Regularity results for vectorial minimizers of a class of
degenerate convex integrals

Giovanni Cupini - Flavia Giannetti - Raffaella Giova - Antonia Passarelli di Napoli *

May 15, 2017

Abstract

We establish the higher differentiability and the higher integrability for the gradient of vec-
torial minimizers of integral functionals with (p, ¢)-growth conditions. We assume that the non-
homogeneous densities are uniformly convex and have a radial structure, with respect to the gradient
variable, only at infinity. The results are obtained under a possibly discontinuous dependence on the
spatial variable of the integrand.
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1 Introduction

In this paper we study the regularity of vectorial local minimizers of functionals of the form
F(u; Q) := / f(z, Du) dx, (1.1)
Q

where @ C R", n > 2, is a bounded open set, u : {2 — RN, N > 1, is a Sobolev map and f :
Q x R™™ — [0,+00) is a Carathéodory function, convex and of class C? with respect to the second
variable. The main features of the energy densities f(x, {) considered here are the following:

o they satisfy the so-called (p, q)-growth conditions
e they are uniformly convex only for large values of |¢]

e the partial map z — f(z,£) is possibly discontinuous.
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The interest in the study of non autonomous degenerate convex functionals relies on the fact that they are
strictly connected with the study of optimal transport problems with congestion effects (for more details
we refer to [2], [3], [4]). Actually, the Euler- Lagrange equation of the non-autonomous model functional
with (p, q)-growth

/Q (IDu] — 6 + a(z)(|Du| - 8)%. da

with a nonnegative and bounded function a(x), 6 > 0, can be interpreted as the flow in a origin-
destination network, in traffic problems that take into account the behavior of the flow in every position
x of the path and with different constrained capacities.

Let us now list our assumptions.

The integrand f will satisfy the so-called (p, q)-growth conditions, i.e.

(A1) there exist exponents 2 < p < ¢ < oo and constants ¢y, ¢, L > 0 such that

alglf —e2 < flz, ) < L1+ [¢]%),

for a.e. 2 € Q and for every £ € R™V,

The further properties of f will be assumed to hold only for large values of the modulus of the
gradient variable ¢&; i.e., for all ¢ € R™, such that |¢] > R for some positive R. For the sake of
simplicity and without loss of generality, we will assume, from now on, R = 1.

As it is well known since the famous example by De Giorgi [16] (see also [40], [41], [45]), in order
to avoid the irregularity phenomena peculiar of the vectorial minimizers, the dependence of the energy
density on the modulus of the gradient variable is assumed. Precisely:

(A2) there exists a function f : Q x [1,4+00) — [0, +00), nondecreasing in the last variable, such that
F(x,6) = f([¢]),
for a.e. € Q and for every ¢ € R™™ \ By(0).
The p-uniform convexity will be assumed only at infinity. More precisely:

(A3) there exists v > 0, such that
—2
(Deef(2, )M N) > v (1+ |6 T AP,
fora.e. x € Q, and for every £ € R™™ \ B;(0) and for every A\ € R™Y,
Moreover, we will assume that
(A4) there exists L1 > 0 such that
g2
|Deef(,€)] < Li(1 + [¢%) 7,
for a.e. € Q and for every ¢ € R™™ \ By(0).

As we already mentioned, we will not ask a regular dependence of f on the x-variable. Indeed, the
function © — D¢ f(x, §) will be required to be weakly differentiable for every £ € R™N \ B;(0) and it
will be assumed that



(AS) there exists a nonnegative function k € L7 (), with o > p + 2, such that

loc
|Deaf (2, 6)| < k)1 +16) 7,
for a.e. z € € and for every £ € R™Y \ B;(0).
Our last assumption is the following
(A6) there exists a constant ;4 > 1, such that
flz, N < M f(x,€) forevery A >1,

for a.e. x € Q and for every ¢ € R™W \ B (0).

Note that the previous assumption will be used only to obtain the local boundedness of the minimizers
([12D.

In order to explain the difficulties of our problem, we now recall some class of functionals included
in our setting and some known regularity properties of the related minimizers.

The study of the regularity of local minimizers of not uniformly convex functionals started in [7] (see
also [30]), where integrals of the form

Q(U,Q):/QG(:E,DU)CZQU,

with integrand G enjoying a p-Laplacian type structure at infinity were considered. This means that the
partial map

x — G(x,€) is Lipschitz continuous (1.2)
and the following ellipticity
(DeeG(x,€)n,m) = v[E[P2[n? €l > M (1.3)
and growth condition
|DeG(x,€)] < Cler™ €l > M (1.4)

hold true for some M > 0.

Under these assumptions it has been proven that the minimizers of the functional G are locally Lips-
chitz continuous (see [19], [24], [25], [26], [44]). The Lipschitz continuity of local minimizers of the
functional G (v, 2) with integrand G satisfying assumptions (1.2), (1.3), but under the growth assumption

|DeG(x,€)| < Cle|* &l > M (1.5)

with ¢ > p has been widely investigated (see [6], [11], [20], [22], [23]). Obviously, the ellipticity
assumption (1.3), together with the growth assumption (1.5), entails a (p, ¢)-growth condition for the
integrand G, i.e. there exist positive constants ¢, C such that

clgl” < G(x,§) < C(1+ [€]7).

The study of regularity of minimizers of functionals satisfying (p, ¢)-growth conditions began with
the pioneering papers by Marcellini ([36], [37], [38]) and later on widely investigated.



From the very beginning it has been clear that if p and q are too far apart no regularity can be expected
for the local minimizers (see [29], [35]), while if p and ¢ are sufficiently close many regularity results are
available. Actually, the research in this field is so intense that it is almost impossible to give an exhaustive
and comprehensive list of references; we confine ourselves to refer the interested reader to the survey
[39] and the more recent papers [1], [8], [9] and the references therein.

It is well known that the presence of the x-variable in the integrand of functionals with non standard
growth conditions may yield the so-called Lavrentiev phenomenon, even under a continuity assumption
on the coefficients. Such phenomenon does not occur in case of standard growth condition, i.e. if p = g.
Actually, it has been proven that minimizers of the functional G under assumptions (1.3) and (1.4) are
regular even weakening the Lipschitz regularity of the integrand G expressed by (1.2) in a Sobolev type
regularity on the partial map = — G(z, €). Indeed, if there exists a nonnegative function k(z) € L™ ()
such that

D2 DG, €)| < k()"

then the minimizer possesses second derivatives and for its gradient a higher integrability result holds
true (see e.g. [33], [42], [43] and, for other regularity results under a Sobolev type assumption with
respect to the x-variable, see [18], [27], [28], [31]).

A Sobolev type assumption, combined with a degenerate ellipticity and nonstandard growth condi-
tions, has been used in [17] , where it is proven the local Lipschitz continuity of minimizers of G, under
assumptions (1.3), (1.4) and

D2 DG, 6)] < ki)l

with k € L"(Q), r > n, with ¢ > p satisfying

T4 1

P n o
Note that such a Sobolev assumption yields the Holder continuity of the partial map x +— D¢G(x,§)
through the Sobolev imbedding Theorem. If » — n, the inequality above implies that ¢ — p. This case,
i.e. k € L™(Q), has been faced in [10], where we proved that, the weakening the Sobolev regularity of the
coefficients, leads not only to deal with standard growth conditions, but also to the loss of the Lipschitz
regularity of the minimizers. Actually, we were able to prove that the gradient of the minimizer belongs
to Lt for every t > p, thus that the minimizers are a-Holder continuous, for every a € (0, 1).

When treating the regularity of minimizers, the proof of their local boundedness can be seen as a first
step in the analysis of further regularity properties (see [12], [13] for recent contributions to the (p, q)
growth case). It is now clear that the Sobolev conjugate exponent of p denoted by p* is a threshold level
for ¢ to expect local bounded minimizers: actually if ¢ is below p* than the local boundedness is attained,
otherwise, if ¢ > p*, irregularity occurs. In the present paper we use the bound ¢ < p* in order to deal
with locally bounded minimizers and we take advantage from this information to prove higher regularity
properties of minimizers of functionals with non standard growth conditions, not uniformly convex and
with a Sobolev z-dependence that can be even weaker than W17,

More precisely, our main result is the following.

Theorem 1.1. Let f : Q x R™W — [0,400) be Carathéodory function satisfying the assumptions
(A1)—(A6). Letu € VVli)’p(Q; RN) be a local minimizer of (1.1). If

C

2
9<p<q<p+1-2T2  wd <y,
(o



then
we LZ (GRY) and Due LP2(Q;R™).

loc

Moreover, setting
t —
G(t) := / s(2+s)°7 ds,
0

we have
G((IDul —2)1) e Wi2(Q) and (|Du| —2)1 € W2 (Q) (1.6)

loc loc

and the following Caccioppoli type inequality holds

[ (Dul =222+ (1Dul ~22) 2 Dup 2 Dl da
BP(J/’O)

zo)

)
S C(1+HkHLU(BT))ﬁ (/B( (1 + f(z, Du)) diU) : (1.7)

for every ball B,(xp) € Q every 0 < p < r, and for some C =
C(n7 N7p7Q707 017027L7L17V7P= r,diamQ) and’y = 7(p7q7n) > 1

The first step in the proof is an a priori estimate for local minimizers u of the functional F which are
Lipschitz continuous and such that (|Du| — 1)4 € VVIEC2 (Q).

Such a priori estimate is achieved by the use of test functions that vanish on the set where the Euler
Lagrange system associated to F fails to be uniformly elliptic. It is worth pointing out that the key tools
in the proof are the local boundedness of the minimizers, which is known to hold true by virtue of the
bound ¢ < p* (see Theorems 2.2 and 2.3) and a suitable interpolation inequality (see Proposition 2.5).
In particular, the interpolation inequality together with the a priori assumption (| Du| — 1) € Wh2(Q),
allows us to prove an a priori estimate. Indeed the gradient of the minimizers is locally in LP*?2 and this
higher integrability reveals to be useful in the estimates of terms with critical summability (see the proof
of Theorem 3.2, Step 2).

Once the a priori estimate is established we have to use an approximation procedure. Usually the
approximating sequence of functionals are constructed regularizing the integrand of F in order that their
minimizers are sufficiently regular to satisfy the a priori estimate.

Since the regularity of minimizers of the approximating functionals can be proven only in the region
where the energy densities are uniformly convex, which may vary terms by terms, one of the difficulties
that we have to face is to transfer this regularity information to the limit. This difficulty is overcome by
using Proposition 2.6, a measure theory result, which may be of interest by itself.

Another difficulty comes from the lack of a global uniform convexity of the integrand that yields
a lack of uniqueness of the minimizers. Therefore, in principle, we could only say that the sequence
of the minimizers of the approximating functionals converge to a regular minimizer, but not that all
the minimizers of F have the desired regularity. In order to overcome this problem, following [6], we
introduce in the approximating problem a penalization term that does not effect the a priori estimate and
that forces the approximating sequence to converge to an arbitrarily fixed local minimizer.

Finally, we note that, even in the case ¢ = p + 2, that implies ¢ = p, our result improves a very
recent one obtained in [32] concerning the regularity of local minimizers of functionals uniformly convex
in the whole R™Y. There the local minimizers are assumed to be a priori locally bounded, so no structure
assumptions, such as (A2) and (A6) is needed.



The plan of the paper is the following: in Section 2 we fix the notations and collect preliminary
results; in Section 3 we establish the a priori estimate and in Section 4 we give the proof of the main
result.

2 Preliminaries

In this section we introduce some notations and collect several results that we shall use to establish our
main result.

We will follow the usual convention and denote by ¢ or C a general constant that may vary on
different occasions, even within the same line of estimates. Relevant dependencies on parameters and
special constants will be suitably emphasized using parentheses or subscripts. All the norms we use on
R”, RY and R™ will be the standard Euclidean ones and denoted by | - | in all cases. In particular,
for matrices &, n € R™ we write (£,1) := trace(¢7n) for the usual inner product of ¢ and 7, and
€] == (&, ¢ >% for the corresponding euclidean norm.

In what follows, B,.(x) will denote the ball in R™ centered at = of radius . The integral mean of a
function u over a ball B, (x) will be denoted by u ,; i.e.,

1
s = T u(y) dy,
Y B (@) S
where | B, (x)| is the Lebesgue measure of the ball in R™. If no confusion may arise we shall omit the
dependence on the center.
The following lemma is an important application in the so called hole-filling method. Its proof can
be found for example in [34, Lemma 6.1] .

Lemma 2.1. Let h : [r, Ry] — R be a nonnegative bounded function and 0 < ¥ < 1, A,B > 0 and
B > 0. Assume that

h(s) < Oh(t) +

forallr < s <t < Ry. Then

where ¢ = ¢(¥, 8) > 0.

2.1 Some useful regularity results

The following local boundedness result is a straightforward consequence of Theorem 2.1 in [12], see
also [14].

Theorem 2.2. Assume (A1)—(A4) and (A6), with 1 < p < q < p*. Then a local minimizer v of (1.1) is
locally bounded. Moreover, for every B,.(xg) € € there exists ¢ > 0, depending on the data, such that

9
= <
o um“”””"(Br/(zﬁ)(wo)) = ¢ {1 i /Br($0) e bu) dﬂ?} ’

with a positive ¥ = ¥(q, p,n).



A similar result holds for a suitable perturbation of the functional.

Theorem 2.3. Assume (A1)—(A4) and (A6), with 1 < p < q < p*. Fix B.(xy) € Q and consider
u € WP (B, (20); RY) and u € WP (B,(20); R™Y) N L= (B, (20); RY). Define

F(v; Br(xg)) := F(v; Br(x0)) + /B ( )arctan(|v(a:) — a(x)|?) de, (2.1

where F is defined in (1.1). Then any minimizer v € u + Wol’p(B,«(a:O); RN of F(v; B, (x0)) is locally
bounded and for every B,(z) € By(xo)

[v =zl

9
L*(By oy (@) < € {1 +/ f(z, Dv) df’:} ’
B, (2)

where ¥ = 9(q,p,n).

Proof. Let us define g(z,v) := arctan(Jv — @(z)|?). Since v is a local minimizer of the functional F,
then v satisfies the Euler’s system

/ S feo (2, Do)l () di = / g(2,0)p% (@) dz Vo € C(By(w0):RY), a=1,...,N.
Br(z0) j7—1 Br(z0)

By our choice of g, we can conclude following the proof of Theorem 2.1 in [12], with the obvious
modifications. U

We now recall a regularity result for minimizers of functionals with standard growth conditions
and smooth dependence on the z-variable. This is a well known result, if the perturbation term
Jq arctan(|w(z) — @(z)|?) dx in the integral in (2.2) is absent. In this case, we refer to [30] for the
higher differentiability result and to Theorem 1.1 in [11] as far as the Lipschitz continuity of the local
minimizers is concerned. In presence of the perturbation term [, arctan(jw — @(z)[*) dz, the proofs
can be easily adapted because of the boundedness of its integrand and of its derivative with respect to the
variable w. More precisely, we have the following.

Theorem 2.4. Let g : Q x R™™ — [0, +00), g € C?*(Q2 x R™N), and define the functional
/ <g(ac, Dw) + arctan(|w — ﬂ(x)lz)) dx (2.2)
Q

with @ € C%(Q; RN). Assume that there exists p > 2 such that for every x € Q and every £, \ € R™V,
crl§P —e2 < g(x,§) < L1+ [€])",
v (1+[EDPT2APP < (Deeg(a, )N, X),

| Deeg(a, )] < L (1+ [€])P2,

|Deng(,6)] < K(1+ g,
with positive constants ¢y, ca, L, L1, v, K. Then any local minimizer v of (2.2) is in Wlif(Q; RN ) and

(1+[Dv]?) 2" [D*0]? € Li, ().

Moreover, if g satisfies (A2), then v € T/Vllooo (4 RM).

C



2.2 An interpolation inequality

We take advantage from the local boundedness of minimizers of the functional F in (1.1) through the
following Gagliardo-Nirenberg type interpolation inequality, see also [5].

Proposition 2.5. Let p > 2 and define
t -
G(t) = / s(1+ )57 ds. 2.3)
0

Ifu € L (;RN) N WP (O, RY) is such that (|Du| — 1)1 € W22 (Q;RN) and G((|Du| — 1)) €

loc loc

W,22(Q), then, for every ¢ € CH(Q) and every & € RN, we have
/Q Y21+ (1Dul = 1) )P((1Dul — 1)4)? da
< e (140 W) [ (02 + DU+ (Dl = 1), da
+ el = 5l gy | 97 IDG(Du] = D) da, 2.4

for a positive constant ¢ = ¢(p).

Proof. Consider € RY and the nonnegative increasing function
p—2
Gt)=t(l+t)z, t>0.
An integration by parts yields
/ $*(1+ (|Du| = 1)1 )P72((|Dul| = 1)4)*| Dul* dz
Q
2 2
= [ HEWDu = 1)) IDu s = [ (WA(G((IDu] = 1)2))* Du. Du) d
« [e3% 2 (0%
_ —Z/Q(u — k) [WA(G((Dul — 1)4))*Du], da
< 2l gupp) | WIDUG1Dul = 142Dl da
+ 2fju = £l Lo (suppy) /91/12G((|DU\ — 1)+)G'((|1Du| = 1)4)| D*ul| Dul dx
+  Jlu— Kl oo suppy) /QwQ(G((]Du\ — D) D%u|dx =: I + Ir + 1. (2.5)
Recalling the definition of GG and using Young’s inequality, we obtain
B <l Rl [ 1DUF0L+ (1Dl = 1)) da

+oe /Q $3(1 + (|Dul — 1)4)7=2((|Du| — 1)1 )?|Dul? da,

8



for every € € (0,1).
Taking into account that G(¢)G'(t) < 5t(1 + t)P~2, by Young’s inequality we have

L < elu—tllreupps) [ ?((1Dul = 1)) (1 + (IDul = 1)4)P~%| D*ul| Du| dz

D\

< cellu = Bll7 o suppy) /w + (1Dul = 1)1)P~H((|1Dul = 1)+)*| D*ul? dx

e /Q G3(1 + (|Dul = 1),)"| Duf? da

IN

ol = A2 up) / GA(1+ (|Dul — 1) )P~ 4((|Dul — 1)) D%ul? di
Lo / GA(1+ (Dul — 1) )P2((|Dul 1) )?|Duf? dx

Q
b2 / GA(1+ (|Du] — 1)4)7~2Duf? dz,

Q

where in the last estimate we used the elementary inequality
(1+ (|1Du| = 1)4))? < 2+ 2((|1Du| — 1)),

Moreover, by the definition of G and by Young’s inequality again

I3

IN

] Ps— /Q (1 + (|Du| = 1)4)P~2((|Du] — 1)+)?| D?ul da

IN

el = Fle ey [ 950+ (1Dl =174 (1Dul = 1)) D2 d
+ e [ W+ (D] = )Pl ~ 1)1 da

< el Rl [ 950+ (Dl = D074 (1Dul = 1)) D da
+ e [ W+ (Dl =107 (Dul = 1)) Duf e

where we used
1+ (|]Du| — 1)1 = |Dul| a.e in the set {|Du| > 1}.

Inserting the estimates of I, I, I3, in (2.5), we obtain that

/9@02(1 +(IDul = 1) )P7((| Dul = 1)4.)*| Dul® dz

IN

P /Q IDY(1 + (1Dl — 1)4)P de
bo4e / V(1 + (1Dul — 1)4)P~2((|Dul — 1)4)2| Dul? dz

+ Cellu = Kl Eoo suppy) /01/12(1 + (1Dul = 1) )P4 (| Dul| = 1)4)*| D*ul? dx

9



+ 25/ V31 + (|Du| — 1) )P~ 2| Dul? da.
Q
The integrability assumptions on u imply that the right hand side is finite, in particular
IDG((|1Dul = 1)) = (L + (|1Dul = 1)+)P4((|1Dul = 1)+)*[D*uf* ae.inQ (2.6)

is in Llloc(Q). Choosing € = %, we can reabsorb the second integral in the right hand side by the left
hand side, thus getting

/Q (1 + (|Du| — 1)4 7 >((|Du] - 1)+ )*| Dul® do
< e (1 = 5l upp) /Q (62 + [DY)(1 + (IDu] = 1)1)? do

T+ ellu— Al upe) /Q ¥ |D(G((1Dul — 1),))? d,

where we used (2.6) in the last integral. The inequality (2.4) follows. Il

2.3 A measure theory result

This subsection is devoted to the proof of a result, which is of interest by itself, that will be used in the
approximating procedure (see Step 3 in the proof of Theorem 1.1).

Proposition 2.6. Let f, €¢ WP(Q;RN) be a sequence and f € WP P(Q;RN), p > 2, N > 1, satisfying
the following assumptions:

(a) fy is weakly convergent to f in W1P(Q; RN),
(b) (IDfil = 1)1 € WH(Q),
(c) there exists € > 0 such that

SUP (1D fel = D4 lzo+e() < 00 2.7)

Let G be the function defined in (2.3). Assume that
(d) G((|Dfe] —1)4) € WH2(Q) and

/Q IDG((ID ] — 1),))Pde < 28)

for some c independent of k.

Then
(IDfI=1)y € WH()

and there exists a not relabeled subsequence fi, such that
klim |Dfi| = |Df| stronglyin LP(QN{|Df| > \}) fora.e. X\ > 1,
—00
and

klim |IDfi| = |Df| ae inQn{|Df] > 1}.
—00

10



Proof. By (2.8) we have that

/Q (L4 (DSl — 1)) 2((Dfil — 1)1 )P D2 fi? da
- /Q IDG((ID Al — 1)) Pdz < c. 2.9)
with ¢ independent of k. This implies that, for every 7 > 1,
/ Dfil (D fi| — 1P| D2 fi? da
QN{|D fr|>7}
- / (L4 (DSl — D) 2Dl — 1) (D fi — 1)1 )72 D2 fi da
QN{|D fr|>7}
< /Q IDG((ID S — 1)) Pdz < c. 2.10)

with ¢ independent of k.
Since the function ¢ — % is positive, increasing and bounded in [r, 00), there exists ¢(7) > 0 such
that

t—1\2
<t> > (1) Vte|r ), (2.11)

which implies

(t—1)"
t2

—1\2
= (t—1)P2 <tt) > (1 —1)P%¢(r) Vt € [r,00).
The above inequality with ¢t = | D fi(x)|, gives

IDfi| (1D fr] — 1)P > (1 — 1)P2¢(7) ae. inQN{|Dfy| >}

Thus, (2.10) implies

D hfdrc — &
/WDW} D5l dr < g

or, equivalently, there exists C'(7, p) such that
2
[ [ptupsil =m0 de < o),

This implies that the sequence (|D fx| — 7)4 converges weakly in W12(€2) and strongly in L?(Q2) to a
function G(7) € W2(€2). Therefore, up to a not relabeled subsequence, we also have that

(IDfx| — 1)+ = G(7) a.e. in Q).
Analogously, by (2.11),

IDfel 2(IDfi] —1)* > c(r)  ae.in QN{|Dfy| > 7}.

11



Therefore, by (2.9)
o [ (IDfil =7 2D da
Qn{|Dfx|>7}

C
< / Dl 2D fil — V2Dl — ) 2| D2 2 da
QO{|D fr|>1}

IN

/ Dl 2D fil — V2Dl — 172D fi? da
QO{|D fr|>1}

/ (L4 (DSl — 14) 2Dl — 1)1 )P D2 fi? da
QN{|D fr|>7}

< [ 1D@(DAI - )P ds <
Q

This imply

L DsI =)y =2D2 i da < ()
that yields

2
[ |p(psit =) e < co.
Q

Thus, up to subsequences, the sequence

((IDfirl = 1)+ )P/

converges strongly in L?(Q2) as k — oo. This is equivalent to say that there exists a function F(7) €
LP(Q), such that
(IDfx| — 1)+ — F(7) strongly in LP(Q2),

that is
iim [ IDfl =)+ = Fr)P = 0. 2.12)
We also have that
(IDfx| — 1)+ = F(7) a.e. in () (2.13)
and
(IDfx| = 1)+ — F(71) in measure. (2.14)

Note that the uniqueness of the a.e. limit implies that G(7) = F(7) a.e. in Q and so F(7) € W12(Q).
For every t > 0 and k£ € N define

Apr(t) = {zeQ: (IDfil =7)y >t} ={z € Q: [Dfi| > 7+ 1},
A(t) = {xzeQ: F(r)>t}

The function ¢ — |A,(t)| is continuous a.e., where |A,(¢)| denotes the Lebesgue measure of the set
A;(t). It can be easily checked that if ¢ is a continuity point of | A (-)|, then (2.14) implies

lim |Ay ()] = |A-(2)]
k—o00

12



or, equivalently,

XA, 0 lzr@) = XA, @02 @)

Moreover, by (2.13),

XAg +(t) = XAy (2) a.e. in €.

Thus, fora.e. t > 0

XA, (8) — XA (1) strongly in L'(€).

By (2.12) and the definition of Ay, -(t), we have

Let us prove that

lim |Dfi| —7— F(7)|P = 0.
k—roo Ak,'r(t)

lim |Dfi| —7— F(7)[Pdz =0.
k—o0 Ar(2)

To this aim, notice that (2.16) implies

By (2.7)

lim IDfy| — 7 — F(r)|P da
(1)

k—oo J A

lim |Dfx| — 7 — F(7)|P dz — lim
-(t) F

k—o0 J A Ag (¢

klim/|ka!—T—F(T)\p(XAT(t)(UC)—XA,W(t)(x))dw-
— 00 (¢}

/Q (1Dl — 7)1 P de < C

)||ka| —7—F(1)|Pdx

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

with a constant C' independent of k and 7. This yields that, up to subsequences, (|D fi| — 7)+ weakly
converges in LP1¢(Q) to a function H(7) € LPT¢(Q).

Due to (2.12), H(t) = F(7) a.e. in Q and so F(7) € LPT¢(Q). Therefore by Holder’s inequality
and thanks to (2.19) and (2.15), it follows that

IN

IN

IN

i | [ 1041 = 7 = FOP O 0(0) ~ X0 (0) do

tim [ 11Dl =7 = Fr)Pha, @) = X 0(@)] da

_p_
. c pte +e
hin (/Q |Dfi| — 7 — F(1)|P" da:) </Q XA, t) = XA;M(t)‘pE

p+e
C(r) lim (/Q XA, () = XAy (1)) dx) =0.

By (2.20) and (2.18), we get (2.17), i.e.,

|Dfi| = F(r)+ 1 strongly in LP(A,(t))

as k — oo and, of course, also weakly and, up to subsequences, almost everywhere.

13

e
dx)

(2.20)

(2.21)



By assumption, fj, is weakly convergent in W17 (Q; RY) to £, so, by the essential uniqueness of the
weak limit we conclude that

|Df| =F(r)+ T a.e. in A-(%). (2.22)

Therefore
A-(t)={z € Q : |Df| > 1 +1t}.

By (2.21) and (2.22) and the equality above, there exists a subsequence (not relabeled) of f;, such that
|Dfi| — |Df| strongly in LP({x € Q : |Df| > 7+ t}), (2.23)
as k — oo. Recalling that F(7) € W12(Q), from the equality in (2.22) we deduce also that
(IDf] = 7)+ € WH(Q).
The conclusion follows by the arbitrariness of 7 > 1, and the arbitrariness of ¢, that can be chosen, up to

a negligible set, arbitrarily in (0, c0). (]

3 The a priori estimate

This section is devoted to the proof of an a priori estimate which is the main tool in the proof of Theorem
1.1. More precisely, we establish the following result.

Theorem 3.1. Assume (A1)—(AS) with p, q such that
2<p<q<p+1—£§g
Fix B, (o) € Q and consider u,i € WP(B,(x0); RY). Define F(v; By (x0)) as in (2.1) i.e.,
F(v; By(20)) := F(v; Br(o)) + /B - arctan(|v — a(z)|?) de.
(o

Letv € u+ VVO1 P(B,(20); RN) be a minimizer of F, satisfying
—2
v € W2 (B (20); RY) N WoX (B, (20); RY)  and (1 + |Dv[?)" 7 |D*u]? € Lo (B, (x0)).

Then, for every B:(Z) € B,(x), every 0 < p < 1’ < 7 and every k € RY,

) €
/ (1+ (IDvl = D))"~ ((IDv| = 1)1)?|D*0]? d
<

Gt /B PRI IR

STy
+C (1 + v — ﬂllzoowr,(:z»))) </B (f>(1 + k(x))” dfﬂ) 3.1

for some constant C = C(n, N, p,q, L1, v, diam Q) and for some exponent v = ~(p, q) both positive.
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As far as the proof is concerned, the integral | By (z0) arctan(|v — @|?) dz is a perturbation of

F(v; By(z0)) that provides no difficulties. Indeed, denoted g(z,v) := arctan(|v — u(z)|?), we have
that g and its derivatives gy, & = 1, ..., m, are bounded. Thus, for the sake of clarity, we prefer to drop
this perturbation term, and to state, and prove an a priori estimate for local minimizers of F(+; €2) only,
see Theorem 3.2 below. Its proof, that can be easily adapted to obtain Theorem 3.1, follows the one of
[17, Proposition 3.1], but it is drastically different in the second step, where we have to take into account
the weaker assumption on the function k(z) appearing in (A5).

Theorem 3.2. Letu € Wlif (RN be a local minimizer of the functional F at (1.1) with the integrand
f satisfying assumptions (A1)-(A5) with p, q such that

2
2<p<q<pt1l-2E2 (3.2)
g

If
we WEAQRY) MW (@ RY) and - (14 Dul?)"> [D*ul” € Lio(Q),

loc loc

then, for every B,/(xq) € Q, for every p, such that 0 < p < ', and for every k € RY,

[ @ (Dul = 0 (Dul = 122D da
Bp(xo)

&
< ——+ 1+ (|Du| —1)4)Pdx
vl RN LR

+C <1 + [Ju — HHZOO(BTI(CUO))> </B (

1 (T0)

et
(14 k(x))? dx) : (3.3)

for some constant C = C(n, N, p, q, L1, v, diam Q) and for some exponent v = (p, q), both positive.
Proof. We shall divide the proof into two steps.

Step 1. Our first aim is to prove that for every cut off function n € C§°(€2), the following integral
estimate holds

/9774(1 + (|Du| = 1) )P4 ((|Du| = 1)4)?| D?*uf* dz
SC/Q774(1+/€2($))(1+(’DU\—1)+)2qpda?+C/Q\Dn|4(1+(|Du]—1)+)pdx, (3.4)

with C' = C(n, N, q, L1,v).
Since w is a local minimizer of the functional F(u, §2), then u satisfies the Euler’s system

[ S fetw D @dr =0 vpe OR@EY),
Qa

and, using the second variation, for every s = 1, ..., n it holds

/Q D fegr (0 DGl oy + D feoa (0, DU)gS, ¢ do =0 Vi € CP(URY). (3.5)

i’j’ayﬁ 7,
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Fix s = 1,...,n, acut off function n € C§°(12) and consider the function
o =l (14 (|Dul = 1)) 2((1Dul = 1)5)* a=1,...,N.

Therefore, denoting
d(t) :=(1 +t)_2 2

we have

0% =An’ng,ul ®((|Dul —1)4)
+n'ul . (| Du| — 1)4) + n'ul @' ((|Du| — 1)4)[(|Du| — 1)4]a,.

Thanks to our assumptions on the minimizer u, through a standard density argument, we can use ¢ as
test function in the equation (3.5), thus getting

0= / 4n3®((|Du| — 1) 4 Z fgagﬁ x, Du)ng,us uﬁ S da

Z‘77S7a/8
Q 7J7s a?ﬁ
45/
" / WV (DU = 1)1) Y fner (o Dy . [(1Du] = 1)1, do
Q 7] S a?ﬂ
+/4773<I> (|Dul — 1)+ nga x, Du)ng,ug, dx
Q 1,8,
+/ n*®((|Du| —1)4) Z feoa,(x, Du)ug ., dx
0 1,8,0
/ (D] = 1)) S fewa (2, Duyul [(1Du] — 1), Lo, de

zsa

=L+ 1o+ 13+ 14+ Is + Is. (3.6)

Let us now estimate the integrals [;, 7 = 1, ..., 6. In the estimates we will use some properties of ®. In
particular, notice that since ®(0) = 0 and ®(¢) < 1 for every ¢, then

O((|Du| = 1)4)|Dul” < (1 4 (|Du| = 1)4)" V7 = 0. (3.7)

ESTIMATE OF I
By assumptions (A3) and (A4), we can estimate the integral I; by the use of Cauchy-Schwartz and
Young’s inequalities as follows

N

Al < 4 [ @Dl -1, { S Fens (0, Duie 8, oy i} x

’]78 a7ﬁ

{ Z f{"‘ﬁﬁ X DU) a:sxlugsxy} dx

[NIES
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< Cle,q L) / 72| Dnf2®((|Du| — 1)) Dult dx
+ 5—:/Q n*®((|Du| — 1), Zﬁfﬁ"‘gﬁ z, Du)ug .. xsm] dx,
7]8a7

where € > 0 will be chosen later. Using (3.7) we get
Bl < CleaLy) [ D01+ (Dul = 1)1 ds
Q
+ 5/9 'O((Dul = 1)1) Y fagr(@ D g0l do.
7J7S7a713

ESTIMATE OF I3
Since for every £ € R™V \ {0}

o) = <ftt<‘z|,2\§r> . ft%?!)ﬁ\)) )+ HD

and

[(1Du] = 1) ]y = (|Dul)a = [Du ’Z gz, e in{[Du| >1}

then, for a.e. z € {|Du| > 1},

S Fewr (o Duu,uf (Dl = 1)),

i,5,8,a,8

_ (ftx:g IDu) _ |D|ul|)3u' ) 3 a5 (D] = el
+quxs 2 [(1Du] — 1)1,

_ (ftt% 'ﬁ“') | D'uf;" )Zu (IDu]), 65, (| D),

ft([l?, ’D’U,‘) a
|Du‘ uazs I‘5$Z(| u|)

,8,0

f f 2
w(x, |[Du +(z, | Du N
_ (f 10u) _ s 0 \)) > (Zumi(|Du|)xi>

+ fe(x, |Dul) | D(|Dul) .

Thus,

2
I3:/Q?74<I)/((|Du| — 1)) ftt |D|?U| Z (ZU%ODUDQCZ) dx

« A
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, : Yy (2, (D))’
+ [ ' (4Dul = 1)) e, [Dul) (iD(lDuDl? T

Now, if we use the Cauchy-Schwartz inequality, we have

2
> (ZuwlDul)xi) < |DuP|D(|Dul) .

Since
2t

(141)3
is nonnegative for every ¢ > 0 and, by (A2), f;(x, |Du|) > 0, then we conclude that

'(t) =

) e

- 2
Iy > /§2n4q>/((|Du| - 1)+)JWZ (Z ugi(|Du|)$i> dz > 0.

[0}

ESTIMATE OF Iy
By using assumption (AS) we obtain

L] < c(q) /Q 7| Dalk(2)®((| Dl — 1).)| Duf? do.
Hence, by (3.7) we get
L] < e(q) /Q 7| Dalk()(1 + (|Du| — 1)) d.

ESTIMATE OF I5
Using assumption (AS) and Young’s inequality we have that

Bl < cl) [ #'®(1Dul = 1) )k@IDU D2l da
<« /Q nA((1Dul — 1)) DufP~2| D2uf? da
+ Cleq) /Q 70 ((|Dul — 1)1 ()| Dul 7 da,
that implies, by (3.7),
Bl < e [ ' ®(Dul = 1)) Dul 2 DRl da
+ Cleq) /Q n*k2(@)(1 + (IDul — 1)2)% da.

ESTIMATE OF Ig
Using assumption (AS) and equality (3.9), we get

[Is| < C(q)/Qn‘*@’((\DUI = 1) )k(@)|Dul*! | Dul |D((| Du| = 1)4)| dz
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< (n,N,q) /Q 7% ((|Du| — 1)1 )k(a)| Dul?| D] de.

Multiplying and dividing the integrand in the right hand side by 2-'/2(8 + (|Du| — 1)+)"/2, with 0 <
0 < 1 to be chosen later, we have

[

I < /ﬂ 7t {;qf«mm ~1)4)(@ + (|Du] — 1>+>|Dur“|D2u\2}2
x {239 ((|Dul = 1))¥(2)(8 + (|Du| — 1))~ [Du P2} ? do

€

<
-2

| 0Dl = 1)4) 6+ (1Dl = 1)) [Pup=2D%f do
4 Cc [ 0 (Dul ~ DR) 6+ (1Dul - 102) 7 D e, (14)
Q

where we used Young’s inequality. In order to estimate the first integral in the right hand side of (3.14)
we note that, by virtue of (3.10),

222
(1+t)3 14t

td'(t) = D(t) < 20(t) forall ¢ > 0.

Therefore we have
&' ((|Dul = 1)1)(1Du] = 1)1 < 20((|Du] — 1)),

This also implies, recalling that § < 1,
6" ((|Du| — 1)1 )x{puz2y < ®'((|Dul — 1)1 )(|Dul — 1) 4 xqpuz2 < 2@((|Dul — 1)4)X{|Duj>2}-
Moreover, since ®'(¢) < 11in [0, 1] (see (3.10)), we have that

'((|Dul — 1)1 )x{1<|pul<2} < X{1<|Dul<2}-

Hence, the following estimate holds:

5 [ (Dul = 02) G+ (Dul = 1)) [Dup 2 D da
Q

- : / ' ((|Du| — 1)1)(|Du| — 1) 4| DulP~2|D?uf? d
Q
)
+ 22 W' ((|Du| — 1)) | DulP~2|Du|? da
2 J{Dul>2}
J
+ 22 W' ((|Du| — 1)) | DulP~2|Du|? da
2 Ju<ipul<2}
< & [ 4 e((Dul - VL) |Du DA do
Q

+ e / (| Dul — 1)4)| DulP~2| Duf? dz
{|Du|>2}
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)

n*| DulP~2| D%u)? da
2 Jp<|pul<ay

_l’_

< 25/ n®((| Dul —1)+)]Du|p2|D2u|2dx+5(5/ n*| DulP~2| D?u)? dz.
Q Q

Let us now estimate the second integral in the right hand side of (3.14). By (3.10) we get

((|Dul ~1)5) _ 2 (IDu] — 1)+

5+ (IDu[— 1)y (14 (1Dul—1)2)? 8+ (1Du[ - )3
2 2

<

= A+ (Du[— 1)) = [+ (1Dul — 1))

Hence, we obtain
/Q 7' (|Dul — 1))k () (5 + (|Dul = 1)1) ™" | Duf* 72 da
< 2 [ @)1+ (Dul = Do) do.
Inserting the estimates (3.15) and (3.16) in (3.14), we obtain that
Gl < G [ w1+ (D] - 1), de
+ 25/9774@((|Du] —1)3)|DulP~2|D?u* dz
+ € 5/9174\Du|p_2D2u|2d:1:.

Observe that equality (3.6) can be written as follows
Li+Iz3=-L 14— 15— I,
and that, by virtue of (3.11), we get
Iy < |Ii| + [14] + 15| + | 16] -

Therefore, recalling the estimates (3.8), (3.12), (3.13) and (3.17), we get

(1=2) [ 081D = 102) Y fongs (0 D,
Q2 1,5,8,0,3 B
< Clerq. 1) / Dnf2(1 + (|Dul — 1), dx
Q
+C(g) /Q 7| Dilk(z)(1 + (|Dul — 1), )7 da
1O(e.q) / (@) (1 + (IDu] — 1)4) P da
Q

+3€/ n*®((|Du| — 1)4)|DulP~2| D*u|* dx
Q
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+£5/ n*| DulP~2| D?u)? dz. (3.18)
Q
By assumption (A3), the integral in the left hand side of (3.18) can be estimated as

/ n*®((|Du| — 1)4 foﬂfﬁ z, Du)ug . xsx dx > 1// n*®((|Du| — 1)4)|DulP~2|D?u? dz.
Q i.4,5,0,8 Q
Hence

(1—e)w / (| Dul — 1)4)|DulP~2| Duf? da
Q

< 35/ n*®((|Du| — 1)4)|DulP~2|D?u|? dz
+ € [ PIDnP+ (Dul = 1)) de +C [ o Dalk(@)(1+ (1Dl = 1)) da
+ C'/ B2 (2)(1 + (|Du| — 1)4 )2q_pdx+55/n4|Du\p_2|D2u|2daz,

Q

with C' = C(n, N,q,v, Ly,¢). Choosing ¢ = 6%}, we can reabsorb the first integral in the right hand
side of the previous inequality by the left hand side, thus getting

/Q 7A((|Dul — 1)4)|DulP2|D?uf? da
< ¢ / 72| Dnf2(1 4 (Dul — 1)4)de + C / 7| Dnlk(z)(1 + (|Du| — 1)4)7 de
Q

+ C'/ K2 (2)(1 4 (|Du| — 1)4 )2q_pdx—|—05/n4|Du|p_2|D2u\2dx. (3.19)
Q

Since | Du|P~2|D?u|? € L () by assumption, we can let § go to 0 in (3.19), and so the last term goes
to 0. Moreover

[ 1Palk(a) 1+ (1Dul = 1)) do

1 _ 1
<5 [ R@+ (D =)0 det g [ PP+ (Dul = 17 do,
Thus estimate (3.19) implies

/ (| Dul — 1)4)|DulP~2| Duf? da
Q

< C/ n*[Dn*(1 + (| Dul = 1)+)? dz + C/ 'k (@) (1 + (|Du| = 1)4)*7P da,
Q Q

with C' = C(n, N, q, L1, v). Using Young’s inequality again in the first integral of the right hand side of
previous inequality we get

/ (| Du| — 1)4)| Dul~2| Duf? da
Q

< C/ |Dn|*(1 4 (|Du| — 1)4)? dz + C/ (1 + k2 (2))(1 + (|Du| = 1)4£)%P da
& Q

Estimate (3.4) follows recalling the definition of ®.
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Step 2. In this step we conlcude the proof.
Fix radii 0 < p < s < ¢t <’ and a cut off function n € C§°(B;) such that » = 1 on B, and

|Dn| < % By using the assumption k € Lf, (£2) and Holder’s inequality with exponents &, —% in
the first integral of the right hand side of (3.4), we get
0+ 4Dul = 1) (Dl = 1) PP da
2 g=2
4 P o 4 (2¢g—p)o [
< C (/ n (14 k(x)) daz) </ n*(1+ (|Du| —1)4) =2 da:)
Q Q
4 c/ D1 + (|Du| — 1)1 da. (3.20)
Q
Note that, by the assumptions on ¢, we have that % < p+ 2. In the case % < p+ 2, we can
Slder’s | Wi (p+2)(0—2) (p+2)(0—2) e
apply Holder’s inequality with exponents -2 (2q_;)a dg +2)fa_2)‘ia(2q_p) thus obtaining
/9774(1 + (| Dul = 1)1 )P H(|1Du| = 1)4)?|D*ul? dz
2 29—p
4 o 7 4 +2 e
<O (/ n (1 + k(x)) dx) (/ n (1 + (|[Du| —1)4)? d:c)
Q Q
+Ca [ 1Dyl + (1Dul - 12 do, (321)
Q

where C; = Ci(n,p,q,0,diam Q) and Co = Cy(n, N, q, L1,v). In the case % = p+ 2, the
estimate (3.20) obviously gives (3.21), without applying Holder’s inequality.

Since by virtue of assumption (3.2) we have that 2;% < 1, we can use Young’s inequality in the

first term in the right hand side of previous estimate and the inequality (1 + |a|)P™2 < 2(1 + |a|)?|a|? +
2(1 + |a|)P, thus getting
/9774(1 +(IDu| = 1)1 )P~((| Du| = 1)4)?*| D?uf* da

<5 [+ (Dl = 1) 2o+ Co [ D01+ (Dul = 1)1 da
Q Q

= (/Q (1 + k(z))° da:) e

<e / 741+ (|Dul — 1)3)7((|Dul - 1)4)? da
Q

(e + Cy) /Q ('t + 1 Dn|) (1 + (1D — 1), )P da

03 4 14k 74 U(pquz-&-l)
st ([ 0+ k@) do ,

where v = v(p, ¢q) and C3 = Cs(n, N, p, q, L1, v, 0,diam ) are positive. By the interpolation inequal-
ity of Proposition 2.5, with 1) = 12, and using equality (2.6), we deduce that for every x € RY

/Q 741+ (Dul — 1) )P~ 4((|Dul — 1)) D%ul? da
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< cellu— ll3 (s, /Q n*(1+ (|Du| — 1)4)P~*((|Du] - 1)1)*|D*uf? da,
tee (14 u = l3eis,) /Q (" +1Dnl)(1 + (|Du| - 1),)? da

e+ Co) /Q (' + [Dn[)(1 + (|Dul - 1)4)P da

C F ey
+23 (/ (14 k(2))° d:c> .
Q

57/2

By the properties of the cut off function 7, previous estimate gives

/ (1+ (1Dul - 1))~ 4((|Dul — 1)4)2| Duf* da

E]

< Cellu—ﬁlliw(fzr,)/B (1+ (1Dul = 1))~ ((|1Du| = 1)1)?|D?uf® da

t

to (5 (14 u=rl3 s, (1 + (t_ls)4) + 1) /B (1+ (|Du| — 1);)P da

p+2 "
C o(p—q+1)
+—> </ 7 (1 + k(2))° d:z:) T
If [[u—£| L (B_,) = O the claim follows, otherwise, since c is a constant independent of €, we can choose

1
2
2¢ (1+ |lu—k|| OO(BT,)>

E =

thus getting

/ (1+ (1Dul = 1) )P~ ((|1Du| = 1)1)?|D?uf® dz

s

<3 /B (14 (Dul = 171D = 1) PP

te (”(75—13)4)/3 (14 (|Du| — 1), )7 dz

FOO A+ lumrl ] ) (/

Taking into account that

0(p*q2+1)
(1+ Ek(x))? dx .

r!

1 c(diam Q)

TS s

and using the iteration Lemma 2.1 we get (3.3). Il
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4 Proof of Theorem 1.1

Before going on with the proof of the main Theorem, we state two approximation results for the energy
density f. More precisely, the first one approximates f through an increasing sequence ( f;) of integrands
satisfying p-growth conditions, the second one approximates each f; through a sequence of uniformly
elliptic integrands having smooth dependence on the x-variable.

Lemmad4.1. Let f : QxR™ — [0, +00) be a Carathéodory function which satisfies assumptions (A1)—
(A6). Then there exists a sequence of Carathéodory functions f; : {0 X RN — [0, 4-00), monotonically
convergent to f, such that

(1) fora.e. v € Qand every ¢ € R™V \ By(0), fi(x,€) = f;(x,|€]), t — fj(x,t) nondecreasing,

(1) fora.e. x € Q, for every ¢ € R™, and for every j, fi(z,€) < fit1(z,€) < f(2,8),

(IIT) for a.e. x € ), every ¢ € R™Y \ By(0) and for all A € R™ we have
p—2
(Dee fj (2, M) 2 2(1+ €)= A2
with U depending only on p and v, where v is the constant in (A3).

(AV) for a.e. x € Q and for every & € R™, there exist Ko, independent of j, and K1, depending on 7,
such that

Ko([€P = 1) < fi(z,§) < L1 + [€))?,
and

fix, &) < Ki(5)(1 + [€])P, (4.1)

where L is the constant in (A1),

(V) using the same notation as in (A4), for every & — f;(x,£) the vector field x — D; fi(x,€) is
weakly differentiable and for a.e. x € § and for every & € R™ \ By(0)

DD f(2.€)] < k(2)(1+ €))7,
DD f(@,6)] < CUK) A+ )7,
where k is the function in (AS),
(V) fora.e. x € Q, for every ¢ € R™V \ B1(0) and for every A > 1,
fi(z, A§) < A fi(w, §),
where 1 is the constant in (A6).

For the proof we refer to Lemma 4.1 in [11]. In particular, the presence of the function k(x) in (V)
is due to assumption (AS). The proof of (VI), absent in [11] trivially follows by (A6) and the definition

of fj-

24



Lemma 4.2. Let f : Q x R™™ — [0, +00), be a Carathéodory function which satisfies assumptions
(A1)—(AG6). Let f; be the sequence of functions in Lemma 4.1. Fixed an open set Q' € €, for every j
there exists a sequence of C*-functions fin o & x R™N — [0, 4-00), fj.n convex in the last variable,
such that f;, converges to f; pointwise a.e. in Q' and everywhere in R™N. Moreover, fjn satisfies the
following properties:

(Al) there exist &1,¢5 > 0, independent of j and of h, and K, (7) > O, independent of h, such that for
all (z,€) € Q' x R™N
fin(z, &) < (L+1)(1 + [g])7,

and .
alglf —éx < fin(,§) < Ki(j)(1+[¢]), 42)
(A2) foreveryz € Q and & € R™ \ By(0), fjn(x,&) = fj’h(:v, &]), witht — fj"h(a:,t) nondecreas-
ing,

(A3) there exists U, depending on v and p, but not on j nor h, such that for every x € €/, ¢ € R™V \
B»(0) and X € R™N
(14 [EDPT2 AN < (Deefin(@, A ),

(A4) there exists L1(j) > 0, independent of h, such that for all (x,€&) € Q' x R™W \ By(0)
| Dee fn (. )| < Li(5) (1 +[€)P2,
(AS) there exists C(j) > 0, independent of h, such that for every x € ' and € € R™V \ By(0),

| Deafin(, )| < C(5)kn(z)(1 + €N,

where k, € C°(§Y) is a nonnegative function, such that ky, — k in L7(Q'), where ¢ > p + 2 is
the integrability exponent in (AS),

(AG6) for every X\ > 1, for every x € Q' and for every ¢ € R™Y \ By(0)
Fin(@, A8) < M fin(,6),
(H1) there exists A(j, h) > 0 such that for every x € ' and & € Bo(0)
| Dea fin (€)1 < A, h)(1+ [€)P
(H2) there exists u(h) > 0, independent of j, such that for all (x, &) € Q' x R™ and for all A € R™N
p(h) (1 + [EDPT2AP < (Deefin(a, E)AA).
(H3) there exists o(j, h) > 0 such that for all (z,£) € ' x R*N

| Dee fn(2,€) < (5, h)(1+[€)P2

For the proof we refer to Proposition 4.1 in [10].
Now we are in position to give the proof of our main result.
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Proof of Theorem 1.1. Let u be a local minimizer of  in (1.1). By Theorem 2.2, u € L (€; RY) and

loc

so we have to prove that Du € L{’:CQ(Q; R™Y), the higher differentiability result (1.6) and the estimate
(1.7).
Step 1. The approximation

Fixed an open set ' € , let f; be defined as in Lemma 4.1 and f;}, be the sequence defined in
Lemma 4.2. Fix a ball B,.(zg) € . Consider the smooth functions u1 € C*°(§),

us (z) = /Blo(y)u (x—i— 1y> dy

where 0 € C2°(By) is the usual nonnegative, radially symmetric mollifier and i € N, ¢ > i, with i
sufficiently large so that B, 1 (z0) € Q). Without loss of generality we can assume ig = 1.
20

Inspired by [6], we introduce the functional

Fijn(w; By(x0)) 22/ fin(z, Dw) da:+/
Br(mO)

arctan(|w — uy (z)[?) dz,
B (z0) v

and the corresponding minimization problem

min { 7 i (w3 By (w0) : w € ut W (By(wo); RY) }
By virtue of (4.2) and (#2), we have the existence of a minimizer v; jj, € u + WO1 P (B, (0); RY) of the
problem above.

From the left inequality in (4.2) and the minimality of v; ; ,, there exists ¢ > 0, independent of 4, j and
h, such that

/ | Dy jp|? da
B, (xo)

IA

c/ (1 + fjn(x, Dv; jp) + arctan(|v; jp(x) — u;(x)\Q)) dz
Br(xo) g

IN

(z)%)) dz. (4.3)

s

c/ (1 + fjn(x, Du) + arctan(ju(z) — u
By (x0)

By the right inequality in (4.2) and the pointwise convergence of f;; to f;, we can use the dominated
convergence theorem to deduce that

lim sup/ fin(x, Du)dx = / fj(z, Du) dx.
h—+00 J B (z0) Br(z0)

The properties of lim sup imply that there exists hg = ho(j) € N, such that

/ fin(x,Du)dr < limsup/ (1+ fjn(z, Du)) dx
Br(l'(]) BT(‘TO)

h—+o00
= [ Qef@Dude GovhzhG). G
B’I‘(IO)
Since f; < f, we have
/ Fon(, Du) d < / (1+ f(z, Du))dz V), ¥h > ho(j). @.5)
BT(xO) B’r(xO)
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Inserting (4.5) in (4.3), we get that there exists ¢, independent of ¢, j, h, such that

/ Do plPde < & / (14 f(z, Du) + arctan(u(z) — u: (2)|?) da
Br($0 3 Br(ifo) ¢
< c/ (1+ f(z, Du)) dz Vi, Vi, Vh > ho(j).  (4.6)
By (zo)
So there exists vjp, € u + VVO1 P(B,(x); RY) such that, up to a subsequence, as i — oo we have
v; jn — v weakly in WHP(B,(z0); RY)  Vj, VA > ho(j) (4.7)
Vi j.h — Vjh a.e. in BT(IL‘()) Vj, Yh > ho(]) (48)

By the first inequality in (4.2) and by Proposition 8.7, Corollary 8.8, Proposition 8.10 in [15], see also
Proposition 2.20 in [21], {F; j n(-; B, (x0))} I'-converges, as i — 00, to

]}j,h(w;Br@o)) = / fin(z, Dw) dx —i—/ arctan(jw — u(z)|}) dz Vi, Yh > ho(j)
By (z0) By (o)

with respect to the weak W P-topology induced on u + VVO1 P(B,(z0); RY). This implies that for every
j and every h > hq(j),

vj, is a minimizer of F; 5, (+; By (20)) in u + Wol’p(BT(xo); RY),

see Corollary 7.20 in [15].
From the first inequality in (4.2) and the minimality of v; 5, there exists ¢ > 0, independent of j and h,
such that

/ |DvjpPde < c/ (1 + fin(x, Dvj ) + arctan(|v; (z) — u(:r)|2)> dx
Br(JJO) Br(l’o)

< c/ (14 f;n(x, Du)) da.
Br(z0)

The inequalities above, the right inequality in (4.2), the condition (4.1), the dominated convergence
theorem and the assertion (II) in Lemma 4.1 imply

lim sup/ |Dvj p,|P do < clim sup/ (1 + fjn(z, Du)) dx
Br(x0) By (o)

h—+o00 h——+oco

< c/ (14 fj(z, Du)) dx < c/ (1+ f(x,Du)) dx.
By (zo) By (zo)

Therefore, there exists a function v; € u + WO1 P(B;(x0)), such that, up to a subsequence, as h — +00,
vjp — v weakly in WHP(B,(z0); RY)  Vj, (4.9)
vjp —vj ae.in By(xg) Vj. (4.10)

By the p-growth conditions (4.1) and (4.2), by the convexity of the functions f;(x,-) and
fj: the pointwise convergence a.e. in € of fj,h(‘,f) to fj('7§), we have that the sequence
{Fjn(:s Br(20)) } h>ho(j) T-converges to

Fj(w; By (0)) := / fj(x, Dw) dx + / arctan(|w — u(z)|?) dz,
Br(20) Br(20)
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with respect to the weak W1P-topology induced on u + VVO1 P(B,(z0); RY), see Proposition 6.21, The-
orem 5.14 in [15] and Theorem 2.8, Proposition 2.20 in [21]. Moreover, by the minimality of v;; and
(4.9), we have that for every j

vj is a minimizer of F;(-; By (20)) in u + Wol’p(Br(xo); RY) (4.11)
and . .
i Fp (053 Br(20)) = Fj(vss Br(20)), (4.12)

see Corollary 7.20 in [15].
By the weak lower semicontinuity of the LP-norm, (4.9) implies

/ | Dv;|P dx < c/ (1+ f(z,Du)) dx.
By (x0)

By (zo)

As a consequence we have, up to a subsequence, that there exists a function v € u + I/VO1 P(B,(z0); RY),
such that, up to a subsequence, as j — 400,

v; — v weakly in WP(B,(z); RY), (4.13)
v; = v ae.in B,(zo). (4.14)

We claim that v is a minimizer of F (- ; B, (zo)).
Using (4.12) and the minimality of v, ,, we get

/ fi(xz,Dvj)dz < / (fj(z, Dvj) + arctan(|v; — u|?)) dz
By (z0) By (o)

= lim (fj,h(a:, Dvj ) + arctan(|vjp — u\Q)) dz
h—o0 B (o)
< lim fin(x, Du) dx

h—o00 Br (o)

By the dominated convergence theorem and using that f; < f, see (I) in Lemma 4.1, we have

lim fin(x, Du) dx :/ fj(xz, Du) dx §/ f(z, Du) dx.
h—00 JB,.(z0) Br(z0) Br(z0)
Collecting the above inequalities we get
/ fi(z, Dvj) dx §/ f(x, Du) dx. (4.15)
By (z0) By (o)
Now, fix jo € N. By (I) in Lemma 4.1 and (4.15)
/ fijo (@, Dvj) dx < / fj(z, Dvj)dx < / f(xz,Du)dx V75 > jo. (4.16)
B'r(xO) Br(xo) BT(xO)

Therefore, (4.13) and the lower semicontinuity of the functional v — | By (w0) fjo(z, Dv) da with respect
to the weak topology in W1 imply

/ fjo(x, Dv) dx < lim inf/ fijo(x, Dvj) dx < / f(x, Du) dx.
Br(x()) BT(IO)

J]—00 BT(IO)
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By (I) in Lemma 4.1 we can use the monotone convergence theorem, so to obtain, as jo — oo,

/ f(z,Dv)dx < / f(z, Du) dx.
By (o)

Br($0)

Since u is a minimizer of F(+; By (x¢)) and v € u + Wol’p(Br (o)) we conclude that v is a minimizer of
F (3 Br(20))-

Step 2. In this step we prove that v = u.

Using that v and v are minimizers of F(-; By (xo)) in u + VVO1 P(B,(z0); RY), the assertion (II) in
Lemma 4.1, the convergence (4.13), the semicontinuity of the functionals JF;(-; B, (zo)) with respect to
the weak topology in u+ Wol’p(BT (20); R) and using also that v; minimizes JF;(- ; B, (o)), see (4.11),
we deduce that

/ f(x, Dv)dx < / (f(m, Dv) + arctan(|v — u|2)) dx
Br($0)

Br(z0)

= lim (fjo(x, Dv) + arctan(|v — u|2)) dx

107200 By (w0)

< lim liminf/ (fjo(x,va) + arctan(|vj; — u|2)) dx
Jo—00 J—00 Br(ﬂlo)

< liminf/ (f;(z, Dvj) + arctan(|v; — u]z)) dz
7= J B (z0)

< liminf/ fj(x, Du) dx §/ f(x, Du) dx :/ f(z, Dv)dzx.
=00 JB.(z0) B (z0)

By (o)

Since f is nonnegative, this obviously implies that

/ arctan(jv — u|?)dz =0
BT(IO)

and so u = v a.e. in B, (xg).
Step 3. In this step we prove the regularity of u and the estimate (1.7).

By virtue of Lemma 4.2, the integrands of the functionals ]}i,jﬁ satisfy the assumptions of Theorems
2.4 and 3.1. By Theorem 2.4,

vi i € W2 (B (0); RY) N WL (B (w0); RY) 4.17)

loc

and
—2
(1+ | Dy ju>) T |D?; 50| € L o(Br(20)).

Let G be the function defined by
t —
G(t) = / s(2 4 s)pT4 ds.
0

Of course, G((|Dvi jn| — 2)+) € LE (By(x0)). We claim that

loc

G(1Dvijnl = 2)+) € WH(B_+_(x0)) (4.18)

n
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and the following estimate holds:

/ ID(G((1Dvi il — 2) ) de < C ( / (1+ f(z, Du) dx>
_r_(x0) Br(20)

svm

19 2
o(p—q+1)
L C 1+/ F(z, Du) dz / (14 k) da Wi Wi, Vh > ho(j)(4.19)
Br(iUO) Br(xo)

where ¥ = J(¢,p,n) and C = C(n, N, p, q, L1, v, 7, diam Q) are positive constants independent of 4, j
and h and ho(j) is as in (4.4). o
To prove the claim we start by applying Theorem 3.1 to the functional 7 = F; ; 5, with

_ r / r =_T
PR P s T oo T T Wby

Notice that -7':z‘,j,h has an integrand f;; that satisfies, with respect to the gradient variable, the radial
condition and the p-ellipticity property outside By (0).
Since

p—4

Duv; jpn| —2 7
(| Dvijin| —2)+ —2):(2+ (|Dvijnl —2)4) 2

2+ (|Dvjjn| —2)

—2

1Dvi il = (|Dvi s
+
a.e. in B,(xg), then Theorem 3.1, implies (4.18) and, by (3.1), for every i, j, h,

[ D@D -2 )P b
B_r_(zo)

8 /n

< C/ (24 ([Dvijn| —2)4)7 do
B_r_(zo)

4

B

p+2
o(p—gq+1)

+ C <1 + H'Ui,j,h — (viyj,h)xo,% Hzoo(Br(xo))> / (1+ kg) dx , (4.20)
4/n B

o (wo)

where v = y(p,q) and C = C(n, N, p,q, L1,v,r,diam Q) are positive constants, independent of 4, j
and h, and kj, is the function in (A5) (see Lemma 4.2).

Let us now estimate the right hand side of (4.20).

Since u1 € WHP(B,(x0); RY) N L®(B,(x0); RY) and f;, satisfies the properties listed in Lemma 4.2,
we can z;pply Theorem 2.3 to the functions v; ; , so obtaining

9
vigh = (Vigh)ao,z ||L°°(B#(ﬂco)) <c {1 +/B fin(@, Dvi jp) d:ﬂ} : (4.21)

(o)

r
2

where ¥ = ¥(q, p, n).
By the minimality of v; ; , we have

J

fin(x, Dvj jp)de < /

(fjvh(a:, Dw; 1) + arctan(|v; jn, — u1 \2)> dz
Br(z0) t

(wo)

r
2
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- /B,«(m (a0, D) + avctan(u—uy ) do < C/ (fjn(w, Du) + 1) da.

Br(z0)

Using (4.5) to estimate the last integral, we get that for every j there exists ho(j) such that

/ fin(x, Dvj ) de < c/ (1+ f(z, Du)) dx Vi, Vj,Vh > ho(j). (4.22)
By (o) Br(zo)

Therefore by (4.21) and (4.22) we have

[V
[vi5,n — (Uz‘,j,h)xo,gllLoo(B#(zo)) <c {1 +/B f(z, Du) dw} . Vi, V5,Vh > ho(f), (4.23)

7 (o)
with ¢ possibly depending on r. To estimate the first integral at the right hand side of (4.20) we use (4.6),
which implies that there exists ¢ > 0 such that

/ 2+ (1Dvijpl — 24 )P da < 27 / (14 |Dvg 1l P da
B_r_(z0) B_r_(z0)

< c/ (1+ f(z, Du))dz Wi, ¥j,%h > ho(j). (424)
By (zo)

Therefore, by (4.20), (4.23) and (4.24) we get (4.18) and (4.19). The claim is proved.
Setting w; j., := G((|Dv; jn| — 2)+), we deduce that there exists wj, € Wh2(B_r_(zg)), such

8v/n

S

that, for a subsequence, as 1 — o0

wign = win W2 (B (20)) Vi, Yh = ho(j), (4.25)

v

and
Wi j.h — Wjp strongly in L? (B#(:co)) and a.e. in B# (x0) Vi, Vh > ho(j7). (4.26)
We note that v; ; j, satisfies the assumptions of Proposition 2.5, see (4.17) and (4.18).
Thus, applying Proposition 2.5 to the function v; j ,, with Q = Bg% (x0), Kk = (vi,j,h)xo,% and with
¥ € CZ(B_-_(x0)),

8v/n

. 2
Y =1 in Blﬁf:/ﬁ(xo), ’Dw‘ < v 7T >
8/n  16vn

we get

/B ( )(2 + (|Dvijn| — 2)4 ) ((|Dvijin| — 2)+)? da
_r _(Zo

16vn
< c (1 + Hvi,j,h - (Ui7j7h)-7707% ”%W(suppw)> / (2 + (‘Dvi,j,h‘ - 2)+)p dx
Bﬁ x0)
+ cllvign - (Uz',jvh)wo,£||%°°(suppw)/3 ( )lD(g((\sz’,g‘,h\ —2)1))|* da.
_r_\Zo

8V
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By (4.23), (4.24) and (4.19) the right hand side is finite and uniformly bounded w.r.t. i. More precisely,
we get that, for every i, j and every h > hy(7),

/B @Dl =27 (Dvigal =2).) o
_r (o

16v/n

v G(ppjza-l)
< cfl1 +/ (1+ f(z,Du))dx 1 +/ ky dx (4.27)
By (z0) By (zo)

with ¢ and 1 positive constants independent of 7, j and h > hq(4).
Since kp, — k in L7 (B, (x¢)), the inequality above implies that

sup [[([Dvijnl = 2)+llzet2(B_r_(20)) < € (4.28)

16y/n

with ¢ independent of j and h. By (4.7), (4.17), (4.18) and (4.28) the assumptions of Proposition 2.6 are

satisfied with Q = Bﬁ(azo), f = and (fi)s to be read as (v; j p,);. Thus
(1Dvjn| = 2)4 € WH(B_r _(20)) (4.29)
and, up to subsequences,
| Dv; j.n| —imsoo |[Dvjnl strongly in LP(B#(xO) N{|Dvjx| > A}), forae. A > 2,
| Dv; j.b| —imsoo |[DVjpl a.e. in Bﬁ(mo) N {|Dv; x| > 2},

G((1Dvijnl = 2)+) Zimoo G(([Dvjpl =2)+)  ae inBor_(z0) N{[Dvjn| > 2}, (4.30)
and, by (4.28),

([ Dvijn

—2)1 —iooo (IDvjnl =2)4 weakly in L (B _(x9)). (4.31)

This last convergence, the sequential weak lower semicontinuity of the norm and (4.27) imply

[ puaPaes [ @ (Dol -2
r 170) B_r (xo)
61 16/n
< ol14 /B 2 (Dl = 2 (Dval =2 da
T o
16v/n

9 __pt2

o(p—q+1)
< cl1 +/ (1+ f(z, Du)) dx 1 +/ ky dx Vj,Vh > ho(j).(4.32)
Br(ito) Br(xo)

Let us recall that
wijn = G((|Dvijn| —2)+),
and, by (4.26),

Wy, j,h — Wjp A.€. 1N Bg\T/E(IO)'
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Therefore, (4.30) implies that

wjp =G((|Dvjp| —2)+) a.e. in Bﬁ (xo) N {|Dvjn| > 2}.
By using (4.25), we have
DG((|Dvijnl = 2)4) —imoo DG((|Dvjnl =2)4)  in L*(B_z_(z0) N {|Duvjn| > 2}).
The sequential weak lower semicontinuity of the norm and (4.19) give
/ IDG((IDval ~ 2 ) do
Bﬁ($0)m{|Dijh|>2}
< timinf [ IDG((1Dvi 0] = 2))P da
1—00 Bﬁ (xo)ﬂ{|va,}L‘>2}
<

C </Br(ro)(1 + f(x,Du))dx)

9
+ C (1 + / f(z, Du) dx)
By (z0)

This clearly implies

p+2
o(p—q+1)
1+ / kg dx . (4.33)
By (o)

/ ID(G((|Doja] — 2)4))1? dxsc< / <1+f<x,Du>>dx>
r_(z0) By (o)

16v/n

9 pt2
o(p—q+1)
+C |1 —l—/ f(:c,Du) dx 1 +/ k:,‘i dzx Vi, Vh > ho(j).(4.34)
Br(z0) Br(z0)

Since kp, — kin L7 (B, (z0)) and (4.9), (4.28), (4.29), (4.32), (4.34) and Proposition 2.5 hold, we obtain

sup ||(|1Dvjn| — 2)+||LP+2(BL(10)) <c Vj
h>ho(j) 3vn

and we are in position to apply Proposition 2.6 to the sequence of functions (v;p)5. Thus, we get
(|1Dvj| = 2)+ € WH(B_=_(w0))
and, up to subsequences, as h — oo,

|Dvj | — | Dy strongly in Lp(Bszi/ﬁ (o) N{|Dv;| > A}), forae. A > 2,

‘vaﬁ‘ — |va’ a.ce. inBﬁ (xo) N {\va| > 2},
G((IDvjnl = 2)+) = G((|1Dv;| = 2)4)  ae. inB_r_(z9) N {|Dv;| > 2},
and

(1Dvjnl =2)+ = (|Dvj| = 2)+  weakly in LP**(B_»_(a)).

3n
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Reasoning as in (4.33), we obtain

/ ID(G((IDvy] — 202 )2 da
B# (xo)ﬂ{|va‘>2}
NG

9 p+2
o(p—q+1)
< C / (1+ f(z,Du))dx | +C 1—|—/ f(z, Du) dx 1+/ k° dx )
By (o) By (o) By (o)

where we used the strong convergence of kj, to k in L?. Arguing similarly it can be shown that the
assumptions of Proposition 2.6 are satisfied by the sequence of functions (v;), thus obtaining

/ ID(G((|Dul — 2),))? da
B

r Du|>2
S (@)N(1Du>2)

9 p+2
o(p—q+1)
< C / (14 f(z,Du))dz | +C 1+/ f(z, Du)dx 1+/ k% dx | (4.35)
By (z0) Br(z0) By (z0)

and (|Du| — 2); € Lp+2(B#F (x0)), that trivially implies |Du| € Lp“(Bﬁ (x0)). These facts,
together with a covering argument, allow to conclude. 0
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