset 2o C 2 is bounded by
Q/d (Q0,T). Finally, (11) 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 a. As in [3, Proposition 3.6], one can also prove that the function

u is a solution of (£). This completes the proof of Theorem 3.
O

Proof of Theorem 4 Here, we assume further that if uq,us are two
continuous functions on €2, then

(AWWM@—FWM@WM@—MW»MSO (22)

Let uq,us : 2 — R be such that:

1) wuy,ug are locally Lipschitz on €,

11



2) w1, usg are continuous on €2 and agree with ¢ on T,
3) wy,ug are solutions of (E).

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

function such that "
0 if 7] <1
o) —{ £ ] > 2.

We define for each ¢ > 1, 6;(t) = 0(it)/i and n;(z) = 0;(u2(z) — ui(x)). Then
7; is a Lipschitz continuous function on €2 which vanishes on a neighborhood
of I' (here we use the fact that u; and ug are continuous up to the boundary
and agree on the boundary). Hence, we can insert 7; in (E), which yields:

| (@(Vu). V) = Flasl =
Since Vn; = 0 (i(ug — u1))(Vug — Vuy), we get
[ 02 = ) (V). Vs = V)~ Flud =0, (23
Symetrically, we have (with uy, —1; instead of uy,7;)
/Q 0 (i(ur — un)){a(Vus), Vs — Vo) + Fluln) = 0. (24)
The sum of (23) and (24) gives
/Q 0 (i(us — w))(a(Vauz) — a(Vaur), Vus — Vus)

0(i(ur — u2))

i

z/GWﬂ—ﬂwD
Q

Here, we have used the fact that §(z) = —0(—x) and ¢'(z) = ¢'(—z). Using
(8), we get

Oli(us — u2))

7

u/ 0 (i(ug — u1))|Vug — Vg |* do < /(F[ul] — Flug))
Q Q

By the dominated convergence theorem, the right hand side goes to

(Flui] — Flug])(u1 — uz2) when i — oo. This quantity is nonpositive by
Q
(22). Hence, by Fatou’s Lemma in the left hand side, we have

liminf @’ (i(ug — u1)(z))|Vus(z) — Vur (z)* =0 , a.e. z€Q.
This implies that
(ug — u1) ()| Vua(z) — Vur ()* =0 , a.e. x€Q

so that uq; = ue on . This completes the proof of Theorem 4.

12



4 Proof of Theorem 5

Exactly as in the proof of Theorem 3, for each K > K, there exists a K
quasi solution ug € Lipg(Q2, K). There exists 7' > 0 such that for any
K > K,

ukllpee) <T 5 [|Fluk]l|pe@) < x(T). (25)

We observe that for any &, &' € R™,

(a(§) - a(¢), £~ &) = Ll —¢P. (26)

Indeed, let = [¢], s = |¢/| and b= (£/|¢],€'/|¢']). Then
(a(§) —a(&),& = &) =rl(r) + sl(s) — b(sl(r) + rl(s))
and |€ — '[P = (r2 + 5% — 2brs)P/2. Then (26) is equivalent to
rl(r)+sl(s) —b(sl(r) +ri(s)) > %(r2+s2—2brs)p/2, rs>0,-1<b< 1.
(27)

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

(Ur) = Us)(r = 5) = 2o(r = 5)".
This follows from (HI) at once. When b = —1, we have to prove that
(Ur) + Us)(r+5) > L+ 57 (28)

By (HI) and the fact that [(0) = 0, we have I(r) > purP~! I(s) > psP~!.
This implies (28) and thus (27) is also true in that case. This completes the
proof of (26).

Step 1: A variational setting

We proceed to prove that ug is the solution of a variational problem on
t

Lipy(2, K). We introduce A(t) := / l(s)ds and L(&) := A(|¢|). Then L is

0
non negative, convex and differentiable with VL(&) = I(|€])¢/[£] = a(§).
Let K > Ky and v € Lipg(Q2, K). For any x € €2, the function

t— L(Vug(x)+tV(v—ug)(x))

is convex. Hence, the function

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

13



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

q'(0) = /Q<a(VuK), Vo —Vug) — Flug](v — ug).

Since ug is a K quasi solution, we get ¢’(0) > 0 so that g is non decrea-
sing on [0, 4+00). Whence

/ L(Vug) — Flug|ug < / L(Vv) — Fluk]v. (29)
Q Q

By (Hl), L(Vug) > H\Vu;dp. By (29) with v = ¢ and (25), there exists
p
S > 0 (independent of K) such that ||uk||w1s@) < S.

Step 2: A uniform Hoélder continuity estimate for quasi solutions
In order to establish a Holder estimate, we need a generalization of Lemma
4:

Lemma 5 Assume that a € C°(R™,R") satisfies
(@@ —a@) =) zvig=¢P , {eR” (30)
for some v > 0, p > 1. Let ¢ : R" — R be a Lipschitz map of rank Ky,
g € L>®(Q) and K > Ky. Let u € Lipy(§2, K) such that
/(a(Vu), Vu—Vu) —g(z)(v—u) >0 , ve& Lips(Q,K). (31)
Q

Then there exists Cy > 0 depending only on j1/]|g|| (o) and [$2] such that

1
— < — —qy|r-1.
lu(z) —u(y)| < Zefgf}yg\ﬂ(z) o(7)| + Colz — y|rT (32)
[z—v|<|z—y

Proof: This is a mere adaptation of [10] Lemma 10.0. Fix Z, ¥ in Q and
set 7 := y — Z. We define u,(-) = u(- +7) on Q, := Q — 7, as well as
¢-(-) =¢(-+7) and g.(-) = g(- + 7). Then

/Q (a(Vur),Vw—Vur) —gr(x)(w—u;) >0 , w € Lipy, (7, K). (33)

Let M > M, := max |u(z) — @(7v)|- We observe that for any x € (NS, ),
zel)ye
lz=v|<T

x € 0Qor x + 7 € 00. Hence, |u(x) —ur(x)] < M on 9(Q2N Q).
In (31), we take

[ uon Q\Q,,
YT max(u, ur — M) on QN Q.

14



We get

(a(Vu), Vur —Vu) —g(z)(ur —u—M) >0 (34)
Anm
where Ay = {x € QN Q; :u(z) <wur(z) — M}. Now, we define

| uron Q:\Q,
= min(u + M,u;) on QN Q.

By inserting w in (33), we get
| (@(¥un). Vu=Vur) — g @ -u £ M) 20 (39)
M
By adding (34) and (35) and in view of (30), we get
v [ 1Vu = up < [ (grla) — gla))ole) do (36)
Ay Apm

where v(z) := max(u,(z) —u(z) — M,0) € Lipo(2 N 2;). We extend g and
v on R™ by 0. The right hand side of (36) is equal to

| s@0@ = -v@)de < lgllimlrl [ Vol (37)

By (36) and (37), we have

/ |[Vu — Vu, P < HgHLm(Q)M/ |Vu — Vu,|.
A]u v AM

By Holder inequality, this gives

(/AMwu_wrp) < (Ml H) Aul?,

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

| awlane = | (e o) - M)

M

1 1
g(/ \uT—u—Myp*> A |7 < c(/ VuT—Vu\p)p\AM\l_p*
A[w A]\/I

1
< C'|r|7=T | Aml?,

where 3 > 1 while C and C’ depend only on n, p, Q and |19/l Loe () /v- Here,
we have used the Sobolev inequality with p* = np/(n — p) if p < n (in that
case, f = 1+41/n). When p > n, we take for p* any exponent larger than p.
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This implies (see [10] Lemma 7.2) that |Ays| = 0 for
_B_
g—1

In particular, u, (%) < u(Z) + Co|7|"/®=Y + M, (Cy = C"|QP~13/(6 — 1)).
The other inequality can be established similarly. Since 7 = 7 — 7, this
completes the proof of Lemma 5.

M > o' |rmT |t 4 M,

O

We can now state the Holder estimate for K quasi solutions:

Proposition 4 There exists C > 0 such that for any K > Ky, for any K
quasi solution ug,

luk () —uk (y)| < Clz —y|*  Vi,y € Q (38)

p—1 1
n+p—1p—1

where o := min( ).

Proof: By Lemma 5, it is enough to prove that there exists a positive
constant C' such that for any v € I', for any K > Ky and any K quasi
solution u we have

u(z) — u(y)| < Cla =477 | Vee. (39)

We proceed to prove that u(z) —u(y) < Clz—~|"/ "1, The other inequality
could be established similarly.

Fix v € I'. There exists » > 0 not depending on v and z € R” such
that B(z,r) C R"\ Q and |z — | = r. Let R := r + diam Q. We define
Q* := B(z,R) \ B(z,r) and

¢*(x) = d(v) + Kplz — 7.

Fix K > K4 and consider v a K quasi solution of (E).
There exists a K quasi solution solution v € Lipg«(Q*, K') to the inequa-
tion

/*<a(Vv),Vw — V) = x(T)(w—v) >0 , Vw e Lipg«(Q*, K). (40)

Moreover, there exist 7% > 0 and S* > 0 independent of K such that
[0l eeiaey < T, ollwrr@ey < 5™

By Lemma 2 (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 5 except
that we replace translations by rotations. This is the main reason why we
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require that a be radial. Without loss of generality, we can assume that
z = 0. For any linear positive isometry I : R" — R", I(2*) = Q*. For any
w € Lipg(2*), we denote by wy the map w o I. By (40) and an obvious
change of variables, we have

/ (a(Vvr), Vwr — Vur) — x(T)(wr —vr) >0, Vw € Lipy+(Q*, K). (41)
Here, we have also used the fact that

(a(Vvr), Vwr — Vour) = (a(I*(Vvol)), I*(Vwo I —Vvol))
_ U(Vvol])

Vool (I*(Vvo I),I*(Vwo I — Vvol))

=(a(Vvol),Vwol —Vvol).
Let b := max),— [I(y) — y|.- We now take w = max(v; — KgRb,v) €

Lipg- (2, K) in (40):
/ (a(Vv),Vur — V) — x(T)(vr — KyRb — v) > 0. (42)
[’U[ K¢Rb>v}
With w = min(v,v 0 I™! + K,Rb) € Lipy(*, K) in (41), we have:

/ (a(Vovr), Vo — Vur) + x(T) (v — K4Rb — v) > 0. (43)
[v] K¢Rb>v]

The sum of (42) and (43) (see also (26)) leads to

/ Vo — VP < 0. (44)
[’L)[—K¢Rb>1}]

Hence, for any z € Q*, vi(z) — v(z) < KyRb. Symetrically, we have v <
vr + K¢Rb.

Now, if 2,y € Q* are such that |z| = |y|, there exists a positive isometry
I such that I(z) = y and

[v(@) —o(y)| = [v(z) —vi(z)] < KgRb < Qlz — y|

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 1:

Lemma 6 Let v € W'P(B(0, R)
such that for any z,y € B(0,R) \ B(0,r), || = |y|, we have
vy

[v(z) —v(y)] < Qle —yl.
Then there exists C > 0 depending only on Q, ||v||
R such that for any =,y € B(0,R) \ B(0,r),

\ B(0,7)). Assume that there exists Q >0

WLp(B(0,R\B(0,r)’ and

() — v(y)] < Cla — y| 7T,
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Lemma 6 easily follows from Lemma 1 by the change of variables formula
(see [2, Lemma 5] for a detailed proof). It gives an estimate of the Holder
norm of the quasi solution v of (40). Since u < v on Q and u(y) = ¢(v)

= ¢*(7) = v(7), we thus get
1
u(z) —u(y) < Clx — ’y]"ipfl , x €L,

where C' depends neither on v nor on K. This completes the proof of Propo-
sition 4.

O

By Proposition 4, a subsequence of quasi solutions (ug,) uniformly con-

verges to a Holder continuous function u satisfying (38). Since (ug,) is

bounded in W1P(Q), we can further assume that (ug,) weakly converges to
u in WHP(Q).

The convexity of L implies that / L(Vu) < ljm_&nf/ L(Vug,). From
Q i—+too Jo
(29) and (HF1), we thus get for any v € Lipy(£2)

/ L(Vu) - Fluju < / L(Vv) — Flujo. (45)
Q Q

In particular, L(Vu) € LY(Q). We proceed to prove that u is a solution of
(E). The map w 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 [7] 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 WP (2). We have to prove
somehow that no Lavrentiev phenomenon can occur.

Step 3: An approximation Lemma We first state

Lemma 7 There exists a sequence (ug)p>1 C W(;l(ﬂ) converging to u in
WHL(Q) such that

1) for each k > 1, uy, is Lipschitz continuous on a neighborhood of 0S) in
Q,

2) for each k > 1, L(Vuy) € L'(Q),
3) (L(Vug))k>1 converges to L(Vu) in L'(Q).

Proof of Lemma 7: Since I is locally the graph of Lipschitz maps, there exist
d > 0, and finitely many cubes Q(x;,d) of centers x; and radius § > 0, i =
1,...,M, such that T" C Uf\ilQ(wi, d/4) and for each i, there is an isometry
¢; of R™ which maps Q(z;,d) onto (—6,0)" and Q(x;,d) N onto

Ui = {(z/,2,) € (=6,0)" 1 x (6,6) : &, > hy(a')},
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where h; : [-4,6]""! — R is Lipschitz continuous. We can further assume
that

GONQ(:,0)) = {(y', h(y)) 1y € (=5,6)" '} (46)
Let 0 € C°((—9,6)™) be such that 0 < 6 < 1 and §# =1 on (—3/2,6/2)".
We introduce

1/%(90) =T %9($)6n

where e, := (0,...,0,1). Clearly, for any k > 1,
C
19 = Ldl|ze + [[ Dy, — Td]|z <+ (47)

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

/
Q). T = - when & € (~5/2,6/2)"\ U (45)
d (Yp(x),U;) > C" d (z,U;) when x € (=§,8)" \ U;. (49)
Indeed, let z = (2',2,) € (=4,0)™ \ U;. We then consider y = (v', h(y)) € U;

such that |2 — y| = d (2,U;). Then there exists B > 0 such that
hi(2) = 2n < |20 = hi(y)| + 1hi(y') — hi()] < Blz —yl = B d (2, T)).

If z = ¢(x) for some x € (—6/2,6/2)" \ U;, then 2’ = 2’ and
1

r = |z — 2| < hi(2)) — 2 = hi(2)) — 2, < B d (2,0;).
This implies (48) while (49) can be proved similarly.

We now introduce ¢} = ;1 o 1y, o ¢;. Then ¢! satisfies (47), (48) and
(49) in Q(z;,0). We extend 1} by the identity outside Q(;,d). Finally, we
define

D, =Py o oppl.
We easily get from (47), (48) and (49), that the map Py, satisfies

A
|5 — Id]| = + [|[D®y — Id]| = < =2, (50)

Q (@), D) > & (51)

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

|ID® || + || D(®g) || < Co.
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For each k > 1, we define on I' U &4 (I")

¢(y) on T,

ey { D@kl 6(®; " () on @k (T).

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

C = max(Ky, C3K4, Ks(1+ 1/A) + ||§|| £ /A).

Indeed, we only need to prove that for any y,z € I, we have |¢~>k(y) —
or(Pr(2))] < Cly — x(2)]. We have

0 (y) — Ok(Pr(2)] = |6(y) — [| DR | b(2)|
< [o(y) = d(2)| +16(2) = [[DPx|| L p(2)] < Kply—z|+|¢[|Le |1 — [ D |||
< Kyly — 4(2)| + Kp|Pr(2) — 2| + [|9]| Lo |[Id — D®y|| Lo

Ko + 18]l
< Kyly - a(a)] + =2

by using (50). By (51), we get

BeL) — Gu(@u(2)] < Koly — ()] + 5 (I + [[6]12) d (T, Bi(T))
< (Kol + )+ liele= ) Iy = 2u(2)

The claim is proved. 3
We still denote by ¢ a Lipschitz extension on R™ of ¢ with Lipschitz
rank not larger than C'. We then introduce

B o u(x) if z € Q,
g () = { or if 7 € R\ Q.

Finally, we define for x € Q

1 -
ug(x) == | uy o .

Since ®}, converges to Id in the C! topology, (u) converges to u in WhH1(€).
There exists a subsequence that we still denote by (ug) such that (Vug)
converges to Vu almost everywhere in €.

Moreover, for any v € I', we have

1 1 ~

ug(y) = mﬂk 0 ®p(y) = m%(@k(ﬂ) = 9(7)-

For each k > 1, there exists dr > 0 such that for any x € € satisfying
d (z,T) < 0k, we have @ (x) ¢ Q.
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1 -
Tha T ?
|1D®p | Lo~
Lipschitz continuous on a neighborhood of I' in €.

We claim that

Since ug(x) = k © Pr(x) when d (z,T') < di, the map wuy, is

limsup/QL(Vuk) S/L(Vu). (52)

k—o0 Q
This follows from the fact that A is non decreasing;:
> dx

[ o= [ A(‘mmm*(vmk(x»

< /Q A(IVu(@y(2))]) da.

By the change of variables formula, we then get

[rvuy < [ vt act; W)l dy
Q

D5 (Q2)

By the dominated convergence theorem, the right hand side converges to

/ L(Vu). This implies inequality (52). By Fatou Lemma,
Q

lim inf /Q L(Vuy) > / L(V).

k—4o00 Q

Hence, (L(Vug))k>1 converges to L(Vu) in L1(2). This completes the proof
of Lemma 7.
O

Finally, we have the following approximation lemma:

Lemma 8 There exists (unm) C Lipg(Q2) such that (um) converges to u in
WHL(Q) and (L(Vuy,)) converges to L(Vu) in LY(Q).

Proof: By Lemma 7, we can assume that u is Lipschitz continuous near the
boundary. We extend w by a Lipschitz continuous function outside €2. Let
K be a compact subset of { such that u is Lipschitz continuous on Q \ K.
Let K7 be a compact subset of 2 such that int K1 D K. We introduce
0 € C(£2) such that 0 <0 < 1,60 =1on K;. Let p € C°(B(0,1)), p > 0,

/ p=1and pg(-) := k"p(k-). We then define
Rn

up(z) := 0(x)(u* pr)(z) + (1 - 0(z))u(z).
Then uy, is Lipschitz continuous on Q. We have

V() = 6(a)(Vu* pe) (@) + (1 - 6(2)) V() + (u pi() - ulx))V6(2).
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This implies that (uz) converges in W1!(Q) to u and (up to a subsequence),
(Vuy) converges to Vu a.e. We also observe that when = € K, Vug(z) =
(Vux py)(@). For k > 1/d (K,0K), [V el [ (orser) < [IVullio ).
Hence, by considering the two cases z € K; and x ¢ K, separately, we get
for any £ > 1/d (K,0K)

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

where K, is a Lipschitz rank for L on the ball B(0, 2||u|| 10 (0)||VO|| L) +
[IVul|poo o\ k). This gives

/L(Vuk) < Kp||V0|| Lo ||u* pr — u|| 12 +/9L(Vu*pk)+/(1—0)L(Vu).
Q Q Q

By Jensen Theorem, we have L(Vu x pi(z)) < (L(Vu) * p)(x). By letting
k — 400, we thus get:

limsup/QL(Vuk) S/L(Vu).

k—+o00 Q

Since by Fatou Lemma lim inf/ L(Vuy) > / L(Vu), the sequence (L(Vuy))
Q Q

k——+o0
converges to L(Vu) in L'(£2). This completes the proof of Lemma 8.
O
It is worth noting that as a by-product of the proofs of Lemma 7 and
Lemma 8, we have proved the non occurence of the Lavrentiev phenomenon
in the following setting !:

Theorem 6 Let L : R™ — R be a convex map of the form L(§) = I(|¢]) for
some | : RY — R. Then

inf /L(Vu) = inf /L(Vu).
ueW Q) JQ u€Lipy () Jo

Step 4: End of the proof of Theorem 5 Let a € (0,1) and w € Lipg(€2).
For the sequence (u,,) given by Lemma 8, we write

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

By the dominated convergence theorem and up to a subsequence (we do
not relabel), (L(aVw + (1 — a)Vu,y,)) converges to L(aVw + (1 — a)Vu)
in L'(Q). Hence (45) remains true for any v of the form aw + (1 — a)u,
w € Lipy(£2).

! A similar result has been recently obtained by Bonfanti and Cellina with a different
method.
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Let w € Lipg(Q2). 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))]* € L'(Q) and by Fatou’s Lemma
/Q<VL(Vu), V(w—=u)) — Flu|(w — u)

= /Q <lim sup k (L(Vu + %V(w —u)) — L(Vu)) - F[u]%(w - U)>

k——+o0

> lim supk/Q ((L(Vu + %V(w —w)— L(Vu)) - F[u]%(w _ u))

k——+o0

— limsupk {/Q L(Vu+ %V(w — ) — Flu](u + ~(w — u))

k—+00 k
—/QL(Vu) —F[u]u}
1

1
>0 by (45) with v = T + (11— E)u

We have thus proved
(VL(Vu), V(w — u)) € L*(Q) (53)
/ (VL(Vu),V(w —u)) — Flu](w —u) >0 (54)
Q
for any w € Lipg(Q2).
By taking w = (1—n)¢+n where n € C2°(Q) is equal to 1 on an arbitrary

compact subset of 2, we get by (53) (VL(Vu), Vu) € Li, (). This implies
that (VL(Vu),Vw) € LL () for any w € Lips(2). In particular, when

loc

w=(1-n)¢Ltnz; (1 <i<nandnabump function as above), we obtain
VL(Vu) € L} ().

Now let n € C(Q2) and t > 0. We define w = ¢ + tn € Lipy(£2). By
(54), we have

/ (VL(Vu), Vi) — Fluln + / (VL(Vu), V(6 — ) — Flul(é—u) > 0.
Q Q

We now let £ — 4-o00. This gives

/Q (VL(Vu), V) - Fluly > 0.

We then take w = ¢ — tn to obtain the opposite inequality. Finally, we have
[ (VLT V)~ Fluly = .
Q
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We have thus proved that u is a solution of (E). This completes the proof
of Theorem 5.

O
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