EXISTENCE AND REGULARITY RESULTS FOR WEAK SOLUTIONS TO
(p,q)-ELLIPTIC SYSTEMS IN DIVERGENCE FORM

MIROSLAV BULICEK, GIOVANNI CUPINI, BIANCA STROFFOLINI, AND ANNA VERDE

ABSTRACT. We prove existence and regularity results for weak solutions of non linear elliptic sys-
tems with non variational structure satisfying (p, ¢)-growth conditions. In particular we are able to
prove higher differentiability results under a dimension-free gap between p and q.

1. INTRODUCTION

In this paper we focus on the existence and the regularity results for solutions u to the Dirichlet
problems associated with the following nonlinear system in divergence form (here « =1,..., N)

Z—A (Du)=0 inQ (1.1)

U = Ug on 012,

where the functions A$(€) are locally Lipschitz continuous in R™N  Q is an open bounded subset
of R" and Du :  — R™ represents the gradient of a (vector-valued) function u :  — RY.

We equip the problem with the general (p,q)-growth conditions, i.e., we assume that there
are 1 < p < ¢ < oo and two positive constants m, M such that for all £, A € R™ and for all
i,7=1,...,n,and o, 8 =1,..., N there holds

m(1 +[€[2) T A2 < Zl ;l agﬁ (E)AIN? (1.2)
2, (63
C{’Aq q=2
ﬁﬁé @ <M@+[g) = (1.3)
j

Notice that (1.2) is the usual ellipticity condition and (1.3) is the g-growth condition, from which
the name of (p, ¢)-growth come from. Under these assumptions, one can easily observe (see Lemma
2.1) that |[A2(¢)] < C(1 + [€])97! with some generic constant C' and therefore we can naturally
define a notion of a weak solution to (1.1) in the following way:

Let up € WHP(Q; RY) N W, ’q(Q RM). We say that u is a weak solution to (1.1) if

u—ug € Wy (;RY) nWLI(Q; RY) (1.4)

loc
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and for all open Q' fulfilling Q' C Q and for all ¢ € I/VO1 (Y, RN) there holds

n N
/QZ S A9 (Du)gs () d = 0. (1.5)

i=1 a=1

Here, and also in what follows, we use the abbreviation ¢g = %ﬁcf

Our main task in the paper is to establish the existence of such a solution and further some
regularity of arbitrary weak solutions. However, contrary to the classical result, we do not in
general assume any symmetry condition on the derivative of A and so we do not assume that the
system is in variational form. Nevertheless, as done in [22] in the scalar framework, we will need
to compensate this lack of symmetry by the following assumption on the asymptotic behavior of
the skew-symmetric part, namely, for all &, A € R™ and for all4,j =1,...,n,and o, S =1,..., N
there holds

gtp—4

a AP
oA, ) <§>' < M1+ Je2) (1.6)

o€’ © - o

If p = q, the existence of weak solutions to (1.1) can be established using the theory of coercive,
monotone operators, see Leray—Lions [18], Browder [3] and Hartman-Stampacchia [15]. Also the
regularity issue has been extensively studied, see the monographs [12], [14] and the surveys [23]
and [24]. Notice also, that without any further additional structural assumptions, the best! known
regularity information about the solution is that V(Du) € W,"?(Q; R™N), where

loc

p=2
V() =1+ Te (1.7)
On the other hand, if p < ¢ the above classical existence results cannot be applied due to the lack
of coercivity in W4 . Moreover, the request u € I/Vli’cq (©;RM) in the definition of weak solution,
needed to have a well defined integral, is an additional difficulty. Notice that such a request is a
priori assumed in some regularity results under the p, g-growth, see for example [17], [2] and [7].

The first result of the paper is that any weak solution is in fact twice weakly differentiable.

Theorem 1.1. Let 1 < p < ¢ < oo be arbitrary and A satisfy (1.2), (1.3) and (1.6). Then any
u € V[/ll’max{q’z}(Q;RN) fulfilling (1.5) satisfies for all n € C°(2) the following estimate

ocC
[ D) F (D de < [ (14 1DuP) 1D da, (1)
Q Q
where the constant ¢ depends only on m and M. In particular, we also have that
/ |DV (Du)|*n? dx < c/(1+ |Dul?)%|Dn? dz. (1.9)
Q Q

The above theorem provides the existence of the second derivatives for arbitrary 1 < p < ¢ < o0
but the right hand side of (1.8) or (1.9) still depends on the W14 norm of u. We shall improve this
estimate provided that p and ¢ are sufficiently close to each other. Thus, the second main theorem
of the paper is the following.

Theorem 1.2. Let 1 < p < q < oo be arbitrary and A satisfy (1.2), (1.3) and (1.6) and u €
Wl’max{q’2}(Q;RN) satisfy (1.5). Then for all open Q' C ¥ C §Q the following holds:

loc
i) I
n+ 2
n

qg<p (1.10)

IThis information can be as usual slightly improved by the Gehring lemma
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then
29 2 2\E=2 ) 12 12 /
/Q (VD[ + [DV(DW) + (1 +|Duf) "= |D*uf?) da < (€0, N,p,a,m, M, | Dul o).

i) If u € L®°(;RY) and
qg<p+?2 and p<n (1.11)
then

| (iv@u)l? + DV (D) + (14 |Duf?) 5 (D) de
< C(Q/a n, vau q,m, M7 ||DUHLP(Q)7 HUHLOO(Q))

In particular, in both cases we have that V(Du) € Wl’Q(Q;R”N), which, due to the embedding

loc
p2*

theorem, leads to Du € L, % (;R™Y).

loc

Finally, we state our last main result of the paper. It is an existence result for the Dirichlet
problem (1.1). For this purpose, we need to consider a regularity assumption on the boundary
datum. We shall require in what follows that

-1
ug € WH(Q;RY),  with r := max {2, p(ql)} . (1.12)
p —
Theorem 1.3. Let 1 < p < g < oo be arbitrary and A satisfy (1.2), (1.3) and (1.6). Moreover, let
uo fulfill (1.12). Then there exists a weak solution to the problem (1.1) provided that at least one
of the following conditions hold
i) p and q satisfy (1.10).
ii) p and q satisfy (1.11), ug € L>®°(9%RY) and

n
D AN =0, VEER™, Vae{l,...,N}. (1.13)
i=1

As far as the regularity of solutions is concerned, the obstructions are essentially two: we are
dealing with systems and under non-standard growth (p < ¢). Indeed, in the vectorial case, even
under the standard growth, the everywhere regularity of solutions for systems, or of minimizers
of integrals, cannot be expected unless some structure conditions are assigned, and this holds also
for the local boundedness, see e.g. the counterexamples by De Giorgi [8] and Sverak-Yan [25].
Since the pioneering paper by Marcellini [21], the theory of regularity in the framework of non-
standard growth has been deeply investigated. The results and the contributions to regularity are
so many, that it is a hard task to provide a comprehensive overview of the issue. For this, we
refer to the survey of Mingione [23] for an accurate and interesting account on this subject. A
common feature is that to get regularity results p and ¢ must be not too far apart, as examples
of irregular solutions by Giaquinta [13], Marcellini [20] and Hong [16] show. On the other hand,
many regularity results are available if the ratio ¢/p is bounded above by suitable constant that
in general depends on the dimension n, and converges to 1 when n tends to infinity ([1], [5], [9],
[10], [11]). Moreover, the condition on the distance between the exponents p and ¢ can usually be
relaxed if the solutions/minimizers are assumed locally bounded.

Let us observe that the local higher differentiability results for bounded minimizers of integral
functionals satisfying p, g-growth conditions is more studied than the analogous issue for systems
of PDE’s. In particular, recently, the Authors, in [4], considered integral functionals with convex
integrand satisfying p, g-growth conditions. They proved local higher differentiability results for
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bounded minimizers under dimension-free conditions on the gap between the growth and the coer-
civity exponents; i.e., (1.11) restricted to the case p > 2, using an improved Gagliardo-Nirenberg’s
inequality. We also observe that an existence result in the (p, ¢)-framework was proved in [6] for
a Dirichlet problem (1.1) with monotone operators possibly depending on the z-variable, but for
p > 2 only. As a novel feature, the main results are achieved through uniform higher differen-
tiability estimates for solutions to a class of auxiliary problems, constructed adding higher order
perturbations to the integrand. Here we achieve the same result for systems with non variational
structure with control on the skew-symmetric part (see (1.6)).

The plan of the paper is the following. In Section 2 we prove some preliminar algebraic inequal-
ities. In Sections 3 and 4 we prove the higher differentiability results Theorem 1.1 and Theorem
1.2, respectively. In the last section, we prove the existence result (Theorem 1.2) for the problem

(1.1).

2. AUXILIARY ALGEBRAIC INEQUALITIES

In this part, we recall several algebraic inequalities related to the mapping A. Although, their
proof can be in some simplified setting found in many works, see e.g. [22, Lemma 4.4, Lemma 2.4],
[26, Lemma 1], [7, Lemma 5.1] or [19, Chapter 5], we provide for the sake of clarity a detailed proof
here. We start with the first auxiliary result based on the assumptions (1.2)—(1.3).

Lemma 2.1. Let A: R™ — R™ be a continuous mapping fulfilling (1.2) and (1.3). Then there
exists a positive constant K such that for all £,m € R™ there hold

Y n N
€ < K{<1+ 50 + 505 Ax(e) (e —n?>}, (2.1)

i=1 a=1
1A% (¢ )|<K(1+|5\2)‘%1 foralla=1,...,N andi=1,...,n. (2.2)

= 77|”<KZZ (Ag(¢ () (& —nf) forp>2, (2.3)
=1 a=1

(14 €2+ n2) = J¢—n? <KZZ (AX(€) — A2(n) (& =) forpe(1,2). (2.4)
=1 a=1

Proof. We start the proof with (2.2). Since

1 N
A - A0 = [ 3307 %fsﬂdt (2.5)

we can use the assumption (1.3) to get

4201 < 1420+ 01 [ S0+ PRI i < 14 0)] + Mo [ 2leP) e .
J=1p=1
Thus, in case ¢ > 2, the inequality (2.2) immediately follows.
If ¢ € (1,2) we can continue with estimating the last integral in the following way

2—q

€l q—2 2_q €] 272
2 2)45° = -2 — -
/O(Htm) €] dt = /0 1+ dt <2 / (LT dt < —— (14 &)

0
and we again see that (2.2) follows directly.
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To show (2.3)—(2.4), we write

$3 (a2 ) (€ — ) /ZZM%;{B D) (8 _ oy(ex —ng) dt

i=1 a=1 i,j=1a=1

S m|€—772/0(1+!t§+(1—t)77\) d.

Then, following step by step proof of Lemma 1.19 in [19, Chapter 5], we deduce (2.3)—(2.4).
To show (2.1), we first consider the case p > 2. Then by using (2.3) and (2.2) and also the
Young’s inequality, we can observe that for all € > 0 and all £, € R™V, we have

n N
€17 < e(1€ = nlP + [nl") < C{Z D (AFE) = AF () (&8 — 1) + Iﬁlp}

i=1 a=1

n N
<c{\n\p+ZZA?( (& =)+ C+ )T (!f\ﬂn\)}

i=1 a=1
{ 1+ |nl) %+ZZA“ E)(Er — ) + 1+ [ 570 + e(l€] + n))? }
i=1 a=1

thus if € is small enough we get (2.1).
In the case 1 < p < 2, we proceed slightly differently. By using the Young ’s inequality with
complementary exponents % and QL_p we get for € > 0

67 < c(lg =l + o) < e (Inf? + (1€ = ) F(1+ (€ + ) =5 +75)
L+ )8+ e+ €2+ )T le =l + (1 + g2+ In)E }

Therefore, by (2.4), with a proper choice of (small) € > 0, we get

!E\p§6{1+|n| %+ZZAQ ))(&—m)}

i=1 a=1
and we conclude by proceeding as above. O

The following estimate will play a crucial role for getting the information about the second
derivatives of the weak solutions to (1.5).

Lemma 2.2. Let A be a continuous mapping fulfilling (1.2), (1.3) and (1.6). Then there exists a
positive constant K such that for all £,m,¢ € R™ we have

N

0A¥ (¢

2 B 2

2(1+|C\ Tl < Z > (%5 nEF + K1+ [¢3) ' nf. (2.6)
i,j=1a,f=1

Proof. For arbitrary ¢,£,n € N, we define a bilinear form (for fixed ()

N (049(¢ 8A‘-3(<) woh
=338 3 () e

t,7=1a,8=1
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Trivially (£,7)¢ = (§,7n)¢. Moreover, using the assumption (1.2) we get that

n

AX(
Coc=3 3 M@ o Jeoe? > m(1 + |2 el

i,j=1 a,f=1

and consequently, we see that for any fixed (, the relation (§,7)¢ is a scalar product on R™N and
therefore the Cauchy—Schwarz inequality holds, i.e.,

I o=

(€ m)el < (€. &Z(mm)2. (2.7)

Thus, by assumption (1.2) and taking into account that

Y (0430 AT Las
ZZ( 865 o 82204 )gzg]zo

1,j=1a,f=1

we have

m(1+[¢?) 7 1€ < (6,¢ ):—(«5—77f—n)<+2(§§—n)<+(n,n) <2(€,§—n)<+(nm)<

N (A0 M(O
—zz( ;@a)z g+ 3 3 Ll

i,j=1a,5=1 acﬁ i,j=1a,5=1
Pk -3 3 (20209 g
= & — o i — i )S;
t,j=1a,f=1 aCB i,j=10,8=1 aCB ¢ !
B
+ Z Z 8 ﬁ J
1,j= 1a5 1 C
N B
0A(¢)  045(9)
a3y M §ﬂ+zz( 1) g
,] 1046 1 agﬁ i,j 104:5 1 a<ﬁ 8(@ J
B
+ Z Z 8 5 J
i,j=1a,f=1 C
(1.3),(1.6) ad DAS(C
< 22 > B (€8 =0 + MnN (1 + |¢2) ™4 (1+[¢%) =" Inl*
4,j=1 a,5=1 8<
Taking into account that
at+p—
(1+1¢P) = (@ +1e® " 1el) (0 + 165 1l
and using the Young’s inequality, we get
ANV LI0s
m(1+[¢[) |5|2<2Z >, (%5 n)E + S (LKA [P + A+ Inf?
1,7=1 o,B=1

for a suitable constant C. Then, (2.6) easily follows. O
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3. PROOF OoF THEOREM 1.1

We proceed via difference quotients technique. Due to the assumed regularity of the solution u
and thanks to (2.2), it follows from (1.5) that

/ZZ (A (Du(x + hey)) — AY(Du(x)))pg, dx =0,

i=1 a=1
for all ¢ € Wy 9(Q; RY), all h € (0,1) and all k = 1,...,n, where Q, := {z € Q: By,(z) C Q}
and ey is a unit vector in the k-th direction. Hence, setting
() = (u(z + hey,) — u(z))7*(x)
with 7 € C2°(Q9,) (which is an admissible choice), we obtain the starting identity

o_/zz (A% (Du(x + hey,)) — A% (Du(x)))7(x)-

i=1 a=1
. (( ug, (x + hey) — Uy, ()7 () + 2(u®(z + hex) — uo‘(x))Txl) dz.

(3.1)

Since
AO‘(Du(x—i-hek ) — Af(Du(z))

AX(tD 1-t)D
/ / OAX(tDu(x + hek)ﬁ (1 —t)Du(x)) (W8 (2 + hex) — ol (2)) dt,
aC J J
Jj=1p=1 J
the identity (3.1) can be equivalently rewritten as
0AS (tDu(z + hey) + (1 — t)Du(x
o DS / )+ U= OPUD) (03 (5 4 hey) — uf, (@) (a)

1,7=1 a,=1 a<] (32)

((ug (@ + heg) —ul (2))7(2) + 2(u(@ + hey) — u®(2))7y,) dt dz.
Abbreviating for the moment

&' = 1(@)(ug, (z + hey) —ug, (), 0" = =2(u®(x + hey) — u®(2)) 74, (7)

and
¢ :=tDu(x + heg) + (1 — t) Du(x),

we can formally rewrite (3.2) as

o_// Z Z ﬁ gﬁgl n®) dt dx.

4,j=1a,5=1

Thus, using (2.6), we obtain (here C' is some constant depending only on m, M, n, N, p, q)

// (1+1[¢?) |§|2dtd:z:<(}// 1+ | |nf? dt de,

which in terms of original variables after division by h? means that

! 2 |Du(z + hey) — Du(x
/Q/o (1+\tDu(a:+hek)+(1—t)Du(a:))\2)p%|D( +h;;2) Du )’27'2(:1:) dt dz

) 2 o (3.3)
< 40/()/0 (1 + |tDu(x + hey) + (1 — t)Du(z))[>) "z Ju(w + he,’;g @)F | D7 (2)|? dt da.
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Finally, we let h — 0. First, we focus on the limit in the term on the right hand side of (3.3).

In case that ¢ < 2, we use the assumption that u € Wllof (©;RY) and therefore, we can use the

Lebesgue dominated convergence theorem to conclude that

1 =2 Ul € —ulx 2
liriljélp// (1+\tDu(a:+hek)+(1—t)Du(a:))\2)qT| ( +h;;2) @)l |D7(x)|? dt dx

/(1+ Duf?) 5 g, P D72 dar < /(1+ \Du?)3| D7 ? da.
Q

Next, if ¢ > 2, we use the Holder inequality, the assumption u € VVlicq (©;RM) and the Lebesgue
dominated convergence theorem to conclude

1 _ h _ 2
limsup// (1 + [tDu(s + hew) + (1 — ) Du(z))[2) 4 1+ ‘3;;? YO b ()2 dt da
h—0 0
1 _ _
_ limsup/ / (1 + tDu(a + heg) + (1~ ) Du(@))P) 5 |Dr(@)*7°) -
h—0 JaJo
hey) — 2 4
ulz + 6;;2) u(@) \DT(:L‘)\;1 dt dz
1 . =2
< limsup/ </ (1 4 [tDu(z + hey) + (1 — t) Du(x))|*)2 | D7 (x)? da:)
h—0 0
2
h E a
</ et her) Z O b 2 dm) " at
< /(1 + ]Du\2)§\DT|2 dx.
Q
Consequently, substituting these limits into (3.3), we have
! p=2 |D — Du(x)?
limsup/ / (1 + [tDu(x + heg) + (1 — 15)Du(ac))|2)T2 | Du(z + he;;g u(z)| 7%(z) dt dz
=0 JaJo

< 40/(1 + [Du?)3| D7 da.
Q
(3.4)

2, mm{27p}(Q RN)

(From this estimate it immediately follows that u € W) in particular we know that

D2y exists and that for almost all z
Du(x + hey) — Du(x)

h
where (D?u),, stands for %%i:. Therefore, we can use the Fatou lemma in (3.4) to conclude

— (D*u)q, ()

/(1 | Duf?) 5| D2uy, (2) 272 da < 40/ (14 |Duf?)}|DrP? da.
Q Q
Since k is arbitrary, the relation (1.8) obviously follows. In addition, using the following algebraic
inequality
IDV (D)2 < K(1 +|Dul?)"z |D?ul?,

we see that (1.9) holds as well. Hence the proof is complete.



EXISTENCE AND REGULARITY RESULTS OF WEAK SOLUTIONS 9

4. PROOF OF THEOREM 1.2

We shall start by recalling the definition of the Sobolev embedding exponent

2n :
2 { arbitrary > 2 if n = 2. (4.1)

The value 2* in dimension n = 2 will be finally chosen sufficiently large. Since u is assumed to be a

weak solution belonging to W/Ii’;nax{qg}((l; RY), we can use Theorem 1.1 and after summing (1.9)

and (1.8), we obtain the starting inequality valid for all 7 € C2°(2)
/ ((1+ |Dul?) "z | D?uf?r? + |DV(DU)PT2) dz < K/(l—l— \Dul?)}|Dr2de (4.2)
Q Q

Moreover, we remark that

2g

/(1 +|Du)3|DrP? dz < c/ (14 1Du)% + |V(Du) ) | Dr[? da. (4.3)
Q Q
Indeed, in {|Du| < 1} we have
(L+[Duf*)? <21+ [Dul’)?
and, in {|Du| > 1},
_ a
(14 [Du)t = {(1+Du) 2" (1+ [Du?) }” < 28V (Du)| 7
Next, we split the proof for the case i) and ii).

4.1. The case g < p”T“. In this case, we first use the Sobolev embedding to conclude that (with
some C depending on 2*)

IV (Du)r|[3. < C|ID(V(Du)r)|3 < 20/Q (IDV (D)7 + |V (Du)P|D7|?) da

< QC/ (1IDV/(Du)P7 + (1 + [DuP) 8| Dr ) da.
Q
Using this inequality in (4.2), and taking into account (4.3) we get

IV (D)3 +/ ((1+ [Du) = [D?uf?2 4 |DV (Du) 7% da
Q
SKH/ ((1+\Dulz)%lDr\2+(1+\Duy2)%|DTP) da (4.4)
Q
2\E 2 2 9
< K ((1+\Du| \5|D72 + |V (Du)| ¥ | D ) .
Q

In particular, we have that V(Du) € L2,

loc*

Let us now estimate the last integral on the right hand side. Since q € (p,p%), which follows
from the assumption that ¢ < p2t2

"2 (note here that the value of 2* in dimension n = 2 has to be

chosen greater than %q), there exists a unique 6 € (0, 1) such that
q_vp p2* q—p
T_Pa_g 19 g=—1"P
2 2 4 p(% -1)

As we will prove below, under our assumptions on the exponents p and ¢ and, if n = 2, with a
suitable choice of 2*, we have
2> 26. (4.5)
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Consider n € C2°(€2) an arbitrary nonnegative cut-off function and set
2
2—2%0

Ti=n" with v :=

We have that

Drl|? _org)_
|72*L =" 202Dy 2 = 42| Dy, (4.6)

Then by the Holder inequality, we have

29 2 2(1—6 2*9|D7'|2
/\V(Du)|p |Dr| da::/ \V (Du) 2=V (Du)7) e A
Q Q T
-0 * D7_2
< IV (Du v (Duyre | B2

and we can apply the Young ’s inequality to deduce that for arbitrary ¢ > 0 we have

R 2 2010y || DT ||
; [V(Du)| 7 | Dr|" da < el|V(Du)7 |2« + Cle, MV (Du)l3 59 (4.7)
o
Therefore, combining (4.4), (4.7), (4.6) and taking into account that V(Du) < (14 |Du|?)%, with

a proper choice of € > 0, we obtain

IV (Du)r 3. +/ ((1+[DuP) =" [D2uf?) + | DV (Du)Pp?) da
Q

< K7, [1Dnlloc) (/Q(l +|Dul?)? dﬂb‘)q,

with some power ¢ whose value depends on p,q and . ;jFrom this inequality the statement i) of
Theorem 1.2 follows directly.
Now, we check the validity of (4.5), which, by using of definition of 6, it can be written as

1

If n = 2, we can choose 2* arbitrarily large, therefore in this case the condition (4.5) reduces to
q < 2p, which is exactly the assumption (1.10) for n = 2. If n > 3 we have 2* = 2n/(n — 2) and
the above condition is then equivalent to
n+2

n )

q<p
which is nothing else than the assumption (1.10). Hence the proof of the statement i) is finished.

4.2. The case ¢ < p+ 2 and p < n. We again start to estimate the integral on the right hand
side of (4.2). Using a simple inequality and the integration by parts, we find that (here K is again
a generic constant depending only on q)

n N
/9(1 + |Dul?)2|Dr|? dx < K+ZZ/Q(1 +|Dul?) ug ug, | D[ da
k=1oa=1

n N
a2
~K=30% [ (04 1Dy F g D)o
k=1a=1

§K+K||uHoo/ ((1+ D) S | D%l|Dr + (1 + |Dul) 5" |D7|| D) da. (48)
Q
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Let us now set 7 :=n7, v > 2 to be chosen later, where n € C2°(2) is an arbitrary nonnegative
cut-off function.
By the Young ’s inequality,

K lulloc / (1 + | Duf?) 3| D?u| Dr 2 da
Q

2q—f—2 |D7’|2 da
T

2222 09 12 9 2 2\ 29=p=2 ‘DT’4
<e [ (L+[Dul?) 2 |D*u|*t" dz + cc k||ull5, [ (14 [Dul?) = —a dx.
Q Q

= [ {a+10a2y D20l } { el + 1D

Therefore,

/(1 + |Duf?)3|Dr|? da < 5/ (1+ |Dul®)’z" |D*uf*r? da
Q Q

(4.9)
2g—p—2 | D74 1
4 Kl [0+ 10 2L ok Kl [ (14 1DuP) "= [Dr|| D
Q Q
with a possibly different positive constant K than before.
Let us now discuss first the case ¢ € [p,p + 1].
If ¢ belongs to this range, the above inequality immediately reduces to
/(1 +1DuP)$Dr? do < s/u | DuP) 5 [ D?uf2r? da
Q Q
2 22 |DT|* 2\2 2
+ K + K||ul|Z%, [ (14 |Dul*)2 = dx + K||ul|so [ (1 4+ |Du|*)2|D7||D*7| dz.
Q Q
Let us now choose v = 2, that is 7 := n?. Thus we get
/(1 D) D d < 5/ (1+ |Duf2)"2}| D2ul>r? da
@ @ (4.10)

+ K+ C([lulloos [In

2,00)/(1 + |Dul?)? dx.
Q

Hence by (4.2) and taking a proper £ > 0, so that we can absorb the first term on the right hand
side in (4.10) by the left hand side in (4.2), it is not difficult to arrive to the statement ii) of
Theorem 1.2 for g € [p,p+ 1].

Next, we focus on the case when ¢ € (p+ 1,p + 2).
There exist 01,602 € (0,1) such that
1
q—1=p(l—061)+qbh, 6 =1———PF (4.11)
q—7p
2(q —1—
2 —p—2=p(1—062) + qbo, O = 2g=1-p) (4.12)
q—0p
In addition, considering 7 = n? with
2109
C1—06y

v (4.13)

2—6
we have that WT'% = ~|Dn|?> 0.
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With this setting, we can now estimate the remaining integrals on the right hand side of (4.9)
by means of the Holder inequality as follows

2g—p—2 |DT‘4 P(1g92) |D7"4_202

q 62
/(l—HDu\Q) g2 17 d:c—/ (1 + 1DuP)d (D)™ (1 + [Duf?) S da
Q T Q T
D 4—205 02
<P wa it ([ s ipuon? ac)
(%S) Q
Then the above estimate reduces to
a—p—2 | DT|*
/(1+|Duy2)2 2= TZ' do
¢ (4.14)

02
< OO, [nl1.00) (1 + [ D) 202 ( @+ pupytipe dw) .

We proceed similarly also with the remaining integral in (4.9), i.e., using the Hélder inequality,
we have

/(1 + |Dul?) 'z | Dr||D?r| da
Q

p(1—61)

0
= /(1 + |Dul?) "2 ((1 + ]Du|2)%\DT|2> ' |D7|* =2 | D?7| da
Q

, 0 (4.15)
< KJ|(1 + [Du) |54 D72 D27 o (/Q(l +|Dul?)2| Dr|* dx)

01
< Ol l200, 62) (1 + | D) 20 < [+ Dupytor dm) ,

where the last inequality follows from the fact that 1 — 260, =1 — 65 > 0.
Finally, using (4.14) and (4.15) in (4.9), keeping in mind the special choice of 7 in (4.13) and
applying the Young’s inequality (notice that 01,62 < 1) we observe that

/(1 +1DuP)$ Dr? do < g/(1 +|Du) 5 | D2uf2r? da
Q Q

+ C(e, 02, 172,00, 1ulloos llull1,p)-
Thus, going back to (4.2), choosing € > 0 sufficiently small to absorb the term involving the second
derivatives by the left hand side, we finally get the statement ii) of Theorem 1.2.

5. PROOF OF THEOREM 1.3

In this final section we establish the existence of a weak solution to the Dirichlet problem (1.1),
under the assumption (1.12) on the boundary datum ug; i.e.,

-1
ug € Wl”"(Q;RN), ri= maX{Z,pql}.
p—
We use an approximation procedure. For arbitrary e € (0,1) we introduce the approximate
problem (¢ =1,...,N)

n 9 (pga — i

Zizl ox; (AE,Z(DU’E)> 0 in Qa (51)
Ue = UQ on 012,

where A?,i : R™Y 5 R is defined as

max{q,2}—2

AL(©) = ATO +e(L+ )™ g (5.2)
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In addition, in case we deal with the statement ii) of the theorem, we shall require that uy €
L>(09).
Due to (2.2), (2.3) and (2.4) we have that AZ,(§) satisfies the following properties:

n N
DN A2 (©Er = efgrx{at — ),

i=1 a=1
[AZ:(€)] < M'(1+ Jeymtezi=t, (5-3)

for some positive A and M’ independent on e. We can apply the theory of monotone operators
(see e.g. [18, 3, 15]) to prove the existence of a unique solution to (5.1), i.e., the existence of
ue € up + lemax{%?}(g- RY) fulfilling

/ Z ZA (Du)gl de =0 Vo e Wy (g rY). (5.4)

a=1 =1

5.1. First a priori estimates. We now derive estimates for u. independent of e.
Using ¢ = u. — up as a test function in (5.4), we get

0_/ZZA°‘ (Due)((u)?, — (uo)?.) do

a=1i=1

/ZZ Aa (Due)((ue)s, — (u0)2,) + (1 + | Duc| 2) gl Q(Ue)i((ue)?ﬁi - (Uo)gi)} dx

a=1i1=1
(21) 1 2 p(g—1) 2 max{q,2}—2
5 / K- Duc? — (14 |Duo) 56 1 e(1 + [Due®) ™% | Duc|(|Due| — |Duo|) ) da
Q
(5.5)
Since
max{q,2}—2 max{q,2}—2
(1+ |Duc’)™ 2" [Due|(|Duc| = [Duol) =(1+ [Duc*) ™2~ | Du,]?
max{q?} 2
— (14 [Ducl) | Due|| Dugl,
then (5.5) implies
max{q,2}—2
/ <|Du6|p+e(1+|DuE| )22 by )
Q
2}—2
< c/ <(1+ | Dug > ) 50 + e(1 + | Duc|? ) |Du€|\Du0|> dzx. (5.6)
Q
We claim that (5.6) implies
max{2,q} r
[ (e + 50+ D)5 Duc) do < [ (14 Duo)’ do (5.7
Q

If ¢ < 2, we can conclude using Young’s inequality with exponent % on the last term in (5.6):
1
| Duc|| Dug| < o Ducl* + ¢'| Dug .
c
Therefore, recalling that » = max{2, %} the inequality (5.7) follows.
Otherwise, if ¢ > 2, the last term in (5.6) can be estimate as follows:

e(l1+ |Du6] )

mdx{q 2}—2

Ducl|Duol < e {e(1 + [Dugl) + (1 + [Duc) ' [Ducl | Duo . (5.8)
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Indeed, in {|Du¢| < 1} we have
(1 + | Due|?) ™52 | Du || Duo| < 2°5° | Dug| < (1 + | Dug|?)?
and, in {|Du| > 1},
(1 + [Due?) ™2 | Du||Dug| < 2T (1 + | Due?) 5 | Due|# | Duo)|

and (5.8) follows.
To estimate the last term in (5.8), we use Young’s inequality with exponents 2, g, —‘12 Recalling
that € < 1, we have

co(1 + |Duc2) T |Du|#| Dug| = e {(1+ [Duc?) T |Ducl } | Duc| ' | Dugl
q—2 €
(1+ |Duc?)*z | Ducl? + f\Dug\q + ec|Dug|?

ax{q,2}

(14 | Due?) ™ 5= | Duc? + ¢(1 + |Du[2)3 (5.9)

.-lk\moo\m

with ¢ independent of e. Therefore, collecting (5.6), (5.8) and (5.9), the inequality (5.7) follows
also in the case ¢ > 2.
Thus, we can find a universal constant C' > 0 such that (using also the Poincaré inequality)

max{q,2
uellyp + elluc[ o, < c. (5.10)

If the assumption (1.13) holds, then for every a € {1,..., N} we have
n
max{2,q}—
DAL 2 L+ [T e 2 efeomee?) (5.11)

and
ax{2,q}—1

A O < (K+D)A+ ) =2
where K is as in (2.2). Next we denote M := ol oo (a) and define

(e}

©® := max{u® — M,0} aec{l,...,N}.

Evidently, ¢ = (¢!,...,¢") € Wol’maX{Q’q}(Q;RN) and can be used as a test function in (5.4).
Doing so, and using the definition of ¢ we obtain (here x, .- ;; denotes the characteristic function

of the set, where u® > M)

0—/ZZA (Due)py, dx—/ZZA (Due)Dug & Xy > it 4 (5.12)

a=11i=1 a=1i=1
Using finally (5.11), we see that

N
0—/ZZA (Due) Du xua>de>e/Z!Du?\maX{q’2} Xug 17 0%

a=1i=1 a=1 (513)
_ 6/ Z’D¢a’max{q,2} .
Qa:l

Consequently, ¢ is a constant function. Since it has zero trace, it must be identically zero and it
directly follows from its definition that ug’ < M = [Jug||p=(aq) for alla € {1,..., N}. The minimum
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principle can be obtained by repeating step by step the above procedure for a test function defined
as

©* := min{u® + M, 0} ac{l,...,N}.
Therefore, we conclude that, for every € € (0, 1),
el oo () < lluoll Lo (a0)- (5.14)

5.2. Uniform higher order estimates. Due to the proof of a priori estimates we can use Theo-
rem 1.1 to get the existence of the second order derivatives of u., but with their estimates depending
on €. Nevertheless, we can repeat step by step the estimates in Theorem 1.1 to get the following
inequality

/(1 + |Du )57 | D2 *r? dx < c/(l + |Duc|?)3|D7?| da
Q Q

n N
— ce/Q Z Z ((1 + |DuE|2)HIaX{%’2}_2 (ue)%)xk ((UG)ngQ)zi dx

i,k=1a=1

(5.15)

for every 7 € C2°(2). Thus, we need to bound uniformly the last integral. By a rather standard
manipulation and using the Young inequality, it is not difficult to check that

n N
S5 (A +1Du) T @z ) (e, ),

. Tk
i,k=1a=1
max{q,2}—2 max{q,2}—2
> (1+|Du?)™ 2 |D?u?r® — 2max{q,2}(1 + |Du>)" 2 — |D?u|r|Duc||D7|
max{q,2}

>—-C(1+|Du?)~ 2 |D7|?
with C' independent of €. Substituting this into (5.15), we derive
/(1 + | Duc2) 5 | D2u o2 da < c/ (14 |Du2)$| Dr? da
Q Q

max

{a,2}
—|—ce/(1—|— Duc?) ™52 Dr2 gy (5.16)
Q

(5.10) g
< c+c/(1+|Du€| )2|D7|* dx.
Q

Hence, we are in the same starting position as in the proof of Theorem 1.2 and due to uniform
(e-independent) uniform bounds (5.10) and (5.14), we deduce that for arbitrary open Q' C €/ C Q,

/ (1Dud? + 1DV (Du)P + (1 + [ Dud?) 2" |D?ucf?) do < O, ug). (5.17)
Ql
Further, it is then not difficult to observe with the help of the Holder inequality that
| D2 ™M2P g < O, ug). (5.18)
Q/

5.3. Limit ¢ — 0. Using the uniform bounds (5.10), (5.17) and (5.18), the compact Sobolev
embedding and the diagonal procedure, we can find a subsequence, that we do not relabel, and it
exists

u € (ug + WHP(Q; RN)) n W9 (Q; RY)

loc

such that for arbitrary open ' C ¥ C €, we have
ut —u weakly in WhP(Q; RY), (5.19)
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ut —u weakly in WH(Q; RY), (5.20)
Duf — Du strongly in LP(€; RY), (5.21)
Du® — Du almost everywhere in (2, (5.22)
€2y max(Z0) =2 € : 1i0/. pnN
€1+ |Dul*)” 2 Du*—0 strongly in L*(Q; R"™™). (5.23)
Having (5.19)-(5.23), it is easy to let € — 0 in (5.4) with arbitrary ¢ € C2°(Q;RY) to deduce (1.5)

for the same class of ¢’s. The density result then leads to the validity of (1.5) in the full generality.
This finishes the proof.
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