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Abstract

We study the problem of minimizing [, L(x, u(x), Du(z)) dx over
the functions u € WP(€) that assume given boundary values ¢ on
0. We assume that L(z,u, Du) = F(Du) + G(x,u) and that F is
convex. We prove that if ¢ is continuous and €2 is convex, then any
minimum w is continuous on the closure of €. When 2 is not convex,
the result holds true if F'(Du) = f(|Dul|). Moreover, if ¢ is Lipschitz
continuous, then v is Holder continuous.

1 Introduction

We study the regularity of solutions to the following problem (P) in the
multiple integral calculus of variations:

ml}n/ L(x,u(u), Du(z)) dr subject to u € Wol’l(Q) + o,
Q

where €2 is a bounded domain in R™, u is scalar-valued and L : @ xRxR"™ — R
is convex with respect to the last variable. Under suitable assumptions on L,
one may invoke the direct method to deduce the existence of a solution u to
problem (P). The issue then becomes the regularity of u. In particular, if u
is continuous on ), the boundary conditions are assumed pointwise (rather
than in the sense of trace).

Following the pioneering work of De Giorgi (|7]), Giaquinta and Giusti
([11, Theorem 3.1]) proved the Holder continuity of any bounded solution
u when ¢ is Holder continuous and the Lagrangian L satisfies the growth
condition

§P —d < L(z,u,§) < cl¢]’ +d (1)

for some ¢, d € R and for every (z,u,§) € Q x R x R"™. The constrained
growth of the same order p from both above and below has subsequently
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been weakened (|14, 8|). However, this condition is almost necessary to
ensure local regularity: there exists a Lagrangian L(z,u,§) = F(§) which is
uniformly elliptic, satisfies

—d+ €< FE) <ce[* +d, € €R™

and for which the solution fails to be continuous on € (see [10, 14]). In such
an example, though, the boundary function ¢ is itself discontinuous.

In this article, we follow another approach more relevant to Lagrangians
which do not satisfy any upper growth condition: when some regularity
properties are imposed on ¢, this induces regularity of the solution u. We
proceed to recall the main results that illustrate this principle. Consider
first the case when L(x,u,£) = F(§) is strictly convex, coercive and §) is
convex. If ¢ satisfies the so-called bounded slope condition (equivalently, ¢
is the restriction to 92 of a convex function and the restriction of a concave
function), then the solution of (P) is Lipschitz continuous (see [18]). When
¢ is the restriction of a convex function on R™, Clarke [5] has proved that the
solution w is locally Lipschitz on 2. Finally, when ¢ is merely continuous,
the solution u is continuous on Q (see |5, 1, 16]).

These results have been extended in two different ways. On the one
hand, when F' is convex and superlinear but not necessarily strictly convex,
several minima may exist. However, there exist a minimum of the minima
and a maximum of the minima which satisfy the same regularity properties
as above (see |4, 15, 16, 1]).

On the other hand, when L depends also on x and %, minima may have
interior singularities (see [8, 9]). However, when  is convex and if L can
be written as L(x,u,§) = F(§) + G(z,u), with F' uniformly convex (see (2)
below) and G Lipschitz continuous, then any bounded minimum is

1) Lipschitz continuous when ¢ satisfies the bounded slope condition (see

[21]),

2) locally Lipschitz continuous when ¢ is the restriction of a convex func-
tion (see [2]).

All these results naturally lead to the following conjecture. Assume that
L(z,u,§) = F(&) + G(z,u) is smooth and uniformly convex with respect to
&, that Q is smooth (but not necessarily convex), and that ¢ is smooth (but
not necessarily the restriction of a convex function). Then any solution of
(P) is continuous on (.

We observe in particular that the problem of the continuity of u when the
boundary condition ¢ is continuous and G different from 0 is open. Theorem
1 below settles this question when €2 is convex. When L also depends on x
and u, the Lagrangian is not convex and the comparison principle used in
[1, 4, 5, 16, 17] does not apply.



We emphasize the fact that all the results quoted above were limited to
convex domains 2. In Theorem 2 below, we remove this restriction when
F depends only on the norm of the gradient: if ¢ is continuous, then any
bounded solution is continuous as well. This result is new even when G = 0.

We proceed now to state more specifically the main results of the article.

2 The main results

We first detail our assumptions. We denote by | - | the Euclidean norm in
R™. We introduce the following geometric condition on 2 :

Definition 1 1) We say that Q) satisfies the exterior sphere condition if
for any v € T := 0Q, there exist x € R™ and r > 0 such that

i) |y —xf=mr
ii) B(z,r) CR™\ Q.

2) We say that ) satisfies the uniform exterior sphere condition if there
exists r > 0 such that for any v € I', there exists x € R™ satisfying
conditions i) and i) above.

Any convex set satisfies the uniform exterior sphere condition for any r > 0.
Any set of class C! satisfies the uniform sphere condition for some 7 > 0.
On the contrary, for any o € (0,1), there exists a set of class C1'® which
does not satisfy the exterior sphere condition, e.g. {(z,y) € R? : y < 2|72},
However, the exterior sphere condition is not limited to convex or C1! sets.
For instance, it is satisfied by {(z,y) € R?:y < 2*sin(1/z)} and also by
R\ (B((0,0),1) U B((2,0),1)). In terms of nonsmooth analysis, (2 satisfies
the exterior sphere condition if and only if the prozimal normal cone of Q) at
v € I' is non trivial, for any ~ (see [6, Chapter 1] and also [20]).

In the following, the open set {2 is always assumed to be bounded. We
now detail the assumptions on the Lagrangian F': R® — R.

Definition 2 Let F : R" — R. We say that

F
1) F is superlinear when lim (&)

) — 40
€] —o0 ]

2) F is coercive of order p > 1 when there exist a > 0, b € R such that
F(&) > alglP + b, for any £ € R™.

3) F is uniformly convex if there exists p > 0 such that for all 6 € (0,1)
and &, £ e R™ :

OF (&) + (1= 0)F(&) = F(0£ + (1= 0)¢') + (1/2)0(1 = 0)€ = €']°. (2)



We remark that when F is of class C?, F' is uniformly convex if and only if,
for every £ € R™, we have

(2, V2F(€)2) > p|z|* Vz € R™ (3)

When F' is uniformly convex, F' is coercive of order 2.
When F' is convex, / F(Dw) is well-defined (possibly as +o00) for any
Q

w € WH(Q). Moreover, / F(Dw) < 400 implies that Dw € LP(§) when

Q
F is coercive of order p > 1.

Assumption (H) Let G : Q@ x R — R. We introduce the following as-
sumption (H) for G:

1) G(x,u) is measurable in x and differentiable in u,

2) for every T in R, there is a constant x = x(T") such that for almost all
T € €,

‘G(SE’,U) - G(w,u')| < X”LL - U,| Vu,u' € [_T7 T]a (4>

3) there exists a bounded function b such that / G(z,b(x)) dz is well-
Q
defined and finite.

By 2) and 3), / G(x,u(x)) dz is well-defined and finite for any u € L>(£).
Q
In problem (P), the Dirichlet boundary condition is defined by u €
Wé’l(Q), where ¢ € I/Vllo’c1 (R™). Here, W(;’l(Q) is the set of those u € WhH1(Q)
such that the map

{ u(x) if z € Q,

b(x) if 7 € R7\ O belongs to VVllocl(R”) (5)

Hence, the boundary condition is well-defined for any bounded open set €.
When F is convex and G satisfies (H), I(u) = / F(Du) + G(z,u) is well-

Q
defined (possibly as +00) on W(;l(Q) N L>*°(92). We say that an admissible
map u solves (P) relative to L>(Q) if u is itself bounded, I(u) < 400 and

if we have I(u) < I(v) for all bounded v that are admissible for (P).
We now state our first main result:

Theorem 1 We assume that §2 is convex, F is uniformly conver and G
satisfies (H). Then any solution u of (P) relative to L*(Q) is

1) continuous on S if ¢ is continuous,



2) Hélder continuous of order a = 1/(n+ 1) if ¢ is Lipschitz continuous.

This generalizes [1, Theorem 2| and [16, Theorem 4.5] to the case when
the Lagrangian also depends on (z,u). We remark that Stampacchia [21]
has described structural assumptions on G which guarantee a priori the
existence and boundedness of solutions of (P). Under these assumptions,
one may extend Theorem 1 to the case when G is not differentiable in u
(exactly as in [2], section 3).

When (2 is not convex, we do not know whether Theorem 1 remains true,
except in one case, namely when F' depends only on the norm of the gradient.

Theorem 2 We assume that F is uniformly convez, that G satisfies (H),
and there exists f : [0,00) — R such that F(§) = f(|£|) for any & € R™.
Then any solution u of (P) relative to L>(2) is

1) continuous on Q) if ¢ is continuous and ) satisfies an exterior sphere
condition,

2) Hélder continuous of order a = 1/(n+ 1) if ¢ is Lipschitz continuous
and Q) satisfies a uniform exterior sphere condition.

We remark that the map f appearing in the statement of Theorem 2 is
necessarily convex and nondecreasing.

Theorem 2 is new even when G = 0. As a matter of fact, in that case,
it is enough to assume that F(§) = f(|{|) is convex and superlinear. Since
F' is not necessarily strictly convex, several minima may exist. Mariconda
and Treu [15] have proved however that the set of minima has a minimum.
This means that there exists a minimum u of (P) and v < v a.e. for any
other minimum v. Symmetrically, there exists a maximum of the minima.

We then have:

Theorem 3 We assume that G = 0, F' is convex and there exists f :
[0,400) — R such that F(&) = f(|€]), & € R™.

1) If f is superlinear, ¢ : R" — R is continuous and ) satisfies the
exterior sphere condition, then the minimum and the mazimum of the
solutions of (P) are continuous on Q.

2) If f is coercive of order p > 1, ¢ : R™ — R is Lipschitz continuous and
Q satisfies a uniform exterior sphere condition, then the minimum and
the mazximum of the solutions of (P) are Hélder continuous of order «
with

p—1

Q= —.
n+p—1

We have not been able to prove the continuity of any solution of (P).
However, if we assume further that the projections of the faces of the epigraph



of f on R™ are uniformly bounded, the difference of two minima is a Lipschitz
continuous function. This implies that any solution is continuous on Q (see
[16, Theorem 4.7| for details).

When F = f(| -|) is not superlinear, the continuity of ¢ is not enough
to guarantee the continuity of u, as shown by the minimum area problem:
Ft) =1+

Even if f is coercive, regularity and/or geometric assumptions on the
domain must be introduced somehow to obtain the continuity of the minima:
we know from classical potential theory (f(t) = t2) that the point at the tip
of a sharp inward-pointing spine of a domain is not a regular boundary
point. However, it is not clear what the exact regularity of €2 and ¢ required
in Theorem 3 should be.

Remark 1 In this article, Wol’p(Q) is the set of those functions u € W1P(Q)
that we may extend by 0 to get a map in WHP(R™). Alternatively, Wol’p(Q)
could have been defined as the closure of C°(Q) in WLP(Q). The first defi-
nition seems to be more convenient to prove Proposition 1 below. In general,
these two definitions are not equivalent, so that the sets of admissible func-
tions for the problem (P) may differ. However, both definitions of Wol’p(Q)
coincide in the case of Lipschitz domains (in particular, when € is convez)

or when ) satisfies a uniform exterior sphere condition and 1 < p. A similar
remark holds true for the set W(;’p(Q).

In the following section, we introduce the main tool of the paper: a
comparison principle, and several variants to treat the nonconvex term G.
In section 4, we prove Theorem 1. Section 5 is devoted to the case when 2
is an annulus. This specific case is useful to prove Theorem 3 and Theorem
2 in sections 6 and 7 respectively.

3 Several variants of the comparison principle

The three lemmas below give important tools to derive the comparison prin-
ciples needed in the proofs or our regularity results.

To begin with, we introduce the framework of this section. Let Q be a
bounded open set in R™ and ¢ € VVll’l(]R”). We recall that W;’l(ﬂ) is the

oc

set of those functions u € W11(Q) such that u® € Wllo(} (R™) where

— { u(z) if =€,
' o(z)if x & Q.

We begin with the following

Lemma 1 Let Qq, Qs be two bounded open subsets of R™ such that Q1 NQs #
0. Let G1 : xR - R, Gy : Qo xR — R satisfy (H). Let ¢1, ¢ € I/Vll 1(R").

)
oc



We define fori =1, 2,
Li(u) = / F(Du()) + Gs(w, u(x)) do
Q;

Fori=1,2, let u; € Will(QZ) be a minimum of I; on W;l((ll) relative
to LOO(QZ)

We assume that there exists ag € R such that u1® < w® + ag a.e. on
R™\ (21N Q). Let « > ap and A:={z € Q1 NQ2: ui(zr) > uz(z) + a}.
When F' is uniformly convex, we have

“/A \Duy — Dup|? < /A(GLU(CE,ul) — Gaulw,un))(uz +a—ur),  (6)

where p is given by (2). Here, G;, i € {1,2}, is the derivative of G; with
respect to u.

Proof: Let o > o and ¢ € [0, 1]. We define

We claim that v; € W(;ll((ll) Indeed,

) = 0 { g wl O e

= (1 —t)min(@?? + o — @, 0)(x)
where

— 1 up if xz € Ql, o ug if x € QQ,
Ul = . , U = .
o1 if xER”\Ql @9 if CCER”\QQ

Since wr® and w2?? belong to VVlloiL (R™) and min(@?? + o — u7®,0) = 0 on
R™\ Q1, we have v; € W;S(Ql) Similarly, we define

= { et ) e

Then vy € W(;;(Qg) Since u; and wug are minima, we have I1(uy) < I1(v1)
and IQ(UQ) S IQ(Q}Q).
Now, we write I1(u1) + I2(u2) < I1(v1) + I2(v2). This gives
/ F(Dul) + Gl(az,ul) Jr/ F(D’LLQ) + GQ(.Z‘,UQ)
A A
< / F(tDul + (1 — t)DUQ) + Gl(a:,tul + (1 — t)(UQ + a))
A

+ / F(tDug + (1 — t)Duy) + Ga(z, tug + (1 — t)(u1 — ).
A



We recall that A = {z € Q1 N Qs : ui(x) > ua(x) + a}. We write F(Duy) =
tF(Duy) + (1 — t)F(Duy) and similarly for F(Dug). By using the uniform
convexity of F' (see (2)), we get

/ F(Dul) + F(D’LLQ) — F(tDu1 + (1 — t)DUQ) — F(tD’U,Q + (1 — t)Dul)
A
> (1 — t)/ \Duy — Dus?.
A
This gives

pt(1 — t)/A |Duy — Dus|? < /AGl(x,tul +(1—t)(u2 + @) — Gi(x,u1)

—l—/ Ga(x,tug + (1 — t)(u; — a)) — Ga(z, u2). (9)
A

We divide (9) by (1 —t) and let ¢ — 1. In the right hand side, we may justify
the use of the dominated convergence theorem with (H). We get

,u/A |Duy — Du2]2 < /A(GLu(x,ul) — Goy(z,ug))(u2 + a — uy).

This completes the proof of Lemma 1.
O

We may obtain a plain comparison principle in the following situation :

Lemma 2 Let Q;, F, G;, ¢;, u; be as in Lemma 1. We further assume that
Q1 C Qs and

Giu(z,ur(x))u if v € O,
0 otherwise.

Golz,u) = {

Then u1 < ug + g a.e. on €.

Proof: By (6) with a = o and the fact that Go (2, u2(x)) = G1u(z, u1(2))

when z € Q1, we get ,u,/ |Duy — DuQ]2 < 0. Hence
A

/ |Duy — D[min(uy, uz + ag)]|* = 0.
951

Since u; — min(ug, ug + ap) € Wol’l(Ql), this implies u1 = min(uy, ug + ap),
so that u1 < ug + ap a.e. on €.

O

When Q1 = Q9, ¢1 = ¢9 and ag = 0, Lemma 2 implies that a minimum

uy of I1(u) = / F(Du) + G1(z,u) on W(;ll(Ql) is also the unique minimum

Q1



of u / F(Du) + g1(z)u, where g1 () = Gy u(z,u1(z)). We observe that
1951

in this last problem, the Lagrangian is now convex in (u, Du).

We now introduce some notation to state Lemma 3 below. Let H :
R™ — R™ be an affine map. We say that H is a rotation if there exists a
2 dimensional plane P such that H is a rotation on P and is equal to the
identity on the orthogonal of P. In that case, we denote by |Id — H| the
distance (with respect to the Euclidean norm) between Id and the linear
part of the affine map H. When H is a translation of vector 7, we denote by
|Id — H| the norm of 7. We have

Lemma 3 Let Q;, G;, ¢;, u;, ag and F be as in Lemma 1. We further
assume that there exists H : R™ — R"™ such that

e H is a translation or a rotation,
o Oy = H YD), Go(w,u) = G1(H(z),u), ¢po = ¢10H and ug = uj o H.
Then there exists q > 0 such that
ui(x) —ui(He) < glld— H|+ ag a.e. z€ Q1 Na. (10)

The constant ¢ depends on n, ; and x/u where y is such that (4) holds
true for T' = |u1|f0c(q,), namely the sup norm of u; on €.
Proof: Let @ > ay. We define v := us + a — uq on 1 N Qs and

o ¢y o _ J min(v,0) on Q3N Qy,
w = min(u?” + a —u;",0) = { 0on R\ (1 Qy) We have
/(GLU(IIZ’,Ul)—GZu(ZE,UQ))(U2+()[—U1) = Gru(z,u)w— | Goy(z,uz)w
A 91 Q2
= Gz, ui(x))w(z) de — G1u(z,ur (z)w(H (2)) de. (11)

Ql Ql

If H is a translation, we define v(¢) = tId + (1 — t)H 1. If H is a rotation

of angle 6, we define v(t) = H;_1)9 (where we denote by Hy, A € R the

rotation of angle A in the same plane P as H and with the same center).
Then by (11)

/A (G 1) — G2, u2)) (uz + o — y)
1
— [ Gruwuds [ Dul @) @)
Q4 0

1
<cxlta—Hl [ do / Dw(y(t)(x))] dt

where C' = C(n, Q).



Now, for any ¢ € (0,1),

| 1put@@)ids < [ Dutldy= [ 1D - Dual.

Q4 Rn A

Hence,

/A(GLU(LM) — Goy(z,ug))(u2 + o —uy) < Cx|Id — H / |Duy — Dus|.
A

In view of (6), we then get

u/ |Du1—Du2\2§CX|Id—H|/ |Duy — Dus,
A A

so that
|Duy — Dus| 24y < C§|A|1/2|Id—H\. (12)

By Hoélder’s inequality,
luy —ug — O‘|L1(A) < |A‘1_1/2*|U1 —uz — Oé’L2*(A),

with 2* = 2n/(n — 2) if n > 2 and 2* any number > 2 if n = 2. We then
apply Sobolev’s lemma to the function w € VVO1 ’I(Ql) to obtain

\ul —Uug — Oé’Ll(A) S S’A’lil/z*‘Dul - D'LLQ’L2(A)

for some constant S > 0 which depends only on n (and on ©; when n = 2).
In view of (12), this implies

D T CS%|Id—H||A|V (13)

with y:=1-1/2*+1/2=14+1/n> 1.

If H = Id, (10) is obvious. Otherwise we define gy := «/|Id— H| and for
any q > qo, we denote by A(q) :={z € Q1N : ui(x) > ua(x)+qlId— H|},
p(q) = |A(q)|. By Fubini Theorem and (13), we get for ¢ > qo

- ( 1d - 1)) < 05 plq)"
q)dqg = 75— up —ug —qlld— H|) < CS5=p(q).
q P |Id_H‘ A(q) ! 2 Np

Then (see [13, Lemma 7.2]) p(q) = 0 for ¢ > g0+ (n+ 1)05%\91\1/". Hence,
for a.e. x € Q1,

ui(z) < u1(Ha:)—l—(qo—i-(n—kl)CS%ml\1/")\Id—H| =u(Hz)+ao+q|ld—H|

for some ¢ = q(n, 4, %) This completes the proof of Lemma 3.
O

10



Remark 2 When the map H is a rotation, if we assume further that € :=
O = Qo is Lipschitz continuous, ¢1,¢s € CO(R™) N T/Vlicl(R"), then it is
enough to assume that ¢1 < o + ag on 08.

To prove this, we introduce 1 := min(¢1, ¢2+ag) which belongs to C°(R™)N
1

- ,1
Wil (R"). Since g1 — ¢ = 0 on 99, (b1 — én)lo € C2(@)" = Wi'(Q)
(here, we use that € is Lipschitz). Hence, W;;(Q) = Will(Q) Since ¥ <
P2+ ap on R"”, we may apply Lemma 3 with 11 and ¢2 to obtain u; < us+aq
on €.
Here is the corresponding version of Lemma 1 when G; = G =0 and F
is merely convex.

Lemma 4 Let Q1,9 be two bounded open subsets of R™ such that Q1 NQs #
(0. Let ¢y, ¢po € I/Vli’cl(]R”) We define fori =1, 2,

Li(u) = /Q F(Du(x)) dr

Fori=1,2, let u; € W;Z’l(QZ) be a minimum of I; on VV(;Z’l(QZ)7 i =1,
2.

We assume that there exists ag € R such that Ti® < @®? + ap a.e. on
R™ \ (Ql N QQ)

When F' is conver and either uy is the minimum of the minima or us 1is
the mazximum of the minima, we have

uy <ug +ag on Q1 NNQs. (14)

Proof : Assume for instance that u; is the minimum of the minima. Define
vy and vy as in the proof of Lemma 1 (see (7), (8)) with ¢ = 0 and a = ap.
We get

/AF(Dul)g/AF(Dug) and /AF(Dug)S/AF(Dul),

where the set A is defined by A := {z € Q1 N Q2 : u1(z) > u2(x) + ap}. This
implies I1(u1) = Ii(min(uy,v1)). Hence, min(u,v;) is another solution on
W(;ll(Ql) Since w; is the minimum of the solutions, we get u; < min(ug,v1),
so that uq < uo + ag on 21 N Qy. This implies Lemma, 4.

O

In the following proposition, we consider a solution u of (P); that is, u is
a minimum of I(u) = / F(Du) + G(x,u) on W(;I(Q) We prove that if u is
Q

continuous at the boundary, then u is continuous on €.

Proposition 1 Let ¢ € I/VII’I(R") N COR™). Assume either that

oc
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a) F is uniformly convex, G satisfies (H), u is a solution of (P) on

W(;I(Q) relative to L>=(2),

b) or F is convex and superlinear, G = 0 and u is the minimum or the
maximum of the minima of I on W(;’l(Q).

Then for any Lebesque points x and y of u, we have

u(z) —u(y)| < C{lz =yl + allz —y))}, (15)

where o(t) :==max(  sup |u(z) —¢(b)|, sup |p(b) —P()]). Here, J
2€JHER™M\Q by ER™M\Q
2—b|<t b—b/|<t

is the set of Lebesque points of u in €.

The main tool of the proof is Lemma 3 when the map H is a translation.
The method of translations has already been used to obtain a similar result
when G = 0 and 2 is convex (see [18]) or when G is convex and 2N (2 — h)
is regular for all h € R™ (see [17]). This last assumption is quite restrictive:
For instance, if Q := B(0,3)\ B(0,1) C R? and h = (2,0), the set QN (Q2—h)
is not Lipschitz. This is also the reason why we have introduced the space
qu’l(Q), with ¢ € VVlicl (R™). This set is well defined for any open set € and
seems to be more convenient to get (15) without any further assumption.

When G is not convex, there exists a corresponding version of Proposition
1 in the framework of nonlinear elliptic equations, when the set of admissible
maps is a subset of Lipschitz continuous functions, see [13, Lemma 10.0]. The
proof below shares also some ideas with the proof of [16, Theorem 4.5].

Proof of Proposition 1: a) We first consider the case when F' is uniformly
convex and G satisfies (H). Let Z, § be two Lebesgue points of u and 7 :=
g — x. We introduce Q, := Q — 7, ¢, (x) := ¢p(x + 1), G- (x,v) = G(x + T,v).
It follows from an obvious change of variables that u,(z) = u(x + 7) is a
minimum of

I (v) :/Q F(Dv(z)) + G(z,v(x)) dz

on W;TI(QT) relative to L>(£2;).
In view of the definition of a(|7|) and the fact that

R™\ (QNQ,) = (R"\ (RUQ) U2\ Q) U (Q,\ Q).

we have 7% < ;%" + a(|7|) ae. on R™\ (2N Q). Indeed, for any = €
R™\ (U 05, 6(z) — ¢z + 7) < allr]). Hence, w(x) — 5" (z) < a(lr])
for a.e. x € R™\ (QU Q;). Similarly, a.e z € Q\ Q, belongs to J, so
that u(z) — ¢(z 4+ 7) < af|7]); that is, @°(x) — T " (z) < a(|7]). The same
inequality holds true for a.e. z € Q;\ Q.

12



By Lemma 3 (see (10)), there exists ¢ > 0 such that
u(z) —u(r +7) < q|7| + af|7]), a.e. x € QN (2 —T). (16)

The constant g depends on n, Q, and x/u, with p given by (2) and y =
X(|ul oo (y) given by (4). Since Z, y are Lebesgue points of u, inequality
(16) holds true for x = z. This implies (15) when F' is uniformly convex.

b) We now consider the case when F' is merely convex and superlinear
and G = 0.

Assume for instance that u is the minimum of the minima. Once again,
we fix Z, g € J and define as above 7, Qr, ¢;, u; (which is the minimum of
the minima of I on W(;Tl(QT)) Then, we still have @ < %" + a(|7]), a-e.
on R™\ (2N Q;). By Lemma 4 (see (14)),

u(x) <ur(z)+a(lr]) ae zeQNQ,.

We may now complete the proof of Proposition 1 b) as above.
O

Remark 3 Assume that (15) is satisfied, ¢ € T/Vl%)’cl (R™) N CYR") and u is
continuous at the boundary in the following sense:

lim u(z) = ¢(y) veT, (17)

T—y
zeJ
(as in Proposition 1, J is the set of Lebesque points of w in Q). Then u is
continuous on §2.

To prove Remark 3, one may assume without loss of generality that ¢ is
uniformly continuous (modifying ¢ outside a neighborhood of € does not
modify the set W;l(Q)) By (17) and the compacity of Q, we have

lim sup |u(z) —¢(b)| = 0. (18)
=0 27 beR™\Q
|z—b|<r

Then lim; g a(t) = 0, where

a(t) = max sup  |u(z) = p(b)], sup [p(b) — (')
z€J,bER™\Q b,b' eR™M\Q
|z—b|<t lb—b'|<t

By (15), this implies that u has a representative which is uniformly conti-
nuous on 2.
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4 Proof of Theorem 1

We first prove the continuity of a solution w at the boundary. To do so, we
use the technique of barriers. Here, the barriers are the solutions of auxiliary
variational problems on domains which are larger than 2. Fix v € I". Since
Q) is convex, there exists an open hypercube A such that:

e ADQ,
e v is the center of an n — 1 dimensional face of A.

We now introduce a function 1, the definition of which depends on the
regularity properties of ¢.
When ¢ is merely continuous, let € > 0 and

»(x) = ¢(7) + e+ alz — /%, (19)
where
a := max (X max (z) — 6(v) = 6)
. nu’zex,:v;év ’.%’ - ’7|2 .

The constant p is given by (2) while x = x(|u|r~(q)) is given by (4). Since
¢ is continuous, a < co.
When ¢ is Lipschitz continuous, let () be the Lipschitz rank of ¢ and

P(x) = o(y) + Qlz — 7| + alz — 4 (20)

where q := X.
nu

In both cases, 1) > ¢ on A, and 1) is smooth and convex on A. Moreover,
in the sense of quadratic forms,

V3)(x) > 2ald ¥z € A. (21)

We now define

g(z) = { Gu(z,u(z)) if z € Q,

0 otherwise.

Then [g]ro Q) < X-
Consider the following auxiliary problem (FPp):

Minimize v ~— /AF(DU(JU)) +g(x)v(zr)de ve WJ,’I(A).

We observe that the domain A is a convex polyhedron and the bound-
ary condition 1 is convex. Such variational problems have been thoroughly
studied in [21, 2]. We proceed to recall some a priori bounds satisfied by
the solution of (Pp).

14



In view of the uniform convexity of F, the direct method in the calculus
of variations gives a (unique) solution v € Wé’l(A). Moreover, there exists
To such that (see |21, Theorem 6.1, Theorem 6.2])

[vlwza) + [vlLea) < To.

The constant Ty depends on A, F, x, |¢|co, and the Lipschitz rank Qg of
on A.

The function v is convex, so that it satisfies the lower bounded slope
condition introduced in [5|. This implies (see the proof of [2, Theorem 2.1|)
that there exists Cy > 0 such that

|z — y|

v(z) <o(y) + Com

x,y € A, (22)

where Cy = Co(A, F, X, |¢|0, Qo) and moa (z|y) is the unique point of A of
the form x + t(y — ) with ¢t > 0.

Inequality (22) implies (as in the proof of |5, Lemma 2.11|, see also the
proof of (34) below) that there exists C' > 0 such that

[o(z) =9 (7)] < Clz =AY 2 e A, (23)

for some constant C' = C(A, F, x, |¢|c, Q0)-
On the other hand, we claim that

v(z) > P(x) , x € A. (24)

Indeed, since max(v, ) € Wi’l(A), we have

//\F(Dv(a:))—i—g(x)v(x) dx
S/F(Dmax(v(x)W(x)))+9(fﬁ)max(v(ﬂf),¢(x))dfﬂ- (25)
A

This gives

/B(F(Dv(l’)) — F(Dy(x))) de < X/ (¢ () = v(z)) da (26)

B

where B := {x € A : ¢(z) > v(z)}. We claim that the left hand side is not
lower than

2 [ (W) = o(@) do.

Indeed, let (F}) be a nondecreasing sequence of functions in C*°(R") converg-
ing uniformly on bounded sets to F), and such that the convexity assumption
(2) holds for Fj with the same constant p when &, & are restricted to a ball
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B(0,Q0 + 1) containing all the values of D1y (such a sequence exists, see
[19, Lemma 4.2.1]). For each k, we have

/ (Fu(Do(a)) — Fu(Do(e))) de > / DFy(Di(x))(Dv(z) — Di(x)) da
B B

We have
/B DF(Di(x))(Du(x) — Di(x)) da
_ /A DF(Dt(2))(D(max(, v) - v)(x)) da.
Stokes’ formula then implies
/ DF(Dy(x))(Dv(w)—Dij()) da = / div [DFy(Di())](t(2)—v(x)) da
B B

82Fk 0%
/ zgzl 8p26p] (@) O0x;0x; (z)(Y(z) —v(x)) dx

> 2a/BAFk(D¢(x))(¢(x) (@) dz > 2nﬂa/B¢ v by (3) and (21).

Letting £k — oo, we get by the monotone convergence theorem

[ FOu@)-F(Du@) = 2mpa [ (wla)=vie) do = 21 [ @la)-v(e) do.
(27)
Inequalities (26) and (27) imply that ¢» < v a.e. on A.
Since ¢ > ¢ on A, we have 7¥ > u® on R" \ Q, where b= min(¢, ).
Remark that W(;l(Q) = Wél(Q) Hence, by Lemma 2, we have u < v on .
When ¢ is Lipschitz continuous, we have (see (23) and (20)),
u(z) < v(z) < B() + Clo — 11V = g(3) + Clz = 4V ae weQ
(28)
Symmetrically, we have

u(x) > ¢(y) — Cle — 4|V qe zeQ,

so that |u(z) — ¢(y)| < Clz — 4|Y™+D for a.e. x € Q. Since 7 is arbitrary
and ¢ is Lipschitz continuous, Theorem 1 2) is a consequence of Proposition
1 and Remark 3.

When ¢ is merely continuous, we have (see (23) and (19))

u(z) < v(@) < P(7)+Cla—y V" = g(y) +e+Cle =4[V, ae z e
(note that C' now also depends on €). We then get

limsup u(z) < limsupv(z) = () = ¢(7) + €.

Ty Ty
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Since this is true for any € > 0, this implies limsup, ., u(z) < ¢(7).

Symmetrically, liminf, ., u(x) > ¢(7v). Hence, we have lim,_., u(x) = ¢(v).
Proposition 1 and Remark 3 then imply Theorem 1 1).

O

5 The case when €2 is an annulus

In this section, Q := B(0,R) \ B(0,7), f : [0,00) — R is a nondecreasing
convex function and G : Q@ x R — R satisfies (H). Let ¢ : R” — R be a
Lipschitz continuous map. Then the problem (P) now reads

gplgﬂpm@p+auw@»m:,ueijm.

Proposition 2 a) If f is uniformly convez, then any solution of (P) rel-
ative to L>°(2) is Hélder continuous on Q of order a:=1/(n + 1).

b) If f is superlinear and G = 0, then the minimum or the mazimum of
the minima is continuous on €.

c) If f is coercive of order p > 1 and G = 0, then the minimum or the
mazimum of the minima is Holder continuous on € of order o :=

(p—1)/(n+p-1).

We begin with the following lemma:

Lemma 5 Letp>1,0<r < R andu € WP(B(0,R) \ B(0,r)).

We assume that there exists Q > 0 such that for a.e. p € (r,R), for a.e.
x, y € 0B(0, p), we have
€z Y

r_Y (29)

Then u has a representative ug € WP(B(0, R) \ B(0,7)) such that
i) when p =1, ug is continuous on B(0, R)\ B(0,r).
i) when p > 1, ug is Holder continuous of order o := (p—1)/(n+p—1).

Proof : We first consider the case p > 1.

Step 1 Let u € WH°((—1,1) x R*™1) be such that u(t,z) = 0 for |x| > 1,
€ (—1,1). We claim that for any a,b € (—1,1), for any € R"~! we have

‘u(% x) _ u(b, l‘)‘ < C|Dxu‘(Lno;1)/(n+p71)|Dtu|ié(n+pfl)|a _ b|(p71)/(n+p71).
(30)
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Here, D;u is the partial derivative of w with respect to the first coordinate,
while D,u is the (n — 1) vector of the partial derivatives of u with respect
to the other coordinates. To prove (30), we define for € > 0

1
S ——— d
ue(a, ) Qp_1€en ! /Bnl(m’e) u(a,y) dy,

where ,,_1 is the volume of the unit ball in R"~! and B"~!(z, ¢) is the ball
of center x and radius € in R*~!. On the one hand,

|ue(a, x) —u(a, z)| < €|Dyulree. (31)

On the other hand,

1
ucass) —ulbn)| < - [ o / Dy, y)dt‘ (32)
Bn=1(z,e)

Opy_1 €™ 1

la — b|®=1/P| Dyu| 1o

¢ i D/p

(33)

where C' depends only on n and p. From (31) and (33), it follows that

la — b| V7| Dyul 1o
e(n_l)/p

lu(a, z) — u(b,z)| < 2¢|Dyulpe + C

Since u(-,xz) = 0 for |z| > 1, one may assume that |Dyu|p~ > 0 (otherwise
u = 0 and there is nothing to prove). By taking

la — b|(p—1)/(p+n—1),D u,pé(pmﬂ)

= ,

|D u‘p/ p+n—1)

we get
[u(a, z) — u(b,z)| < Cla — b| =D/ @+n=D| Dy 2IPH=D p gy oD/ EEn D),

This proves Step 1.

Step 2 Let u € WH°((—1,1)"). We claim that for any a,b € (—1,1), for
any z € (—1,1)""! we have

|u( @) —u(b, @)l
C(|u| oo + | Dytr] oo ) =D/ (0tp=1)| p, |p/ n+p— 1)| |1/ (=),
(34)

Let h € C°(R™!) be such that 0 < h < 1 and h(z) = 1 on (—1,1)""1
h(z) = 0if x ¢ (=2,2)" L. For a € (—1,1), we extend u(a,-) on R*~! by
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reflection in R™~! (as in [3, Lemma 9.2, Remark 10]). We then multiply the
resulting map by h. We get a map v € Wh*((—1,1) x R"~!) which satisfies:

| Dol ((—1,1)xrr—1) < C|Dyu|po((<1,1y7),
| D] poo((—1,1yxmn-1) < C (] oo ((—1,1ym) + [Datt] oo ((~1,1ym)) -

We now apply Step 1 to v (remark that v(a,z) = 0 if z ¢ (—2,2)""1) and
(34) follows.

We remark that (34) remains true when v € L NW1P((-1,1)") is such
that Dyu € L*((—1,1)"). This follows from an approximation argument :
let n € C°(B™) be such that > 0, [, 7 = 1 and define ne := n(-/€)/€". On
Q= (-1+1/i,1—=1/i)", i > 1, the map u * 7, is well defined for € < 1/i.
Fix ¢ > 1. Apply (34) to u 1. on Q; : for any a,b € (—1+1/i,1 — 1/i),
r€(=1+1/i,1—1/i)" 1,

ndp— n—1
lusne(a, ) —uxne(b, z)|[" TP L<o (|u * e poo () + [ Do (u * 776)|LOO(QZ.))

| Dy (u * Ue)’ip(gi)‘a - b|p_1
< C (|ulpoo(=1,1ym) + [Datt] oo (—1,1ym))
|Dtu|§,p(

n—1

(—1ymla = b,

The map (a,z) — u * ne(a,z) is Holder continuous in a and Lipschitz
continuous in z. Hence, it is Holder continuous in (a, ). Moreover, its Holder
norm does not depend on e. This implies that (up to a subsequence) when
€ — 0, uxne uniformly converges on €; to a representative of u which satisfies
(34) on Q;. By letting i — oo, we get the result.

Step 3 Let u € L® NWIP(B(0,R) \ B(0,r)) satisfy (29). We claim that
u has a representative ug such that for a,b € (r, R) and § € S"~!, we have
|u|ze

R - n-—p— n— n+p—
lug(ab) — uo(bd)] gc(?)(n D/(n+p 1)(T+Q)( 1)/(n+p—1)

|Dtu|72/p(n+p_1)\a — b= 1)/ (ntp=1) (35

where D;u is the radial derivative of u.

Let Z: U — (—1,1)""! be a biLipschitz diffeomorphism from an open
subset U of "1 onto (—1,1)""!. We define v(a,r) := u(a="1(z)) for
(a,7) € (=1,1)x(=1,1)""1. Then v € WP((r, R) x (—1,1)""!) and satisfies
for almost every a € (r, R), for almost every x,y € (—1,1)" 1,

[v(a, ) —v(a,y)| = [u(@E"}(2)) — u(@E~"(y))| < CoQRlz —y|

where Cj is a Lipschitz rank of Z~!. By Step 2, v has a representative vg
which is Holder continuous and satisfies

[vo(a, 2) — vo(b,2) "7 < C(Jo| + CoQR)™ | Dyollyla — b (36)
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By the change of variables § = Z~!(z), there exists C; > 0 such that

R
’Dtv‘ip((r,R)x(fl,l)”—l) <Cy /Sn—l dH/T | Dyu(t0)|P dt

Cy

— T.n—l

/ |Dyu(x)|P da.
B(0,R)\B(0,r)

We define ug(x) := vo(|z|,Z(x/|z])). It follows from (36) that there exists
Cy > 0 such that for € U and a,b € (1, R),

fup(af) — up(b0)HPt < 2

— Tn—l

(lulz + QR)™ " |Dyul? ,|a — bP

R n—1 ‘U‘Loo o p p—1
< Ca(-) —r T@) [Deulpla -
Since U is arbitrary, this completes Step 3. In view of (29), this proves
that when p > 1, u has a representative which is Hélder continuous of order
a=(p-1)/(n+p-1).

When p = 1, the proof is essentially the same except that instead of using
Holder’s inequality in (32), we simply write

1 b
n—1€ Bn—1(z,e) a

Then (34) remains true with p = 1 if one replaces |Dyul a —
_ _ 1
b|(P=1)/(n+p=1) by |Dt“|L/17z(a,b)x(—1,1)n—1)' For amap u € L°NW1((—1,1)")
such that Dyu € L*°((—1,1)"), we claim that u has a continuous representa-

tive satisfying (34). Indeed, the map w17, defined at the end of Step 2 satis-
fieson Q;,i > 1, for any a,b € (—1+1/i,1—1/i), z € (=1+1/i,1—-1/i)" 1,

1
< mwtu\y((a,b)xw—l)-

p/(n+p—1) |
Lp

s ne(a, ) = wsne(b, @)™ < O (Juxnel poe o) + 1Dax 0| pe(e) "
| Dy (u * 776)’Ll((a,b)><(—1+1/z‘,1—1/i)"*1)
< C(Julpoo(—1,1ym) + [Datel oo (1,1m)" ™ jp—a) (1)

where Js(u) =  sup / |Dyu|. Since lims_g J5(u) = 0, the
—1b<a§lg<1 (a,b)x(—1,1)n—1
—a<

map (a,x) — u * n(a, ) is uniformly continuous in a and Lipschitz contin-
uous in z. Hence, it is uniformly continuous in (a, x). Moreover, its modulus
of continuity does not depend on e. This implies that when € — 0, u * 7
uniformly converges on §2; to a representative of u which satisfies on €2;

[u(a, @) = u(b, 2)|" < C(lulzee + [Dat| oo ((—1,0m)" ™ Jjp—a) (w)-
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We now let ¢ — oo. This completes the analogue of Step 2 when p = 1. The
analogue of Step 3 follows as in the case p > 1. This completes the proof of
Lemma 5.

O

We now prove Proposition 2 b) and ¢). Let u be the minimum of the
minima of I. We denote by @ the Lipschitz rank of ¢.

Let P be a vector subspace in R™ of dimension 2. Then, for any 6 € R,
we denote by Hpg : R®™ — R™ the map which is the rotation of angle 6 and
center 0 on P and the identity on the orthogonal of P.

We define v := uo Hpy. Then v € WHH(B(0, R) \ B(0,7)). An obvious
change of variables yields I(v) = I(u), which implies that v is the minimum
of the minima with respect to the boundary condition ¢ = ¢o Hpy . We now
apply Lemma 4 (see also Remark 2) to Q; = Qo = Q = B(0,R) \ B(0,r),
up = u, p1 = ¢ and ug = v, ¢ = P with ag = | — P[r(90). We get
u < v | — 1| peo(pq) on Q. Symmetrically, v < u + | — Y| (50). Hence,

lu— |y < RQIL — €. (37)

For a.e. p € (1, R), a.e. x € 0B(0, p) is a Lebesgue point of u. Fix such a p
and 2 Lebesgue points x and y of 9B(0, p). Consider the plane P which con-
tains 0, z and y. We denote by Hpy the rotation of center 0 which maps x to
y. By (37), for a.e. z € B(0,R)\ B(0,7), |u(z) — u(Hpg(2))| < RQ[1 — €.
This implies

[u(z) —u(y)] < RQI1 - €.

Hence, u satisfies (29). When F' is coercive of order p > 1, u belongs to
WLP(Q). Thus, we may apply Lemma 5, which proves Proposition 2 b) and
c).

We now prove Proposition 2 a). Let u be a solution of (P) relative to
L>(€). As above, we introduce Hpg, 1 and v. We apply Lemma 3 with
H = Hpy, p1 = ¢, p2 = 1, and o = |¢ — 1|00 (9 to obtain

u<uoHpg+qll — e[+ |¢ — ¥|(0)

for some q = q(n,Q, x/u) (as usual, x = x(|u[r~()) is given by (4) and u
is given by (2)). This implies u < uo Hpg + C|1 — "] for some constant
C=C(n,Q,x/up, Q). Since F' is uniformly convex and G(z,u(z)) € L*(£2),
the function u belongs to W12(Q) (recall that uniform convexity implies
coercivity of order 2). In view of Lemma 5, this completes the proof of
Proposition 2 a).

O

Remark 4 1) When ¢ is merely Holder continuous, a proof similar to
the one above shows that u is Hélder continuous as well. However, we

have not been able to extend this result to more general open subsets of
R™,
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2) As a consequence of the proof of Lemma 5, we observe that the Holder
norm of u in Proposition 2 ¢) only depends on n, p, |¢|w1.« and r, R
as well as |u|re~ and |Du|pe. In Proposition 2 a), the Hélder norm of
u also depends on x/p.

6 Proof of Theorem 3

We first consider the case when ¢ is continuous on R", f is superlinear and
Q) satisfies an exterior sphere condition.
Fix v € I'. Then there exists » > 0 and x € R" such that

|t —~| =7, B(z,r) CR"\ Q. (38)

Since Q is bounded, there exists R > 0 such that B(z, R) D Q. It then
follows that @ C A where A := B(z, R) \ B(x,7). Let € > 0. Then we define
the function 1 as follows:

Y(x) = ¢(7) + e+ Qlr — 7,

where
Q= max ¢x) —o(7) — ¢

TEA 2y |z — 7]

Then 1 is a Lipschitz convex function, ¥ > ¢ on A and () = ¢(7y) + €.

We consider the problem (Py) of minimizing v +— / f(|Dv|) on v €
A

Wi’l(A). Since f(]|-|) is convex and superlinear, one may consider the max-
imum of the minima v of (Py).
By Proposition 2 b), v is continuous on A. In particular, we have

lim v(z) = ¥(7) = ¢(7) +e.
T—y

Since v is convex, we have v > v (see [1, Lemma 2.6]). Since ¢ < 1) on A,
we obtain by Lemma 4,
v>u on S

This implies

limsupu(z) < lim v(x) = ¢(y) + ¢,
xzeJ zed
Ty Tr—y

where J is the set of Lebesgue points of u in €). Since € is arbitrary, this gives
limsupges u(z) < ¢(). Symmetrically, we have liminf,c; u(z) > ¢(v).
T— Ty

Whence limzes u(x) = ¢(). In view of Remark 3, this proves that wu is

J)—>l
continuous on ).
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When we assume further that f is coercive of order p > 1, ¢ is Lipschitz
continuous and {2 satisfies a uniform exterior sphere condition, we repeat the
above proof except that we define 9 in the following way

P(x) = o(7) + Qlz — 1/,

where @ is now the Lipschitz rank of ¢. Then 1 is Lipschitz continuous,
convex and satisfies 1) > ¢ on R™, 1(y) = ¢(y). We observe that the radius
r in (38) can be chosen independently of v. By Proposition 2 ¢), v is Holder
continuous of order a = (p — 1)/(n + p — 1). Moreover, |v|r~ and |Duv|pp
are not larger than a constant which depends only on f, |¢]W1,oo(A) and R.
For |v|fee, it is implied by the maximum principle (see [15, Theorem 4.1]).
For |Dv|r», it is a consequence of the coercivity of f and the fact that ¢ is
Lipschitz continuous and admissible for (P): for some a > 0,b € R,

(al Dol — b) < I(v) < I(&)) < / F(ID¥]oo)-

/B(D,R)\B(O,r) B(0,R)

By Remark 4 2), this implies that the Holder norm of v is not greater than a
constant C' which depends only on n, p, f, |$|r~(q), @, r and R. In particular,
for any x € ,

u(z) <v(z) <P(y) + Clz — 4% = é(y) + Clz — ~|*.

Symmetrically, we have u(z) > ¢(v)+C|x—~|*. By Proposition 1 (see (15)),
u is Holder continuous of order «. This completes the proof of Theorem 3
2).

O

7 Proof of Theorem 2

To prove Theorem 2, it is enough to put together the tools of the proofs
of Theorem 1 and Theorem 3. More specifically, let u be a solution of (P)
relative to L*°(2). Fix v € I'. As in the proof of Theorem 3, one may find
0 <7 < Rand z € R" such that Q C A where A := B(z, R) \ B(z,7).
We now introduce the same function 1 as in the proof of Theorem 1 (the
definition of ¢ depends on the regularity properties of ¢, see (19) and (20)).
We also define

] Gulz,u(z)) ifxeQ
9(z) := { 0 otherwise.

Consider the following auxiliary problem (F):

Minimize v — /Af(\Dv(m)]) +g(z)v(x)dr , ve WJ)’I(A).
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In view of the uniform convexity of f, the direct method in the calculus
of variations gives a (unique) solution v € Wé’l(A). Moreover, there exists
To = To(|g|ree/p, [0, 7, R) such that

[vlwza) + [vlLea) < To.
By Proposition 2 a), there exists C' > 0 such that
lv(@) = (y)| < Cloz —~]* = €A (39)

By Remark 4 2), the constant C' depends only on n, |g|r /1, [¢|y1.00, 7 and
R. As in the proof of Theorem 1, we have u < v on ). The end of the proof
is now exactly the same as the proof of Theorem 1.

O
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