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Abstract

We investigate nonlinear elliptic Dirichlet problems whose growth is driven by a general
anisotropic N-function, which is not necessarily of power-type and need not satisfy the A,
nor the V,-condition. Fully anisotropic, non-reflexive Orlicz—Sobolev spaces provide a natu-
ral functional framework associated with these problems. Minimal integrability assumptions
are detected on the datum on the right-hand side of the equation ensuring existence and unique-
ness of weak solutions. When merely integrable, or even measure, data are allowed, existence
of suitably further generalized solutions—in the approximable sense—is established. Their
maximal regularity in Marcinkiewicz-type spaces is exhibited as well. Uniqueness of approx-
imable solutions is also proved in case of L!-data.

Mathematics Subject Classification 35J25 - 35J60 - 35B65

Contents
1 Introduction . . . . . . . . . e 2
2 FUNCHON SPACES .+ .« v v v v v e i e et e e e e e e e e e e e e 5

Communicated by N. Trudinger.

B Andrea Cianchi
andrea.cianchi @unifi.it

Angela Alberico
a.alberico@iac.cnr.it

Iwona Chlebicka
i.chlebicka@mimuw.edu.pl

Anna Zatorska-Goldstein
azator@mimuw.edu.pl
Dipartimento di Matematica e Informatica “U. Dini”, Universita di Firenze, Viale Morgagni 67/A,

50134 Firenze, Italy

Institute of Applied Mathematics and Mechanics, University of Warsaw, ul. Banacha 2, 02-097
Warsaw, Poland

Istituto per le Applicazioni del Calcolo “M. Picone”, Consiglio Nazionale delle Ricerche, Via Castellino
111, 80131 Naples, Italy

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00526-019-1627-8&domain=pdf

186 Page 2 of 50 A. Alberico et al.

2.1 Orlicz, Orlicz—Lorentz and Orlicz—Sobolev spaces . . . . . . . . . ... ... .. ... ..... 6
2.2 Anisotropic Orlicz and Orlicz-Sobolev spaces . . . . . . .. ... ... ... ... ....... 9
2.3 Auxiliary functions associated with & . . . . . .. ... Lo Lo Lo Lo o 11
2.4 Sobolevembeddings . . . . . ... 12
2.5 Modular approXimation . . . . . . . . .. ..o e e e 14
2.6 Some classical theorems of functional analysis . . . . . . .. ... ... ... ... ... ... 15
3 Mainresults . . .. ... 16
3.1 Weak solutions . . . . . . . e e 16
3.2 Approximable solutions . . . . . ... 18
4 Special INStANCES . . . . . ..o e e e e e e e 20
5 Proofs of approximation theorems . . . . . . . . . ... L 25
6 Weak solutions: Proof of Theorem 3.2. . . . . .. ... ... ... ... ... ... ... ...... 29
6.1 Regularized problems . . . . . . . ... ... 29
6.2 A Browder-Minty-typeresult . . . . . .. ... 34
6.3 Proof of existence of weak solutions . . . . . . .. ... 36
7 Approximable solutions: Proof of Theorems 3.7and 3.10 . . . . . ... ... ... ... ... ... 39
7.1 Apriori estimates . . . . . . . ... 39
7.2 Proof of existence of approximable solutions . . . . . . .. ... Lo 43
References . . . . . . . . . e 48

1 Introduction

This paper concerns Dirichlet problems for elliptic equations of the form

—diva(x,Vu) = f in

1.1
u=~0 on 9€2, (D

where €2 is a bounded open setin R*, n > 2,a : @ x R" — R”" is a Carathéodory function
and the function f : Q@ — R is assigned.

Second-order elliptic equations, in divergence form, are a very classical theme in the theory
of partial differential equations, and have been extensively investigated in the literature. The
punctum of the present contribution is in that, besides the standard monotonicity assumption

(a(x, &) —a(x,n))-(—n) >0 forevery &, n € R" such that § # n, (1.2)

fora.e. x € Q, the function a is subject to very general coercivity and growth conditions, that
embrace and considerably extend customary instances. The leading hypotheses on a amount
to requiring that there exists a (possibly fully anisotropic) N-function ® : R" — [0, co)
such that, for a.e. x € Q,

a(x,&)-& > ®&) forevery & e R, (1.3)
and
5(ccpa(x, £)) < ®(&) + h(x) forevery & € R” (1.4)

for some positive constant cg and some nonnegative function 2 € L'(Q). Here, & denotes the
Young conjugate of ®. Of course, there is no loss of generality in assuming that cg € (0, 1).
In particular, condition (1.4) is fulfilled if a(x, &) satisfies the stronger inequality obtained
on replacing the left-hand side of (1.4) by C¢&5(a (x,8)).

An N-function is an even convex function, vanishing at zero, decaying faster than linearly
near zero and growing faster than linearly near infinity. Its Young conjugate is also an N-
function and comes into play in an Holder-type inequality for the Orlicz norm defined in
terms of ®. Precise definitions of N-function and Young conjugate can be found in the next
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section, where a number of notions and properties concerning the unconventional functional
framework associated with our analysis are recalled or proved.

Let us just stress here that ®(£) does not have to depend on & just through its length |£],
thus allowing for full anisotropy in the differential operator. Moreover, in contrast with the
assumptions imposed on p-Laplace-type equations, ® need not have a polynomial growth. In
fact, ® is not even supposed to fulfill the so-called A;-condition, nor the V,-condition, that
are usually required as a replacement for homogeneity of ®. The lack of these conditions on
@ results in the non-reflexivity and non-separability of the Orlicz—Sobolev space W(} LY(Q)
built upon @, a natural function space associated with problem (1.1).

We are concerned with existence, uniqueness and regularity of solutions to the Dirichlet
problem (1.1). Our analysis initiates by discussing weak solutions to (1.1), namely solutions
u that belong to the Orlicz—Sobolev space W(} L®(), or, more precisely, to the correspond-
ing Orlicz—Sobolev class. Due to the generality of the situation under consideration and,
specifically, to the anisotropy and non-reflexivity of the involved function spaces, standard
methods do not apply. Our approach combines various techniques, including approximation
via isotropic operators, comparison with solutions to symmetrized problems, the use of sharp
embedding theorems for Orlicz—Sobolev spaces. This enables us to exhibit an optimal inte-
grability assumption on the datum f, depending on the growth of & near infinity, for the
existence of a (unique) weak solution to problem (1.1). The relevant optimal assumption on
S amounts to its membership in a space of Orlicz—Lorentz-type, which arises as an associate
space of the optimal rearrangement-invariant target space in an anisotropic Orlicz—Sobolev
embedding. This is the content of Theorem 3.2. Let us emphasize that this result is new even
in the isotropic case, that is when @ is a radial function.

When f is affected by poor integrability properties, existence of weak solutions to prob-
lem (1.1) is not guaranteed. This is well known even in the linear situation when the differential
operator is the Laplacian. In particular, solutions that do exist in a yet weaker sense—for
instance, merely distributional solutions—typically do not belong to the pertaining Sobolev
space. Also, they need not be unique, as shown in [53].

In this connection, after disposing the issue of existence of weak solutions, we drop any
extra regularity on f besides plain integrability in €2, and address the question of existence
of solutions to the Dirichlet problem (1.1) in a suitably generalized sense. Our result with
this regard is stated in Theorem 3.7. Under the mere assumption that f € L'(), it asserts
the existence and uniqueness of solutions, called approximable solutions throughout, that are
limits of weak solutions to approximating problems with regular right-hand sides. Impor-
tantly, Theorem 3.7 also provides us with maximal regularity of the solution u# and of its
gradient Vu. Such a regularity is properly described in terms of Marcinkiewicz-type spaces,
depending on ®. An anisotropic Orlicz—Sobolev embedding, with optimal Orlicz target space,
is critical in dictating the form of these Marcinkiewicz-type spaces.

Our approach to problem (1.1) with right-hand side in L'(£2) carries over, in fact, to the
case when f is replaced by a measure with finite total variation in 2. The relevant result is
stated in Theorem 3.10. Let us point out that, though existence and regularity of solutions
hold exactly under the same conditions as for data in L' (£2), their uniqueness is uncertain.
As far as we know, this is an open problem even in case of standard isotropic nonlinear
operators, such as the p-Laplacian.

The literature on elliptic equations, under such a broad ellipticity condition as that defined
in terms of N-functions @, is quite limited—see e.g. [2-5,19,24,39,40]. Our results answer
some questions in their general theory, and provide a unified framework for results available
for functions @ of special forms.
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So-called operators with p-growth, modelled upon the p-Laplacian, correspond to the
choice

D) = &P forg e R, (1.5)

with p > 1. The theory of equations governed by this kind of nonlinearity has been thoroughly
developed since the sixties of the last century. The analysis of solutions that are well suited
to allow for right-hand sides in L' is more recent. Their systematic study was initiated with
the papers [14,45]. Other contributions in this direction include [6,7,11,28,29,36,50].

Existence and sharp regularity results for equations with non-polynomial growth and L'
or measure data, but still in the isotropic and reflexive setting where

() = A(lg])  for§ € R (1.6)

for some classical N-function of one variable satisfying both the A, and V,-condition, are
presented in [27]. Previous researches along this direction can be found in [12,32,33]. Results
concerning this kind of ellipticity, but involving more regular operators a, or right-hand sides
f enjoying stronger integrability properties, are the subject of [9,10,20-22,31,37,38,43,44,
49,58].

Elliptic problems with growth of the form

) =) |&I"  forg eR”, (1.7)
i=1

where &£ = (§1,...,&,),1 < pi <o00,i =1,...,n,provide a basic framework for physical
models in the presence of anisotropies. They are the topic of diverse contributions, including
[17,18,35,41,46,57,61]. The case of L! right-hand sides was considered in [15] under some
restrictions on the exponents p;. Note that functions as in (1.7) are particular examples of
those given by

®E) =) Ai(l&) for& eR”, (1.8)
i=1

where A; are N-functions of one variable, which fall within the frames of the present dis-
cussion.

As an application of Theorems 3.2, 3.7 and 3.10, stated in Sect. 3, optimal results are
offered in the specific instances mentioned above. However, let us again emphasize that our
discussion covers more general situations than those described so far and, importantly, allows
for functions @ that do not necessarily admit the split form (1.8). Examples which generalize
one from [60] are provided by N-functions ® of the form

() = i&(\iaf&-
k=1 i=1

where Aj are N-functions of one variable, K € N and the coefficients af‘ € R are arbitrary.
A possible instance, when n = 2, corresponds to the function

D (&) = |6 — &” + €117 log(c + 1) foré € R?, (1.10)

where eitherg > lando > 0,0org = 1 ando > 0, the exponent p > 1, and c is a sufficiently
large constant for ® to be convex. Another example amounts to the function

) for £ € R", (1.9)

DE) = |8 +36]7 + 78 1 fore e R?, (1.11)
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with p > 1 and 8 > 1.

2 Function spaces
Assume that Q2 is a measurable subset of R", with n > 1, having finite Lebesgue measure
|2|. Given m € N, we set

M(2;R™) = {U : U is a measurable function from €2 into R},

When m = 1, we shall make use of the abridged notation M (2) for M(£2; R). An analogous
simplification will be employed in the notation of other function spaces without further
mentioning.

Given u € M(2), we define the distribution function u, : [0, co) — [0, c0) as

wu(@) ={x € Q:|ulx)| >1t}| fortr >0, 2.1
and the decreasing rearrangement u* : [0, co) — [0, oo] as
u*(s) =inf{t > 0: p,() <s} fors>0. (2.2)
The function u* is equimeasurable with « and right-continuous. The function u** : (0, c0) —
[0, oo], called the maximal rearrangement of u* and given by

1 s
U (s) = — / u*(rdr  fors > 0, (2.3)
s Jo

is non-increasing, and satisfies u™ < u**.
A Banach function space X (2) (in the sense of Luxemburg [13]) of functions in M (2)
is called a rearrangement-invariant space if its norm || - || x(g) satisfies

lullx@ = llvlix whenever u* = v*. (2.4)
If X (R2) is a rearrangement-invariant space, then
L®(Q) - X(Q) — LI(Q), 2.5)

where — stands for a continuous embedding.
Let X (£2) be a rearrangement-invariant space. Its associate space is the rearrangement-
invariant space X’(2) equipped with the norm given by

lullx'(2) = sup { /Q u()v(x)|dx : vllx@) < 1}~ (2.6)

The space X'(2) is contained in the topological dual of X (€2), denoted by X (©2)*, but need
not coincide with the latter.

Let o : (0, |2]) — (0, co) be a continuous increasing function. We denote by L2 ()
the Marcinkiewicz-type space associated with o, and defined as

LQ(-),OO(Q) = {u € M() : there exists A > 0 such that  sup ,”,*((AS} 5 < oo}.
seep ¢

Note that L2)-%°() is not always a normed space. Special choices of the function o recover
standard spaces of weak-type. For instance, if o(s) = s9 for some g > 0, then L2")-®°(Q) =
L7°°(Q), the customary weak—L4 (§2) space. When o(s) behaves like s7 (log s)# near infinity
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for some ¢ > 0 and 8 € R, we shall adopt the notation L7-°°(log L)#($2) for L*)°(Q).
The meaning of the notation L9-°°(log L)ﬁ(log log L)y~1(Q) is analogous.

Orlicz and Orlicz-Lorenz spaces generalize Lebesgue and Lorentz spaces, respectively,
and are classical instances of rearrangement-invariant spaces. Together with their anisotropic
counterpart and with the associated Sobolev-type spaces, they play a critical role in our
discussion. Their definitions and basic properties are recalled in what follows.

2.1 Orlicz, Orlicz-Lorentz and Orlicz-Sobolev spaces

We say that a function A : [0, co) — [0, oo] is a Young function if it is convex, vanishes at 0,
and is neither identically equal to 0, nor to infinity. A Young function A which is finite-valued,
vanishes only at 0 and satisfies the additional growth conditions
A(t A(t
lim L =0 and lim Q =

t—0 t t—oo f

0, 2.7)

is called an N-function. ~
The Young conjugate of a Young function A is the Young function A defined by

A(t) = sup{st — A(s) : s > 0}  fort > 0.
Hence,
st < A(s) + A@t) fors,t>0. (2.8)

Note that (X) = A for any Young function A. The class of N-functions is closed under the
operation of Young conjugation. One has that

t<A YA @) <2t fort >0, (2.9)
where A~! stands for the (generalized) left-continuous inverse of A. Hence,

A0 - Frae) =229
t t
A Young function A fulfils the A,-condition near infinity if A is finite—valued and there exist

constants ¢ > 0 and 79 > 0 such that A(2t) < cA(t) fort > t.

A function A satisfies the V,-condition near infinity if there exist constants ¢ > 2 and
to > 0 such that A(2r) > cA(z) fort > 1y.

We shall also write “A € Aj near infinity” and “A € V; near infinity” to denote these
properties.

One has that A € A near infinity if and only if A € V, near infinity.

We say that a Young function A dominates another Young function B near infinity if there
exist constants ¢ > 0 and 79 > 0 such that B(t) < A(ct) if t > 19. If two Young functions A
and B dominate each other near infinity, then we say that they are equivalent near infinity.

A Young function A is said to increase essentially faster than B near infinity if

fort > 0. (2.10)

A7)

Let €2 be a measurable set in R”, n > 1, with || < 0o, and let A be a Young function.
The Orlicz class £4(S2) is defined as

£4Q) = {u e M(Q) :/ A(Ju)) dx < oo}. (2.12)
Q
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The set £4(2) is convex, but it is not a linear space in general. The Orlicz space L4(2) is
the set of all functions u € M(2) such that the Luxemburg norm

leell e =inf{k >0: /;}A(%hﬂ) dx < 1} (2.13)

is finite. The space L4 (§2) equipped with this norm is a Banach space. It is the smallest vector
space containing £4(Q). In particular, one has that LA(Q) = LP(Q) if A(r) = t? for some
p e [1,00), and LA(Q) = L®(Q) if A(r) = 00X (1,00)(t). Here, and in what follows, xg
stands for the characteristic function of a set E.

A Holder-type inequality in the Orlicz setting reads

[ ot dx < 2ol i 2.14)

forevery u € LA(Q) and v € LZ(Q).
Let A and B be two Young functions. Then

LA(Q) — LB(Q) ifandonlyif A dominates B near infinity. (2.15)
In particular, L4(2) — L'(S) for any Young function A. Hence,
LA (Q) = LB (2) ifandonlyif A isequivalentto B near infinity, (2.16)
where the equality has to be interpreted up to equivalent norms.

Let us next set

EAQ) = {u € M(Q): / A(%Iul) dx < oo forevery A > 0}. 2.17)
Q

The space E4(Q) agrees with the closure in L“(£2), in the norm topology, of the space of
functions which are bounded in 2 and have bounded support. Trivially,

EAQ) C £2(Q) c LAQ). (2.18)

Both inclusions hold as equalities in (2.18) if and only if A satisfies the A,-condition near
infinity.
If A increases essentially faster than B near infinity, then

LYQ) > EB(Q). (2.19)

The alternative notation A(L)(€2) will also be employed, when convenient, to denote the
Orlicz space associated with any Young function equivalent to A near infinity. For instance,
if & > 0, then exp L*(£2) stands for the Orlicz space built upon a Young function equivalent
to ¢'* near infinity. Moreover, if either p > 1l and « € R, or p = 1 and @ > 0, then the
space L? log* L(£2) denotes the Orlicz space associated with a Young function equivalent to
t? log® t near infinity. We refer to the monographs [1,51,52] for comprehesive treatments of
Orlicz spaces.

Given a Young function A and r € (— oo, o0]\{0}, we denote by L[A, r](£2) the Orlicz—
Lorentz-type space of those functions u € M (£2) such that the quantity

1
lullLian@ = Is7u™ )l pa.q) (2.20)

is finite. Here, and in what follows, we use the convention that é = 0. The space L[A, r](£2)
is a rearrangement-invariant space. It is non-trivial, namely it contains functions that do not
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vanish identically, if ||s% a0, ) < 0. In analogy with EA(Q), we define

2
E[A, r(Q) = {u e M(Q) : / AGS%M**(S)) ds < oo for every A > 0}. 2.21)
0

Similarly, we denote by L (A, r)(2) the Orlicz—Lorentz-type space of all functionsu € M (£2)
for which the expression

1
lullar@ = lIs7u* ()l Lae, ) (2.22)

is finite. The space E (A, r)(€2) is defined accordingly. Under suitable assumptions on A and r
the functional defined by (2.22) is a norm, and, consequently, L(A, r)(£2) is a rearrangement-
invariant space equipped with this norm—see [25]. In particular, for any Young function A,
formula (2.22) defines a norm provided that r < —1.

The special instance corresponding to LA (0, |Q2]) = L4(0, |2]) yields

L(A,r)(Q) = E(A,r)(Q) = LP1(Q), (2.23)
up to equivalent norms, provided that p, ¢ and r are suitably related. Here, L”*9 (£2) denotes
the customary Lorentz space of those functions # € M (£2) making the quantity

1_1
leel| Lpa () = Hs P au(s) ”L‘I(O,IQI) (2.24)
finite. Also, with a proper choice of p and r,

LIA, r1(Q) = E[A, r1(Q) = LIP9\(Q), (2.25)
up to equivalent norms, where L[7-91(2) denotes the Lorentz space equipped with the norm
given by

1_1 K3k
”u”L[P.q](Q) = ||sp U (S)HLq(OJQD (226)

for u € M(L2).
When L4(0, |Q2]) = LY log® L(0, |€2|), where either ¢ € (1, cc]and « > 0,0rg = 1 and
o > 0, one has that

LA, r1(R) = E[A, r](Q) = LP7(log L)*(Q), (2.27)

up to equivalent norms, again with a suitable choice of p and r—see e.g. [13, Lemma 6.12,
Chapter 4]. Here, LP-91(log L)*(2) denotes the Lorentz—Zygmund space equipped with the
norm defined as

1 a
el v tog Ly = 157 Togd (14 2™ )| 14 .10 (2.28)

for u € M(2). An analogous relation links the spaces L(A,r)(2), E(A,r)(2) and
LP9(log L)*(S2), where the latter is defined as the set of all functions u € M () which
render the right-hand side of Eq. (2.28), with u** replaced by u*, finite.

Assume now that €2 is an open set in R”, n > 2, with |Q2] < co. We define the Orlicz—
Sobolev class

WOILA () = {u € M(2) : the continuation of u by 0 outside €2 is
weakly differentiable in R" and |Vu| € LA (). (2.29)
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The Orlicz—Sobolev space Wy L4 () is defined analogously, on replacing £4 () by LA(£2)
on the right-hand side of definition (2.29). The space WO1 LA(2), endowed with the norm

”u”W(}LA(Q) = || |Vu| ”LA(Q)’ (2.30)

is a Banach space. Note that, thanks to a Poincaré-type inequality—see [59, Lemma 3]—the
norm defined by (2.30) is equivalent to the norm given by [[ullza(q) + | [Vul | Laq)-

In the case when LA(Q) = LP () for some p € [1,00) and 92 is regular enough, the
above definition of WOl LA(Q) reproduces the usual space WO1 P () defined as the closure in
WP (Q) of the space C°(R2) of smooth compactly supported functions in £2. On the other
hand, the set of smooth bounded functions is dense in LA () if and only if A satisfies the
A»-condition, and hence, for arbitrary A, our definition of WO1 LA(Q) yields a space which
can be larger than the closure of C;°(£2) with respect to the norm in (2.30). A systematic study
of Orlicz—Sobolev spaces was initiated in [32]. An account of more recent developments can
be found in [51,52].

2.2 Anisotropic Orlicz and Orlicz-Sobolev spaces

A function ® : R" — [0, oo] is called an n-dimensional Young function if it is convex,
D0)=0,PE) =DP(—&)foréE e R, and {§ € R" : &(§) < t}is acompact set containing
0 in its interior for every ¢ > 0.

The function @ is called an n-dimensional N-function if, in addition, ® is finite—valued,
vanishes only at 0, and

[} (0]
im & =0 and im & =0 (2.31)
£-0 |&] lgl>00 ||
Notice that, for technical reasons and ease of presentation, in the case when n = 1 we

are distinguishing Young functions or N-functions, as defined on [0, co) as in the previous
subsection, from 1-dimensional Young functions or 1-dimensional N-functions defined on
the whole of R here. However, extending a Young function to an even function on the entire
R results in a 1-dimensional Young function; conversely, the restriction of a 1-dimensional
Young function to [0, co) is a Young function. Thus, any definition or result concerning Young
functions or N-functions translates into a corresponding definition or result for 1-dimensional
Young functions or N-functions, and viceversa.

In what follows, Young or N-functions will be denoted by latin capital letters, whereas
n-dimensional Young or N-functions will be denoted by greek capital letters. Thus, there
will be no ambiguity if we simply write Young function or N-function when referring to an
n-dimensional function.

The Young conjugate of a Young function @ is the Young function ® defined as

(&) =sup{n-& — @(n): neR"} foré e R".

Here, the dot *“-” denotes scalar product in R". By the very definition of ®, one has that
E-n<dE)+ 5(n) for &, n € R"™. One has that (ED) = & for any Young function ®. The
class of N-functions is closed under the operation of Young conjugation.

A Young function & is said to satisfy the A,-condition near infinity, briefly ® € A, near
infinity, if it is finite—valued and there exist positive constants ¢ and M such that ®(2§) <
cd&)if [E] = M.

A Young function @ is said to satisfy the Va-condition near infinity, briefly ® € V, near
infinity, if there exist constants ¢ > 2 and M > 0 such that ®(2£) > c® (&) if || > M.
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A Young function ® is said to dominate another Young function W near infinity if there
exist positive constants ¢ and M such that W () < ®(c&) if || > M. Equivalence of Young
functions is defined accordingly.

Let ©2 be a measurable set in R”, n > 1, with |2| < 00, and let ® be an n-dimensional
Young function. The anisotropic Orlicz space L®(Q; R") is the set of all vector-valued
functions U € M(£2; R") such that the norm

1Ul o @rny = inf{k >0: /Q ®(+U)dx < 1}

is finite. The space L®(€2; R"), equipped with this norm, is a Banach space. The Orlicz
class £2(2; R") and the space E ®(Q; R") are defined in analogy with definitions (2.12)
and (2.17), respectively. One has that E®(Q; R") agrees with the closure in L®(2; R") of
the space of bounded functions in 2 with bounded support. Clearly,

E®(Q:RY C £L2(Q2; RY) C L2(Q; RY), (2.32)

and both inclusions hold as equalities if and only if ® € Aj near infinity. The Holder-type
inequality

fQ U - VIdx < 21Ul oz IV I3 gupn) (2.33)

holds for every U € L®(Q;R") and V € LED(Q; R™).
If ® and W are Young functions, then

LY RY) — LY(; R") if and only if & dominates W near infinity.
In particular, L2 RY) - L! (2; R™) for any Young function ®. Moreover,
L2 RY) = LY(Q; R") ifand only if & and W are equivalent near infinity.

By [54, Corollary 7.2], given any N-function ®, the space L (€2; R") is reflexive if and only
if ® € Ay N V3 near infinity. In general, if ® is an arbitrary n-dimensional N-function, then

the dual of E®(£2; R") is isomorphic and homeomorphic to La(Q; R"),  (2.34)

see [3, Proposition 2.4]. Orlicz spaces of vector-valued functions are studied in detail in
[55,56], as special cases of more general Musielak—Orlicz spaces; the analysis of the paper
[54] also includes Orlicz spaces of functions defined on infinite dimensional spaces.

Assume that 2 is an open set in R"”, n > 2, with |Q2] < oo. Let ® be an n-dimensional
Young function. The anisotropic Orlicz—Sobolev class is defined as

WOIL‘I> () = {u € M(2): the continuation of u# by 0 outside <2
is weakly differentiable in R” and Vu € £2(Q2; R")}. (2.35)
The anisotropic Orlicz—Sobolev space W&Lq’(Q) is defined accordingly, on replacing

L£®(Q2; R") by L®(Q2; R") on the right-hand side of Eq. (2.35). One has that W] L® (),
equipped with the norm
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[|ue ”W(}Ld’(Q) = [|Vu ”L“’(Q;]R")s

isa Banach space. The Orlicz-Sobolev space W L® (Q) isreflexive if and only if ® € A,NV»
near infinity. Classical contributions on Orlicz—Sobolev spaces are [42,60].

The use of sets of functions, whose truncations belong to an Orlicz—Sobolev space, is
crucial in dealing with approximable solutions. Given any ¢ > 0, let 7; : R — R denote the
function defined by

if <t,
L) =1 = (2.36)
tsign(s) if |s] > 1.
We set
7y ®(Q) = {u € M(Q) : T,(u) € WaL®(Q) forevery 1 > 0}. (2.37)

The space %l‘q)(Q) is the anisotropic counterpart of the space introduced in [11] and asso-
ciated with the standard Sobolev space Wol”7 (2) corresponding to the choice ® (&) = |&|”.
Ifu e ’2'01’(I> (£2), then there exists a (unique) measurable function Z,, : 2 — R” such that

VT (1) = X{ju|<t} Zu a.e.in (2.38)
for every t > 0. This is a consequence of [11, Lemma 2.1]. One has that u € WO1 L®(Q) if

and only if u € ’ZE)]’Q(Q) and Z, € L®(; R"). In the latter case, Z, = Vu a.e. in Q. With
an abuse of notation, for every u € %l’q)(Q) we denote Z,, simply by Vu throughout.

2.3 Auxiliary functions associated with P

Let @ be an n-dimensional Young function. By &, : [0, co) — [0, 0co) we denote the Young
function obeying

{5 eR": do(IE]) =1} ={§ € R" : @(§) <1}| forr >=0. (2.39)

The function R” > & — ®,(|€]) can be regarded as a kind of “average in measure” of &. It
can be used to define the radially increasing symmetral ®y : R” — [0, co) of ® by

Py (§) = Do(l€]) for& e R™.
Since @y is radially symmetric, the function ®¢, : [0, 00) — [0, 00), defined by

—~—

Do (&) = (Px) () foré e R, (2.40)

is a Young function. Moreover, the function @ is equivalent to &, and there exist constants
c1 = c¢1(n) and ¢ = co(n) such that

Do(c1t) £ Dy (t) < Po(cat) fort >0, (2.41)

see [42, Lemma 7]. Note that if ® is an n-dimensional N-function, then the functions @,
and @, are 1-dimensional N-functions and ®y is an n-dimensional N-function.

Two more functions associated with @, denoted by ®,, and 5\0, will be introduced in the
next section in connection with Orlicz—Sobolev-type embeddings.

Some auxiliary functions depending on & will still be needed. We denote by W, :
[0, o0) — [0, 00) the increasing function given by

D, (1)

W, (1) = P

fort >0 and W¥,(0)=0. (2.42)
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Also, we call Wy, : [0, o0) — [0, oo) the increasing function given by

xpo(t)=@ fort>0 and We(0) = 0. (2.43)

The function ® : R" — [0, o0) is defined as

OF) = Dy (D)) foré € R, (2.44)
and the function ® : [0, 00) — [0, c0) as

Op(t) = 5571(d><>(t)) fort > 0. (2.45)
Relations among the functions introduced above are the subject of the following lemma.

Lemma 2.1 Let @ : R" — [0, 00) be an n-dimensional N-function, and let ®¢,, V¢, ©, and
O be the functions associated with ® as in (2.40), (2.43), (2.44) and (2.45), respectively.
Then

(i) ®po0y =y,
(i) ©o 005 00 =0,
(i) ' (1w, (1)) =W, (1) fort >0,
(iv) ®¢(Ww5')(t) <2t fort > 0.
(V) (V' (1/2)) < Do(1) < @o (W' (1) fort > 0.

Proof Equations (i) and (ii) are straightforward consequences of definitions (2.44) and (2.45).
Equation (iii) easily follows onreplacing # by W !(#) in the definition of W As for inequality
(iv), recall that, since ®¢ is a Young function, then, by (2.9),

t < @510)55_10) <2t fors>0.
By (iii) and the second inequality above we get
_ ~ ] _ ~—1 - - ~_1,
O0 (U5 (1) = o™ (@0 (V5 (1)) = Do~ (00(05' (1051 (1)) = Do~ (1w (1))
2wt 2wt
I <>7<1> _ 2% 0)
ol awyt o) vt

Finally, property (v) follows via Eq. (2.10) applied with A replaced by W. O

=2t fort>0. (2.46)

2.4 Sobolev embeddings
The sharp embeddings for anisotropic Orlicz—Sobolev spaces collected in this subsection are
pivotal in our analysis.

Let ® be an n-dimensional Young function. A basic anisotropic Poincaré-type inequality
tells us that there exists a constant x; = «1(n) such that

/ d>o(K1|Q|_%|u|)dx < / ®(Vu)dx, (2.47)
Q Q
for every u € WOIL‘D(Q), and

_ 1
litll ooy < Ky QU I Vil Lo q) (2.48)
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for every u € WOILCD(Q)—see [8, Proposition 3.2].
The statement of optimal anisotropic Sobolev inequalities requires some further defini-

tions. Assume that
t n—1
/ ( ) dt < oo. (2.49)
0 q)o (t)

] t 1
/ (@o(r)> dt = o0, (2.50)

then we denote by ®,, : [0, c0) — [0, oo] the Sobolev conjugate of & introduced in [23].
Namely, &, is the Young function defined as

If

®,(t) = o (H (1)) fort >0, (2.51)

where H : [0, o0) — [0, 0o) is given by

1 n—1

t T n—1 n
H(@) = </0 <<I>o(t)> dr) fort > 0. (2.52)

Here, H~! denotes the generalized left-continuous inverse of H.
By [23, Theorem 1 and Remark 1], there exists a constant k> = «3(n) such that

/cp,,( lul l)dng & (Vu) dx (2.53)
Q k2 (fq ®(Vu)dy)n Q

for every u € Wolﬁq’ (2), and

lullpon @y < k2l Vull Lo ) (2.54)

forevery u € WOl L®(2). Moreover, L® () is the optimal, i.e. the smallest possible, Orlicz
space which renders (2.54) true for all n-dimensional Young functions ¢ with prescribed
D,.

This result can be still improved if embeddings of Woqu’(Q) into the broader class of
rearrangement-invariant target spaces are considered. Indeed, denote by ¢, : [0, 00) —
[0, oo) the non-decreasing, left-continuous function such that

t
O, (1) = / ¢o(t)dt fort >0,
0
and let @, be the Young function given by
t
D, (1) =/ ¢o(t)dt fort >0, (2.55)
0

where (]3:, : [0, 00) — [0, 00) is the non-decreasing, left-continuous function defined via

(5)“0)—(/00 (/( ! )”dr)n"’yl” for 120, (2.56)
’ et \o \ge®) Go(r)iT -

and ¢ and q?o_l are the (generalized) left-continuous inverses of ¢, and 5;, respectively.
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Let L(é\o, —n)(R2) be the Orlicz—Lorentz-type space defined as in (2.22). By [25], there
exists a constant k3 = k3(n) such that

1

1 __
/ cbo(,c;‘s*nu*(s))ds 5/ & (Vu)dx (2.57)
0 Q

for every u € WOIL‘D (2), and
||”||L(Ep?o,_n)(g2) = K3||V”||L¢(Q) (2.58)

forevery u € WOl L®(€2). Moreover, L(CI;;, —n)(£2) is the optimal, i.e. the smallest possible,
rearrangement-invariant space which renders inequality (2.58) true for all n-dimensional
Young functions ® with prescribed ®,.

Let us notice that the Orlicz—Lorentz-type space L[&,, n](R2), defined as in (2.20), is
the associate space of L(Clli, —n)(2) (up to equivalent norms). Moreover, as shown in [25,
Inequality (4.46)],

o]
/Iuvldx 5/ u*(s)v*(s)ds
Q 0
e __ 2 _
< c(/ d>o(s7u*(s))ds+/ d>o(sﬁv**(s))ds> (2.59)
0 0

for some constant C = C(n), and for every u, v € M(R2).
When &, grows so fast near infinity that condition (2.50) fails, namely

1
f ( ! )"7 dt < oo, (2.60)
D, (1)

then there exists a constant k4 = k4 (P, n, |€2]) such that

|l Loo() < K4||Vu||L<D(Q) (2.61)

for every u € WOILCD(Q).

2.5 Modular approximation

One obstacle to be faced when dealing with Orlicz and Orlicz—Sobolev spaces built upon
Young functions that do not satisfy the Aj-condition is the lack of separability of these
spaces. In particular, functions in these spaces cannot be approximated in norm by smooth
functions. Substitutes for this property are certain approximation results in integral form,
usually referred to as “modular approximability” in the theory of Orlicz spaces, which are
well fitted for applications to partial differential equations. This kind of approximation is
well known for isotropic Orlicz and Orlicz—Sobolev spaces, and goes back to [38]. On the
other hand, a counterpart in the more general anisotropic framework seems not to be com-
pletely settled yet. In this subsection, we recall a few definitions and state the approximation
properties that are needed in view of our main results. Their proofs present some additional
difficulty with respect to the isotropic case, and are given in Sect. 5.

Let ® be an n-dimensional Young function and let 2 be a measurable set in R" with
|2] < oo. A sequence {Uy} C LP(Q;R") is said to converge modularly to U in L®(Q;R")
if there exists A > 0 such that
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Uy —-U
lim [ @ ( k ) dx = 0. (2.62)
k—o0 Jo A
Note that if Uy — U modularly, then Uy — U in measure.

The following proposition links modular convergence to a kind of weak convergence
against test functions in the associate space.

Proposition 2.2 Let ® be an n-dimensional N -function and let Q2 be a measurable set in R"
with |Q| < oco. Let U € L®(Q:;R"). Assume that the sequence {Uy} C L?(;R") and that
Ur — U modularly in L®(S;R™). Then there exists a subsequence of {Uy}, still indexed by
k, such that

lim | Ug-Vdx :/ U-Vdx forevery V e L®(QR"). (2.63)
k—o0 Jo Q

The next result concerns the modular density of simple functions in anisotropic Orlicz
spaces.

Proposition 2.3 Let ® be an n-dimensional N-function and let Q be a measurable set in
R™ with |Q| < oco. Assume that U € L®(Q; R™). Then there exists a sequence of simple
functions {Uy} such that Uy — U modularly in L®(Q; R™).

We conclude with a modular smooth approximation property in anisotropic Orlicz—
Sobolev spaces on bounded Lipschitz domains. Recall that an open set €2 is called a Lipschitz
domain if each point of 92 has a neighborhood ¢/ such that 2 N/ is the subgraph of a
Lipschitz continuous function of n — 1 variables.

Proposition 2.4 Let ® be an n-dimensional N-function and let Q be a bounded Lipschitz
domain in R". Assume that u € WO1 L®(Q) N L>®(). Then there exist a constant C = C ()
and a sequence {uy} C Cy°(2) such that

uy — u a.e.in €, (2.64)
lurllLe@) < CllullLo(q) foreveryk € N, (2.65)
Vur — Vu modularly in L®($2; R"). (2.66)

Remark 2.5 In the isotropic case, namely when ®(¢) = A(|&]) for & € R”, for some N-
function A, properties (2.64) and (2.66) in Proposition 2.4 are known to hold even if the
assumption u € L°°(2) is dropped—see [38, Theorem 4].

2.6 Some classical theorems of functional analysis

We conclude this section by recalling a few well-known results of functional analysis, for-
mulated in the anisotropic Orlicz space framework. In their statements, €2 is assumed to be
a measurable set in R" with || < oco.

Theorem 2.6 (Vitali) Assume that the sequence {Uy} C M(2; R") is uniformly integrable
in Q, and there exists a function U : Q — R" such that limy_ o, Uy = U a.e. in Q and
|U| < oo a.e.in Q. Then U € LY (Q;R") and limy_, oo U = U in L' ($2; R™).

Theorem 2.7 (Dunford—Pettis) A family {Uy}sex of functions in M(2; R™) is uniformly
integrable in L' (S2; R™) if and only if it is relatively compact in the weak topology.
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Theorem 2.8 (Anisotropic De La Vallée Poussin) Let ® be an n-dimensional N -function.
Assume that {Us}sex is a family of functions in M(S2; R") such that sup, .5 fQ o (Uy)
dx < oo. Then the family {Uy} is uniformly integrable.

The next result follows from the customary version of the Banach—Alaoglu theorem,
owing to property (2.34) applied to ® and ®. Notice that, in view of that property, a sequence
{Ux} € L®(2; R") weakly-* converges to U € L®(2; R") in L®(Q; R") if

lim Uk~de=/U-de
k—o00 Jo Q

for every V € E 5(9; R™). Wgak—* convergence in Lg’(Q; R™) can be characterized on
exchanging the roles of ® and ®.

Theorem 2.9 (Banach-Alaoglu in anisotropic Orlicz spaces) Let ® be an n-dimensional N -
function. Then the closed unit ball in L®(2: R") and the closed unit ball in L*(2; R™) are
weakly-* compact in the respective spaces.

3 Main results

This is a section where definitions of solutions to the Dirichlet problem (1.1) are introduced
and the pertaining existence, uniqueness, and regularity results are stated. In what follows,
when referring to assumptions (1.2)—(1.4), we mean that they are fulfilled for some N -function
@, some function & € L'(2), and some constant ¢ € (0, 1).

3.1 Weak solutions

Our first purpose is to detect a minimal integrability condition on the datum f for a weak
solution to problem (1.1) to exist. In order to allow for the largest possible class of admissible
functions f, in the definition of weak solution that will be adopted the function f is a priori
assumed to be just integrable in 2. The class of test functions is thus accordingly chosen for
the weak formulation of the problem to be well posed for any such f.

Definition 3.1 (Weak solution) Let f € L'(£2). Under assumptions (1.2)—(1.4), a function
u e WOIZZ‘I> (2) is called a weak solution to the Dirichlet problem (1.1) if

/ a(x,Vu)~V(pdx:/ fodx 3.1
Q Q
for every ¢ € Wy £LP(Q) N L®(Q).

Observe that both sides of equality (3.1) are well defined if f, u and ¢ are as in defini-
tion 3.1. In particular, the integral on the left-hand side of (3.1) is convergent by the Holder
inequality (2.33), since, owing to assumption (1.4), a(x, Vu) € LP(Q; RM) provided that
ue Wieo ().

Our main result about weak solutions is contained in Theorem 3.2. Its assumptions in
connection with the existence (and uniqueness) of these solutions take a form of an alterna-
tive, depending on a threshold on the growth near infinity of the function ®. More precisely,
what is relevant is the growth of its “average” ®,, defined as in (2.39), and the alternative
corresponds to the two complementary conditions (2.50) and (2.60). Indeed, if ®, grows
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fast enough near infinity for the latter condition to hold, then any integrable function f is
admissible. On the other hand, if (2.60) fails, and hence the former condition is in force,
then a proper degree of integrability has to be imposed on f. A natural ambient space for f
is the largest rearrangement-invariant space ensuring that the integral on the right-hand side
of Eq. (3.1) is convergent for every (non-necessarily bounded) test function ¢ € W, Yad(?)
(or even € W0 L®()). This corresponds to t the associate space L[dDO, n](Q) of the opti-
mal rearrangement-invariant target space L(CDO, —n)(2) for embeddings of Wo L®(Q)—see
(2.58). Theorem 3.2 asserts that the Dirichlet problem (1.1) does actually admita umque weak
solution provided that f belongs to the separable counterpart E [d>o, n](2) of L[Cbo, n](2),
defined as in (2.21).

As will be clear from Example 1 in the next section, in the classical case of p-Laplacian-
type problems, the two alternatives discussed above correspond to the situations when p < n
or p > n. In particular, if p < n, our assumption amounts to requiring that f belongs to the

np ’ . ..
Lorentz space LlarFp=a-P ](Q), where p’ = %, thus weakening the customary condition

that f € Lvtr (Q).

Theorem 3.2 (Existence of weak solutions) Let Q2 be a bounded Lipschitz domain in R".
Assume that conditions (1.2)—(1.4) are in force, and let ®, be the function associated with
@ as in (2.39). If either

O, grows so slowly that (2.50) holds and f € E[CB;, nl(2), 3.2)
or
®, grows so fast that (2.60) holds and f € L (Q), (3.3)

then there exists a unique weak solution u € WOIE‘D(Q) to the Dirichlet problem (1.1).
In some applications, we need to make use of the solution u itself as a test function ¢
in equation (3.1) in the definition of weak solution to problem (1.1). This requires « to be

bounded. An optimal condition on f for this property to hold is exhibited in the next result.

Proposition 3.3 (Boundedness of weak solutions) Assume, in addition to the assumptions
of Theorem 3.2, that

o 1
/ S_WIDJI(Asﬁf**(s)) ds < 0o (3.4)
0

for every A > 0, where Y, is defined as in (2.42). Then u € L°°(2), and there exists a
constant C = C(n) such that

12|
lull oo () SC/O ST _I(C?"f**(s)) (3.3)

Remark 3.4 Owing to Eq. (2.41), condition (3.4) can be equivalently formulated with W,
replaced by the function W defined by (2.43). The use of the latter function allows for an
explicit sharp value of the constant X in corresponding condition. Actually, the weak solution
u to the Dirichlet problem (1.1)—(1.4) is bounded provided that

[[o R sh
f s*m@l <71/nf**(s)> ds < o0o. (3.6)
0 nwy
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Moreover,

1 1 sn
llull o) < —1// sTw qJOl(Wf**(s)) ds. (3.7
nwy 0 nwy

Both condition (3.6) and the bound given by (3.7) are sharp. The sufficiency of condition
(3.6), and the validity of estimate (3.7) are apparent from a close inspection of the proof
of Proposition 3.3. Their sharpness is due to the fact that equality holds in (3.7) if u is the
solution to a suitable symmetric problem in a ball, which is stated in Eq. (6.14) below.

Remark 3.5 If condition (3.6), or even (3.4), is dropped, boundedness of the weak solution
u to problem (1.1) u is not guaranteed. In this case, sharp integrability properties of u can be
derived via [26, Proposition 3.7].

3.2 Approximable solutions

When neither of conditions (3.2) and (3.3) holds, weak solutions to problem (1.1) do not
necessarily exist. This calls for the use of some notion of solution, still weaker than that
of weak solution, which enables to deal with arbitrary right-hand sides f € L'($), and
yet with measure data, whatever ® is. Merely distributional solutions are not satisfactory,
since even for linear equations this class of solutions does not guarantee uniqueness and per-
mits well-known pathologies [53]. These drawbacks can be overcome if, instead, solutions
obtained as limits of solutions to approximating problems with regularized right-hand sides
are introduced. Such a notion of solution has been extensively exploited, more or less explic-
itly, for nonlinear problems with isotropic growth—see e.g. [11,14,28,29,47,48]. It restores
uniqueness and, importantly, is well suited to analyze regularity.

Approximable solutions to problem (1.1) under the present assumptions on the differential
operator, and with right-hand side in L! (£2), can be defined as follows.

Definition 3.6 (Approximable solution with L! data) Let f € L'(). Under assumptions
(1.2)—(1.4), a function u € %1,q>(9) is called an approximable solution to problem (1.1)
if there exists a sequence {fy} C L°°(2) such that f; — f in LY(), and the sequence
of weak solutions {u} C W(} L2(Q) to problems

—diva(x,Vug) = fr in Q

3.8
Uk =0 on 89, ( )

satisfies
up —> u ae.in Q. 3.9)

Despite its apparent mildness, this definition gives grounds for an adequate generalized
notion of solution u to problem (1.1). Indeed, although the function u is a priori just assumed
to be the pointwise limit of the solutions uy to the approximating problems (3.8), its “surrogate
gradient” Vu, in the sense of (2.38), turns out to be the pointwise limit of the weak gradients
Vuyg,and hence a(x, Vug) — a(x, Vu) a.e. in Q as well. This fact, together with the unique-
ness of the approximable solution u and its regularity, are the subject of the next theorem.
Information about regularity amounts to membership of # and ® (Vu) in Marcinkiewicz-type
spaces associated with the functions 9, 0, : (0, c0) — (0, co) defined by

@, (1177

U, (t) = - and on(t) = for >0, (3.10)

t
@, (o

@ Springer



Fully anisotropic elliptic problems with minimally... Page 190of 50 186

respectively. Here, ®,, denotes the Sobolev conjugate of ® given by (2.51).

Theorem 3.7 (Well-posedness and regularity with L' data) Let Q2 be a bounded Lipschitz
domain inR" and let f € L' (Q). Assume that conditions (1.2)—(1.4) and (2.50) are in force.
Then there exists a unique approximable solutionu € %I’CD (2) to the Dirichlet problem (1.1).
If {ux} is any sequence as in the definition of approximable solution, then Vu, — Vu a.e.
in 2, where Vu has to be understood in the sense of Eq. (2.38). Moreover,

ueL™O°Q)  and  ®(Vu) € L&OX(Q), (3.11)
where Uy, and o, are the functions defined as in (3.10).

Remark 3.8 Theorem 3.7 is relevant, and therefore stated, only under assumption (2.50).
Actually, if @, grows so fast near infinity that (2.50) is violated, and hence (2.60) is satisfied,
then a weak solution certainly exists by Theorem 3.2, and, by their uniqueness, it agrees with
the approximable one.

We conclude this section by considering the still more general situation when the function
f inproblem (1.1) is replaced by a signed Radon measure p with finite total variation || i || (€2).
Approximable solutions to the corresponding Dirichlet problem

(3.12)

—diva(x,Vu) = in Q
u=>0 on 0%

can be defined in analogy with Definition 3.6, provided that convergence of the approximating
sequence {fi} to f in L' () is replaced by weak-* convergence in the space of measures.
Recall that a sequence of functions {f;} C L'() is said to weak-% converge to 4 in the
space of measures if

lim /(pfkdx=/ pdu (3.13)
k—o0 Jo Q

for every function ¢ € Cp(2). Here, Co(£2) denotes the space of continuous functions with
compact support in 2.

Definition 3.9 (Approximable solution with measure data) Let i be a signed Radon measure
with finite total variation on 2. Under assumptions (1.2)—(1.4), a function u € Tol’q>(9) is
called an approximable solution to problem (3.12) if there exists a sequence { fr} C L*(Q2)
weakly-* converging to u in the space of measures, such that the sequence of weak solutions
{up} C Wo1 L2(Q) to problems (3.8) satisfies

Uy —> u ae.in Q.

Apart from uniqueness, an analogue to Theorem 3.7 for approximable solutions u with
measure data can be established via essentially the same proof. In particular, a.e. convergence
of gradients, and hence of the nonlinear coefficient of the differential operator, as well as
regularity of u and Vu hold exactly as in the case of data in L' ().

Theorem 3.10 (Existence and regularity with measure data) Let Q2 be a bounded Lipschitz
domain in R" and let n be a signed Radon measure with finite total variation on K.
Assume that conditions (1.2)—(1.4) are in force. Then there exists an approximable solu-
tion u € ’261’@(52) to the Dirichlet problem (3.12). If {uy} is the sequence in the definition
of approximable solution then Vuy — Vu a.e. in Q. Moreover, u and Vu fuflill property
(3.11).
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4 Special instances

In this section we implement the results stated above in cases when the N-function ® takes
one of the forms given by (1.5)—(1.11). Model equations whose nonlinearities are driven by
these specific functions & are also exhibited.

In what follows, the relation ¢ &~ ¢» between two functions ¢; : I — [0, 00],i = 1,2,
where [ is either R” or [0, 00), means that there exist positive constants ¢; and ¢, such that
d1(c1x) < ¢Pa(x) < ¢1(cox) for every x € I. If these inequalities hold for |x| larger than
some positive constant M, we shall write that ¢ ~ ¢, near infinity.

Example 1 A prototypical equation with a power growth in the gradient is the p-Laplace
equation. In a slightly generalized form, involving a non-necessarily smooth coefficient, the
corresponding Dirichlet problem reads

—div (b(X)|Vu|P~2Vu) = f in Q

4.1
u=0 on 092, @1

where 1 < p < oo and b € L°°(Q) is such that b(x) > ¢ for some positive constant c.
Without loss of generality, here, and in similar circumstances in the following examples, we
assume for simplicity that ¢ = 1. Plainly, assumptions (1.3) and (1.4) are now fulfilled with
® obeying (1.5), namely ® (&) = |&|P. Note that, with this choice of @, assumption (1.4)
agrees with the classical growth condition

la(x, &) < (&7 + g(x)) fora.e.x € Qandevery & € R",

for some function g € L” () and some constant ¢ > 0. Existence and regularity of weak
and approximable solutions to problem (4.1) are discussed below in items (A) and (B),
respectively.

(A) Theorem 3.2 implies that problem (4.1) has a unique weak solution u in each of the
following cases:

| <p<n and e Ll (@), 4.2)
p=n and fe @), (4.3)
p >n and feLi). (4.4)

Case (4.2) extends a standard result on the existence of weak solutions under the assump-
tion that f € L# (2), since the latter space is strictly contained in L[ﬁ’p /](Q).
As far as we know, the result in the borderline situation (4.3) is new. The conclusion
under (4.4) is classical.

(B) Assume now that f € L'(Q) and 1 < p < n. Theorem 3.7 yields the existence and
uniqueness of an approximable solution u to problem (4.1). The existence of such a
solution is guaranteed by Theorem 3.10 even if f is replaced by a signed measure p with
finite total variation on 2. In both cases, if 1 < p < n, then

n(p—1)

n(p—1)
uelL 7 >(Q) and |VulelL = Q). (4.5)
In the limiting case when p = n, the approximable solution in question fulfills

ueexpL(Q) and |Vu| e LeO®(Q), (4.6)
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where o(t) ~ % near infinity. Property (4.5) is nowadays classical—see [11]. Equa-
tion (4.6) is a special case of [27, Example 3.4]. In [30] it is shown that, indeed,
|Vu| € L™°°(Q2) when p = n. This stronger piece of information is derived via ad
hoc sophisticated techniques, exploiting the fact that the differential operator has exactly

an n-growth.

Example 2 Consider next the case when problem (1.1) has still an isotropic growth, but not
necessarily of power-type. A model with this regard is provided by the problem

AV
—div <b(x) |(V|urz|)w> —f  inQ
u=20 on 0€2,

4.7)

where A is an N-function and b € L°°(Q) is such that b(x) > 1. Clearly, problem (4.7)
reduces to (4.1) when A(t) = t” for some p > 1. Assumptions (1.3) and (1.4) are satisfied
with & given by (1.6), i.e. (&) = A(&]) for & € R”". In particular, owing to the first
inequality in (2.10), assumption (1.4) is equivalent to

la(x, &) < c(A(ED/IE]l + g(x))  forae.x € Qand every & € R",

for some function g € LA(2) and some constant. This agrees with a growth condition
typically imposed under the Aj-condition on A. Of course, here the expression A(|£])/|&]| has
to be understood as 0 if & = 0. Since ®,(¢) = A(¢) in the situation at hand, our conclusions
about weak solutions and approximable solutions to problem (4.7) can be deduced from
Theorems 3.2 and 3.7 just on replacing &, by A in all relevant occurrences.

For instance, consider the case when

A(t) ~ tP (log1)* near infinity, (4.8)

where either p > landw € R,or p =1 and o > 0.

The conclusions described below can be derived via our general results. Equation (2.27)
is also exploited for such a derivation. In what follows, E[exp L 5 n](€2) denotes the space
defined as in (2.21), with A(t) ~ e’ Y hear infinity.

(A) Theorem 3.2 tells us that problem (4.7) admits a unique weak solution « under any of
the following assumptions:

p=1landa >0, and f € ElexpL,n](R), (4.9)

ither 1 2 cR, e .
{el cri<p<mec and f e Llmtr " log L) 7 T(Q),  (4.10)

orp=n,a<n-—1,

ith ,

crierp =mn and f e L'(Q). @.11)
orp=nando >n— 1,

(B) If f € L'(Q), then Theorem 3.7 provides us with the existence and uniqueness of an

approximable solution u to problem (4.7). When f is replaced by a signed measure 1

with finite total variation, Theorem 3.10 applies to ensure the existence of a solution

of the same kind. Moreover, in both cases:
(i) if 1 < p < n, then

ueLPO®Q) and Vu e LeO®(Q),
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n(p=1) na
where (1) ~ ¢ = (logt)"» and
n(p—=1) no
o(t) ~ ¢ 11 (logt)"~T near infinity; (4.12)
(i) if p=nanda < n — 1, then

u€expLTe(Q) and Vu e LOO°(Q)
where o(t) ~ t" (logt)%f1 near infinity; (4.13)
@iii) if p =nand @ =n — 1, then
u €expexpL(Q) and Vu e LW >(Q),

where o(1) ~ t"(logt)"~'(loglog7)™! near infinity. (4.14)
Properties (4.12), (4.13) and (4.14) were established in [27, Example 3.4], except for
the case when p = 1 in (4.12), which is new. This case involves an N-function A that
does not satisfy the V;-condition near infinity, a situation that is not contemplated in

[27].

Example 3 Pattern anisotropic problems have the form

n

=Y (i@l Pug), = f  inQ
i=1

u=>0 on 9%2,

(4.15)

where u,, denotes the partial derivative of u with respect to the variable x;, the functions
b; € L°°(Q) are such that b; (x) > 1,and p; > 1 fori = 1,..., n. Here, assumptions (1.3)
and (1.4) are fulfilled with @ as in (1.7), namely ® (&) = >/, |&|” for & € R". One has
that

Do (1) ~t?  fort >0, (4.16)
where p denotes the harmonic mean of the exponents p;. Namely,
D= % (4.17)
7 izl b

Equation (4.16) is a special case of (4.21) below.
Our results with regard to problem (4.15) can be described as follows.

(A) Owing to Theorem 3.2, a unique weak solution to problem (4.15) exists under the same
conditions as in (4.2)—(4.4), with p replaced by p.

(B) When f € L'(Q) and 1 < P < n, Theorem 3.7 yields the existence and uniqueness
of an approximable solution u to problem (4.15). An approximable solution also exists,
owing to Theorem 3.10, if a signed measure p with finite total variation replaces f in
problem (4.15). Moreover, if | < p < n, then

n@-1)

pin(p—1)
uel 7 Q) and wuy € L @07 Q) fori=1,...,n, (4.18)

whereas, if p = n, then
tPi
logt

ucexpL(2) and u, € LQ"(')‘OO(Q), where ;(t) & near infinity.

(4.19)
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Property (4.18) extends and enhances a result of [15], proved only for p; > 2,i =

1,...,n, and yielding the weaker piece of information that u,, € L?(R2) for every
- pinG=D
9= "u-1p -

Example 4 Problem (4.15) is a distinguished member of a more general class of problems
taking the form

A;
53 (b( yadlD, ) =/ g
= lid.; | x; (4.20)
=0 on d€2,
where A; are N-functions, and b; € L°°(2) are such that b;(x) > 1,fori = 1,...,n

A choice of the function & that renders assumptions (1.3) and (1.4) true is now (1.8), i.e.
@(§) =", Ai(J&]) for & € R". One can show that

®,(t) ~ A(r)  near infinity,

where A is the N-function obeying
n 1
A= (]‘[A;%ﬂ) for 7 > 0, “21)

see [23, Eq. 1.9]. Thus, our results about weak and approximable solutions to problem (4.20)
follow from Theorems 3.2, 3.7, and 3.10 on replacing ®, by A throughout.

To give the flavor of the conclusions that can be derived from these theorems, let us test
them on the example given by choosing

A; (1) ~ tPi(log)®  near infinity, (4.22)

where either p; > l ando; € R, or p; = land o; > 0, fori =1, ..., n. Let p be given by
(4.17), and let o be defined as

One can verify via (4.21) that
A(t) ~ tﬁ(log H%  near infinity.
Then we have what follows.

(A) The existence and uniqueness of a weak solution to problem (4.20), with A; given by
(4.22), depends on the exponents p; and «; only through p and &, according to the
same assumptions as in (4.9)—(4.11), with p and « replaced by p and «.

(B) Theorem 3.7 or Theorem 3.10 ensure that an approximable solution u« to problem (4.20),
with A; given by (4.22), exists whenever f € L'(), or f is replaced by a signed
measure with finite total variantion, respectively. In the former case, the uniqueness of
the solution is also assured. In both cases:

(i) if 1 <p < n, then

ue L?0°Q) and u,, € L4O®(Q) fori=1,....n,
in(p—1) n(e; (p—+a)
and ;(t) ~t G (logt)  @=Dp near infinity;
(4.23)

n(p—1) na
where 9 () ~ ¢ = (logt)n-7
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(i) if p=nanda@ < n — 1, then

weexpLiTa(Q) and  uy € LOO(Q) fori=1,....n,

a; (n—1)+a

(
where g; (t) ~ tPi(logt) ™ -1 ~! near infinity; (4.24)
(iii) if p =nando =n — 1, then

u €expexpL(Q) and uy, € LOOQ) fori=1,...,n,
where g; (1) ~ 1P (log )% ' (loglog#)~'  near infinity. (4.25)

Example 5 Assume that @ C R?, and consider any Dirichlet problem

{—div a(x,Vuy=f  inQ (4.26)

u=>0 on 082

under assumptions (1.2)—(1.4), with ® given by (1.10), namely ®(&) = |& — &P +
|€119 log(c + |&()* for &€ € R?, with p > 1 and eitherg > land @ > 0, 0r ¢ = 1
and o > 0. Let @, be the function associated with this @ as in (2.51), with n = 2. One has
that

2pg pa
(i) if pg < p + q, then ®a(r) A 575477 logP74-74 (¢) near infinity,
2(p+q)

(i) if pg = p+q and pa < p + g, then D, (t) ~ exp (t P+‘H'a) near infinity,
(iii) if pg = pa = p + ¢, then ®,(r) & exp(exp(r?)) near infinity,
(iv) if either pqg > p + g, or pg = p + q and o > g, then condition (2.60) holds,

see [23, Sect. 1]. Thus the following conclusions hold.

(A) Owing to Theorem 3.2, problem (4.26) admits a unique weak solution # under any of
the following assumptions:

1 2 2 o
:elther pq <pr+4q and [ e Lol (log L) 7 74 (Q),

or pq=p-+q and a<q,
4.27)

and  feLY(Q). (4.28)

either pqg > p + ¢,
orpg=p+qganda > q,

(B) Problem (4.26) has an approximable solution u if either f € LY(Q), or fis replaced
by a measure p with finite total variation. In the former case, the solution is also unique.
These assertions are consequences of Theorems 3.7 and 3.10. Also,

@) if pg < p + ¢q, then

ue L7 Q),

where 9 (1) ~ 1 77474~ (log ) 7%4-7 near infinity, (4.29)
Uy, € LOO°(Q)  and  uy, —uy, € L2OX(Q),
1 1
where o;(t) ~ tq(zfﬁ)fl(logt)a(zfﬁ) and
~ 42—1)—1 e PR,
ox(t) Xt »” "(logt)4 near infinity; (4.30)
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(i) if pg = p+ g and @ < g, then
weexpLie(Q), uy € L2OXQ), and uy, — uy, € LO2OX(Q),

where 0 (t) ~ t7(log t)% and ©2(¢) ~ t7(log t)%7l near infinity;
4.31)

(iii) if pg = p + g and @ = ¢, then
ueexpexpL(Q), uy € L1020y and Uy, — Uy, € L0200,
where 01 (1) ~ 17 (logt)*(loglogr)~" and
02(1) ~ tP(loglogr)~" near infinity. (4.32)
Example 6 Assume that @ C R?, and consider any Dirichlet problem as in (4.26), with ®
now given by (1.11), namely ® (&) = |& + 3&|7 + el?6=8” _ | for & € R2, where p > 1
and B > 1. An analogous argument as in [23, Sect. 1] shows that
®o(1) ~ 12 log F (1 +1) near infinity.

Hence, condition (2.60) is in force. Theorem 3.7 then tells us that there exists a unique weak
solution to problem (4.26) for every f € LY(Q).

5 Proofs of approximation theorems

Here, we are concerned with proofs of the results stated in Sect. 2.5.

Proof of Proposition 2.2 By our assumption, there exists A; > 0 such that fo ®((Ur —
U)/r1)dx — 0as k — oo, namely, ®((Uy — U)/A1) — 0 in L'(€2). Hence, there exists
a subsequence of {Uy}, still indexed by k, such that Uy — U a.e. in €2, and the sequence of
functions ®((Uy — U)/A1) is pointwise bounded by a function in L'() independent of k.
Given any function V € L®(2:; R"), there exists A» > 0 such that 5(V/A2) e L'(Q). The
definition of Young’s conjugate implies that

|V - (Ux — U)] Ug—-U ~(V )
WU U=ty (VY e
Ao Al A2

Hence, Eq. (2.63) follows, via the dominated convergence theorem. ]

Proof of Proposition 2.3 Fix any U € L®(Q2; R™). Set, for £ € N,
Qr={xeQ: |Ux)| <4t}

By Tchebyshev inequality, [2\2¢| < |U|l.1(q;gn)/¢- Next, define U, = U xgq,, and notice
that |U ()] < |U(x)] and ®(Uy(x)) < ®(U(x)) for x € Q. Thus, if A > [|U | o gz /2,
then

U —U U
lim [ @ (2 dx = lim o= )dx =0. (5.1)
t—o00 Jo 2\ {—00 Q\Q 2\

Let ﬁ( denote the representative of the function U, which is defined everywhere in 2 as the
limit of its averages on balls at each Lebesgue point, and by 0 elsewhere. Fix any £, k € N, and
set Q = [—¢, £]". We split Q into a family of N (k) cubes Qf.‘ of diameter % defined as follows.

Consider a dyadic decomposition of Q, and distribute the boundaries of the dyadic cubes Qf.‘

@ Springer



186 Page 26 of 50 A. Alberico et al.

N(k) Qk

in such a way that they are pairwise dlS]Olnt and Q = U;_ Define y; = argmin ®|— oF

fori = 1,..., N(k). On setting Ek = U, (Qk) we have that Q = UN(k)Ek S1nce
Qk is a Borel set and U@ € M(; R”) the set E" is measurable. Therefore, the family

{Elk i =1,...,N(k)} is a partition of 2 into pairwise disjoint measurable sets. Next,
define the function Uy ; : 2 — R” as

N (k)

Uek = Z YiXEk-

i=1

We have that limy_, o Uy, k(x) = Ug(x) for every x € Q. Indeed, Uy x(x) = y; for every
X € Ek, whence |y; — Ug(x)| < diam Qk for every such x. As a consequence,
llmkﬁoo Upk(x) = Up(x) for a.e. x € Q. On the other hand, ® (U k(x)/A) = ®(yi/A) <
D Ug(x)/2) forevery £,k € N, and x € Elk Hence, owing to Jensen’s inequality,

Upr — U, 1 U 1 U U
Jo (5 )arss [0 (5 )aswg [[o(5)ar s [o(5) o
Q 2\ 2 Jo A 2 Jo A Q A
for every ¢, k € N. Therefore, thanks to the dominated convergence theorem,
Upr — U,
lim | @ (M> dx =0 (5.2)
Q A

k— 00 2

for every £ € N. By the convexity of @,

Uy —U 1 Ugr — Uy 1 U —U
[P a5 [o (P55 Jar+g [o(P57)ar 6

for every ¢, k € N. Owing to equations (5.1) and (5.2), the left-hand side of (5.3) tends to O
as k — oo. A diagonal argument then completes the proof. O

With Proposition 2.3 at our disposal, we are ready to prove Proposition 2.4. The proof to
be presented is based on ideas of that of [39, Theorem 2.2].

Proof of Proposition 2.4 Assume, for the time being, that €2 is starshaped with respect to the
ball B, (0), centered at 0 and with radius . This means that €2 is starshaped with respect to
every point in B, (0). Without loss of generality, we may assume that r < 2. Letk € N be so
large that % € (0, %), andset yy =1 — % < 1. For any such k, we define the set

Q =y + 1 B1(0). (5.4)

Our choice of k and y, ensures that Q; CC Q. Letm € N, and let U € LIIOC(R"; R™) be
such that U = 0 in R"\Q. Define Uy : Q2 — R™ as

Ur(x) = fR = UGy forx @, (5.5)

where pr(x) = p(kx)k™ is a standard smoothing kernel on R”, i.e. p is a nonnegative
radially decreasing function, p € C*(R"), supp p CC B;(0) and [g» p(x)dx = 1. Since
U@/v) =0if y ¢ 2, one has that Uy € C5°(2; R™). Moreover, if U € L®(Q; R™),
then

Ukl Loo(@;rmy < U [ Loo(;Rm).- (5.6)
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We claim that, if m = n, then
/ O(Up)dx < / O WU)dx 5.7
Q Q

for k as above. Indeed,

/Q¢(Uk(X))dx=/x ¢(/ﬂ;n pk(x—y)U(y/Vk)dy> dx

< / /R ok(x = )P (U (y/vi)) dydx
- / & (U /n) / P — y)dxdy = ] f ® (U(2))dz
R» R” R~
-~ / ® (U (2))dz
Q

< / ® (U(2))dz,
Q

where the first equality holds since Uy = 0inR"\ 2 and ®(0) = 0, the first inequality follows
from Jensen’s inequality, and the third equality is due to the fact that /g pr(x — y)dx =1
for every y € R".

Assume now that u € WO1 L® (£2). As observed above, the function uy, defined as in (5.5),
belongs to C§°(£2). Moreover, since the continuation of u to R” by 0 outside €2 is weakly
differentiable in R", the function 2 3 x +— u(x/yx) is weakly differentiable in 2. Thus,

(Vu)k = Vuk in Q, (5.8)

where (Vu)y is defined as in (5.5), with U = Vu. We shall show that there exists A > 0 such
that

Vi — V
lim | @ <M> dx = 0. (5.9)
o A

k—00

Owing to (5.8), Eq. (5.9) will follow if we prove that

k—00 A

Vi) — V
lim [ @ <(”)"7”> dx =0  forsome A > 0. (5.10)
Q

Fix any 0 > 0. By Propositions 2.3, there exist A > 0 and a simple function V : @ — R”

such that
Vu—V
/ o2 dx < o. (5.11)

The convexity of ® ensures that

/¢<(Vu)k—Vu) dx=/¢<(Vu)k—Vk+Vk—V+V—VM> dx
Q A Q A

1 Vi) — V, 1 Vi -V 1 V-V
S*/CI)(M)lkikdx—i-f/CD t dx+f/CD %) dx.

(5.12)

W] —
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By (5.7) and (5.11),

[ (W) i=[ o ((V-W) <o G
Q §)\. Q §)“

On the other hand, owing to Jensen’s inequality and Fubini’s theorem

Vi —V 3
/q’< kl )dXZ/ d’(*/ p(y)(V((x—y/k)/yk)—V(x))dy) dx
Q 3A o \2JBo

3
< / p()’)/ dJ(X(V((x —y/k)/vi) — V(x))> dxdy. (5.14)
B1(0) Q

Therefore
3
klim CD<X(V((x —y/k)/vk) — V(x))) =0 forae.x € Qandevery y € B1(0).
—> 00

Moreover,
3
@(X(V((x —y/k)/vi) — V(x))> =C

for some constant C, and for every x € 2, y € B1(0) and k such that % € (0, %). Hence, by
the dominated convergence theorem,

lim ®(§(V((x —y/k)/vk) — V(x))) dx =0 forevery y € B1(0).

k—o0 Jo

Furthermore,
3
/ <1><X(V((x =Y/ i) — V(X))) dx < C|Q|
Q
for every y € B1(0) and every k such that % e (0, %). Consequently, the rightmost side

of (5.14) converges to zero as k — 00, thanks to the dominated convergence theorem again,
whence

k—00 1

Vi -V
lim | @ ( k ) dx = 0. (5.15)
Q2 3

Inequality (5.10) follows from (5.11)—(5.13) and (5.15), owing to the arbitrariness of ¢. This
completes the proof in the case when 2 is a starshaped domain.

Assume now that €2 is any bounded Lipschitz domain in R”. Then, there exist a finite
family of open sets w1, ... and a corresponding family of balls By, ..., B, with radii
rl,...,ry,such that Q = U,{zle, and every set w; is starshaped with respect to the ball

Bj. Let us introduce a partition of unity #; subordinated to the family {w;}. Any function
u e WO1 L®(€2) admits the decomposition

J
u(x) = ZQj(x)u(x) for x € Q. (5.16)
j=1
Ifu € WgL®(Q), then Vu € L®(Q;R") and u € L®(Q), whence V(0;u) = Vo, +
0;Vu) € L®(Q; R"). Therefore,6;u € Wi L®(w;). Property (2.66) then follows on applying
to each function 6;u the result for domains starshaped with respect to balls.
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Inequality (2.65) is a consequence of inequality (5.6) and of the representation formula
(5.16).
As far as property (2.64) is concerned, choose any A > 0 such that

. Vur — Vu
lim Pl —— ) dx =0. (5.17)
k=00 Jq A

By inequality (2.47),

— Vup, -V
/ qg)d_ / ¢(M)dx (5.18)
Q Q|7 A Q A

for every k € N. From (5.17) and an application of Jensen’s inequality to the integral on the
left-hand side of inequality (5.18) we infer that uy — u in L(€2). Hence, Eq. (2.64) follows
on taking a subsequence if necessary. O

6 Weak solutions: Proof of Theorem 3.2

The present section is split into subsections, corresponding to subsequent steps towards a
proof of Theorem 3.2.

6.1 Regularized problems

We begin by constructing a sequence of problems approximating (1.1), and whose principal
part satisfies isotropic ellipticity and growth conditions.

Let A : [0, 00) — [0, 00) be a strictly convex N-function such that A € C Lo, 00)). In
particular, A’(0) = 0. Hence, the function

R 5 & — A(l§]) € [0, 00)

is a continuously differentiable radially increasing n-dimensional N -function, whose gradient
agrees with A’(|& |)% for £ € R", with the convention that the latter expression has to be
interpreted as 0 when & = 0. The equality case in Young’s inequality yields

tA'(t) = A(t) + A(A'(t)) fort > 0. 6.1)
Moreover, since A is strictly convex,
(A'(ISI)% - A'(Inl)%) (§—m) >0 forevery & # 1. (6.2)
Given ¢ € (0, 1), we define a® : © x R"” — R by
a®(x, &) :a(x,é)—i—eA/(Iél)é—l forx € Qand & € R”, (6.3)

and consider the problem

{ —diva®(x,Vu®) = f inQ 6.4)

u®* =0 on Q2.
We shall show that the function a®(x, -) satisfies isotropic ellipticity and growth conditions,

that allow to make use of an existence theory available in the literature. A priori estimates
for u®, independent of ¢ € (0, 1), will then be derived.
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Proposition 6.1 (Existence of solutions to regularized problems) Let 2 be a bounded Lips-
chitz domain in R". Assume that a : Q x R" — R" is a Carathéodory function satisfying
assumptions (1.2)—(1.4) for some n-dimensional N -function ®. Let A(t) be any continuously
differentiable strictly convex N-function in [0, 00) that grows essentially faster than t4 near
infinity for some q > n, and such that

A(ED) = @) for e R™. (6.5)

Lete € (0, 1) and let a® be defined as in (6.3). If f € L' (), then there exists a weak solution
u € Wi LA(Q) N L>®(Q) to problem (6.4).

The following function spaces will come into play in the proof of Proposition 6.1. Let us
denote by Wé LA(Q) the closure of C3° () in W!LA(Q) with respect to the weak topology

a(LA x LA, E‘Z X EZ). One has that
WILA(Q) € WILA(Q), (6.6)
see [38]. Moreover, we shall consider the space of distributions defined as

dfi
a&

W EA(Q) = {f eDQ): f=/o —Z

i=1

. e EANQ), i :0,...,n}. 6.7)

Proof of Proposition 6.1 We begin by showing that, under condition (6.5), the function a®
fulfills the assumptions required in [37, Sect. 5]. Besides being a Carathéodory’s function,
those assumptions on a® amount to a monotonicity condition that immediately follows from
(6.2) and (1.2), and to an estimate of the form

laf(x, &) < cA7 (cA(Ic&D) + cA  (ch(x)) forae. x € Qandfor € R", (6.8)
for some positive constant c¢. To verify inequality (6.8), observe that, by inequality (2.8),
& 2 (€ &
a8 6 <A (| =g]) + A (|Tar . 0)]) 6.9)
Cop 2

for a.e. x € Q and for & € R". Inequality (6.5) implies that Z(|‘§|) < 213(5) for & € R".
Hence, via inequalities (1.3) and (1.4),

at(x, &) &= (&) +eA(E]) +eA (A (&) = D (coalx, &) + A (eA'(IE]) — h(x)
1~ 1~
>2 <§A (co la(x, &)]) + EA (ch’(IEI))) — h(x)
~ (CO e
> 24 (7 ja* @, ©)]) = hx) (6.10)
for a.e. x € Q and for £ € R”. Combining inequalities (6.9) and (6.10) tells us that

A(F e eol) < A(

for a.e. x € Q and for & € R". Therefore, thanks to the monotonicity of the function A -1

we obtain that
. 2~ 2 2 ~
la® (&) = —AT (A (| =8| ) +h0) ) = —A7 (24
Cop Cop Co

2
*SD + h(x)
Co

2 ‘ 2,
—& >) + —A" (2h(x))
co

co
6.11)
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for a.e. x € Q and for £ € R". Hence, (6.8) follows.
Now, since ¢ > n, we have that ¢’ < n’. Then there exists a function F € L7 (; R"),
with F = (Fy, ..., Fy,), such that

divF = f— fo inQ, 6.12)

where fo = ﬁ S f(x)dx,the mean value of f over Q2. This follows, for instance, from the

use of the Bogowskii operator, and the boundedness of the latter from L'!(€2) into LY (Q)—/
see [16]. Inasmuch as A(z) grows essentially faster than 7 near infinity, the function ¢
grows essentially faster than A(t) near infinity. Thus, LY Q) CE A(Q), and hence f is a
distribution of the form f = fo — Y 1, 3—5’ with F; € EA(Q) fori = 1, ..., n. Therefore,
f € W-LE i (R2). As a consequence, the results in~[37, Sect. 5] ensure that there exists a
function u® € W(}LA(Q) such that a®(x, Vu®) € LA(Q) and

/ag(x,Vug)-V¢dx:/ fodx (6.13)
Q Q

forevery ¢ € VVO1 LA(Q). By (6.6), u® € W(} LA(€2). Moreover, an inspection of the proof of
[37, Section 5] reveals that [ A(Vu®) dx < oo, whence u® € W} £A(Q). Since the function
A(t) grows faster than 74 near infinity, one has that WO1 LA(Q) —> Wé’q (Q) — L*®(R), and
hence u® € L*®°(Q2) as well.

It remains to show that Eq. (6.13) holds not only for ¢ € WéLA(Q), but also for every
Y € W(} LA(Q), a space containing WO1 L£A(R). Fix any such ¢ and observe that, by the
embedding mentioned above, one has in fact that ¢ € L% (Q2) as well. An application of
Proposition 2.4 (in the isotropic case) ensures that there exists a sequence {¢;} C C5°(S2)
such that g — ¢ a.e.in @, |lgllzo@) =< Cll@llL>(q) for some constant C and for every
k € N,and Vg, — Vg modularly in LA (). Since a® (x, Vu®) € LA (L), by Proposition 2.2
and the dominated convergence theorem one can pass to the limit in Eq. (6.13) applied with
¢ replaced by ¢y, and infer that Eq. (6.13) holds for ¢ as well. This fact amounts to saying
that u® is actually a weak solution to problem (6.4). ]

A priori bounds for the solution u® to problem (6.4), independent of ¢ € (0, 1), are estab-
lished in Proposition 6.2 below. They are critical in obtaining a weak solution to problem (1.1)
as the limit of u® as ¢ — 0.

Proposition 6.2 (Uniform estimates in approximating problems) Let 2, a, ® and A be as
in Proposition 6.1. Suppose that f satisfies either of assumptions (3.2) and (3.3). Given
e € (0, 1), let u® be a weak solution to problem (6.4) exhibited in Proposition 6.1. Then:

(i) the family {u‘i} is uniformly bounded in W(}L(D(Q),

(ii) the family {e A(A'(|Vu®|))} is uniformly bounded in LY(),
(ili) the family {a(x, Vu®)} is uniformly bounded in L® ($2; R™).

Proof We shall make use of a comparison principle estanblished in [26], that links the solution
u® to the solution v to the symmetrized problem

Pt ¢0(|VU|) % . *
div <7|Vv|2 Vv>—f (x) inQ

v=>0 on aQX,

(6.14)

where @ is defined in (2.40), Q* denotes the open ball centered at the origin such
that |QX| = ||, and f* stands for the radially decreasing symmetral of f. Recall that
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f*(x) = f*(wa|x|") for x € Q*, where w, denotes Lebesgue measure of the unit ball in
R". According to [26, Theorem 3.1], our alternate assumptions (3.2) or (3.3) on f ensure
that problem (6.14) admits a weak solution v, given by

1 1 s\
v(x) :f —m Y < f**(s)) ds for x € QX, (6.15)

1
] nwn/nsl/n/ o nwn/n

where Wy is the function defined as in (2.43). Indeed, by (6.15),

ny1/n
IVo(x)| = \Dgl(%f**(wﬂﬂ’q)) for a.e. x € QX. (6.16)
nwy,
Thus
fe] ] sl/n
/ G(|Vv|)dx:/ G<\y5 ( T f**(s))>ds (6.17)
Q* 0 nwy,

for every continuous function G : [0, 00) — [0, 00). Equation (6.17), with G = P,
combined with property (v) of Lemma 2.1 and (2.41), tells us that

1 _
/ o (IVo])dx < f Do(cs/™ f**(s)) ds (6.18)

Qx 0
for some constant ¢ depending on n. If (3.2) is in force, then the last integral converges,

owing to the very definition of the space E [30, n](2). Suppose that, instead, (3.3) holds.
Then, owing to the inequality

1
) =< A frrydr= LAY for s € (0, 1€2)),

the convergence of the integral on the right-hand side of inequality (6.18) is a consequence
of the fact that

/d;;()\s*n )ds < oo forevery A > 0. (6.19)
0

The validity of condition (6.19) can be verified via a change of variables in the integral, which
tells us that it can be rewritten as

/ 20 (6.20)

tn’+l

Condition (6.20) turns to be equivalent—see [25, Lemma 4.1]—to condition (2.60) appearing
in (3.3). Altogether, we have shown that

/ e (|Vv])dx < oo (6.21)
Qx

under either assumption (3.2) or (3.3). This implies that v € WO1 £20(Q*), and hence it is
indeed a weak solution to problem (6.14).

On making use of the solution u® as a test function in the weak formulation of problem
(6.4), and recalling assumption (1.3) we deduce that
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/cp(W)der/ sA(|Vu8|)dx+/ sZ(A’(|w€|))dx5/ fufdx. (6.22)
Q Q Q Q

In particular, inequality (6.22) ensures that u® € W(} £2(€), and hence [26, Theorem 3.1]
can be exploited to infer that

@)*(s) < v*(s) fors e (0, |2)). (6.23)

We now distinguish between the cases when either assumption (3.2) or (3.3) holds.
Assume first that condition (3.2) is in force. Let us replace, if necessary, @, in the definition
of 6’50 in (2.55) by another Young function @, fulfilling condition (2.49) and such that
D, (1) = d,(¢) if t > 1. For instance, one can define ®, in such a way that it is linear in
[0, 1]. Therefore, there exists a constant #; > 0 such that S.(I) = &)(I) if # > t;. Denote by

&3\. the function defined as in (2.55) and (2.56), with @, replaced by ®,. Let A be a positive
number to be fixed later. By inequality (2.59), with ®, replaced by ®,,

ol _ ol _
f fuf dx < c</ Bu(As7 £7(s)) ds +/ O (Ls™r ()" (s)) ds). (6.24)
Q 0 0

Choose 1 = k3/c1, where k3 and ¢ are the constants appearing in inequalities (2.57) and
(2.41), respectively. The following chain holds:

1 1 €f __ /1 1
/ d>.<fs n(ue) (s)) ds </ CD.(fs_ﬁv*(s)) ds
0 A 0 A
1] g1/n
K3 K3 1 *
< . ¢°<7'V”'>‘”‘f/o “”(7(‘”0 <nw}/"f ””)»
|| K3 1 sl/n . 12| K3 1 Sl/n .
<, q’-(f(% (o)) ass o0 (o))
3 —l sk
Coo( (4! (L))
ln
= |2, (1)+ ( ( / f**(S))>

2gl/n Q __ / ogl/n
l/nf**(r)>dv<|§2|<l> <1>+/0 q>o( /f**(s)>ds

clnwy
(6.25)

= 12]Po (1)+

= [12]|Po (1)+

Note that the first inequality is due to (6.23), the second to (2.57) (with &, replaced by @),
the third by (6.17), the fourth by the definition of ®,, where sg € [0, |2|] is chosen in such

a way that
Sl/n
so = inf {se[O |L2]] : (\1151( l/nf**(s))> 51},
nwy

the fifth by (2.41), the equality holds owing to the very choice of A, the sixth inequality is a
consequence of property (v) of Lemma 2.1, and the last one follows via (2.41) again.

@ Springer



186 Page 34 of 50 A. Alberico et al.

On the other hand,
e 20 _ (s
/ Py (hsn f*(s)) ds =f <I>.<—sﬁf**(s)> ds
0 0 1
o] l o] ,
< / (Kis’f**( )) / 3, (—s f**(s)) ds
S1 0
— |€2]
< || (11) +/ (*S"f**(S)> (6.26)
0
where

s1= 1nf{s € [0, |21 snf**(s) < tl}
1

The rightmost sides in inequalities (6.25) and (6.26) are finite, owing to assumption (3.2),
and only depend on f, n and ®. From inequalities (6.22) and (6.24) one thus deduces that
there exists a constant C, depending on these data, such that

/ dJ(Vus)dx—i-/ 8A(|Vu£|)dx+/ eA(A'(|Vu®])dx < C (6.27)
Q Q Q

for ¢ € (0, 1). Assertions (i)—(ii) follow from (6.27). Assertion (iii) follows on coupling
inequality (6.27) with assumption (1.4).

Assume next that condition (3.3) holds. Then WOILCD(Q) — L%°(R), and from Egs.
(6.22), (6.23), (2.61), (6.16) and (2.41) we obtain that

[ e@utrar+ [ eaqvupar+ [ eRa(vadn < g lulise
Q Q Q
= Iflliv@llviizs@xy < Clf i@ IVl e @*)
1/n
-1 N
\IIO < 1/n f**(s)>
noy,
1/n
f s
nwy
for ¢ € (0, 1), and for some constants C and C’ depending on n, ®, and |2|. We claim that
the last norm on the rightmost side of inequality (6.28) is finite, since f € L'(£2). This is a
consequence of the fact that s/ f**(s) < s~1/7 |1l (g fors € (0, [$2]), of property (v) of

Lemma 2.1, of Eq. (2.41), and of (6.19), which is equivalent to (2.60). Therefore, inequality
(6.27) holds also in this case. One can then conclude as above. ]

=Clfllp e .
L% (0,122])

<CNflLie (6.28)

L*0 0,12

6.2 A Browder-Minty-type result

The following proposition provides us with an anisotropic version of a classical result, known
as the Browder—Minty monotonicity trick. It will be applied later, in the identification of limits
of certain nonlinear expressions in an approximation process.

Proposition 6.3 (A monotonicity trick) Let Q be a measurable set in R" with |Q2] < oo.
Assume that the Carathéodory function a : Q x R" — R satisfies condition (1.4) for some
N-function ®. Suppose that there exist functions

Y e L¥QR") and U e L®(Q;R") (6.29)
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such that
/ (Y —a(x,V))-(U—=V)dx =0 foreveryV € L*(2;R"). (6.30)
Q

Then
alx,U(x))=Y(x) forae x €. (6.31)

Proof Define the increasing family {€2;} of invading subsets of Q as Q; = {x € Q :
[U(x)| < j}for j € N. Fix any j, k € N with j < k. An application of inequality (6.30),
with V = U xq, + 0Zxg; forany o € (0, 1) and any function Z € L°(Q2; R™), yields

/ Y —alx,Uxe, +0Zxq;)) - (U—-Uxe, —0Zxe;)dx = 0.
Q
The last inequality is equivalent to
/ (Y —a(x,0)-Udx +0/ (ax,U+0cZ)—Y) - Zdx > 0. (6.32)
Q\% Q;

The first integral on the left-hand side of inequality (6.32) tends to zero as k — oo. Indeed,
assumption (1.4) implies that (Y —al(x, 0)) .U € LY(£2), and hence the convergence follows
owing to assumption (6.29) and Holder’s inequality (2.33). Thus, passing to the limit as
k — oo in inequality (6.32) and dividing by o the resultant inequality tells us that

(ax,U+0Z)—Y)-Zdx > 0.
Qj

Clearly,

lim a(x,U+oU) =a(x,U) forae x € Q. (6.33)
o—07T
Moreover, by (1.4),

sup / 5(Cq>a(x,U+oZ))dx 5/ sup CI>(U+OZ)dx—|—/ h(x)dx.
oe(0,1) /Q; Q;j oe(0,1) Q;

(6.34)

The integral on the right-hand side of (6.34) is finite, since the function sup, ¢ 1y(U + 0 Z),
and hence also the function SUP, (0,1 ® (U +0Z),is bounded in 2. By Theorem 2.8, the
family of functions {a(x, U + 0 Z)}s¢(0,1) is uniformly integrable in €2 ;. Hence, owing to
Theorem 2.6,

lim a(x,U +0Z)=a(x,U) in LI(QJ-;R”).
o—0F

Thus,
lim (a(x,U—{—aZ)—Y)-de:/ (a(x,U)—=Y)-Zdx.
] Q; Q;

Consequently,

/ (a(x,U)=Y)-Zdx >0
Qj
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for every Z € L>®(2;R"). The choice of

,_ —7%;533; if a(x,U)—Y #0
if alx,U)—Y =0,

ensures that

/ la(x,U) = Y|dx <0,

J

whence
a(x,U(x)) =Y(x) forae. x € Q;j.

Equation (6.31) follows, owing to the arbitrariness of j. O

6.3 Proof of existence of weak solutions
We are now ready to accomplish the proofs of Theorem 3.2 and of Proposition 3.3.

Proof of Theorem 3.2 Let A be an N-function as in Propositions 6.1 and 6.2, and let {u®} C
WO1 LAQ)NL®(Q) be the family of solutions to problems (6.4) fore € (0, 1). By property (i)
of Proposition 6.2, this family is bounded in W(} L®(R), and hence in WOl o1 (2). Therefore, itis
compact in L'(£2), and consequently there exists a function u € L'(€2) and a sequence {u®*}
such that u® — u in L' () and a.e. in Q. Property (i) of Proposition 6.2 and Theorem 2.9
then ensure that the family of functions {Vu®*} is weakly-* compact in L®(Q; R™). Since
ut — yu in L'(), we have that u is weakly differentiable, and its gradient agrees with
the weak-* limit of {Vu®} in L®(Q; R"). Similarly, property (iii) of Proposition 6.2 and
Theorem 2.9 again imply that the family of functions {a(x, Vu®)} is weakly-* compact
in L‘D(Q; R™). Finally, property (i) of Proposition 6.2 implies, via Theorems 2.8 and 2.7,
that the family {Vu?} is weakly compact in L'(€2;R"). Altogether, there exist a decreasing
sequence {g;}, fulfilling &y — 0%, and functions u € Woqu’(Q) and Y € L®(;R") such
that

u®* -y in L'(Q) and a.e. in Q, (6.35)

u* —~yu  weakly in Wh1(Q), (6.36)

Vit Vi weakly — % in L®(Q;R"), (6.37)

a(x, Vu®r) Ay weakly — * in LE)(Q;R”). (6.38)

By the weak formulation of problem (6.4) with ¢ = &,

&k

\Y%
/ a(x, Vi) - Vo + s A (IVu* ) —
Q

Vodx = .
T Vo dx /Qfgodx (6.39)

for every ¢ € W(} L£4(R). Notice that any such ¢ is automatically bounded by the classical
Sobolev embedding, since our assumptions on A imply that A(¢) > ¢4 near infinity for some
g > n. We begin by observing that

Vusk
|Vusk|

klim / e A (|Vue)) -Vodx =0 forevery ¢ € C°(R). (6.40)
— 00 Q
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To verify this assertion, consider, for fixed j € N, the set
={xeQ: |Vu*| </}

Plainly,

utk

/ e A (|Vu£“|) Vo dx

IVu S’fl

utk

[Vusk|

utk

[Vusk]

:/ e A (|Vua"|) -Veodx —I—/ A (|VM6"|) -Vedx.
ot o\QF

(6.41)

Inasmuch as A’ is a non-decreasing function,

ek

lim sup
k— 00

-Vodx

, e Vi
e A(IVu'])
o’k |Vusk|

= |Q|||V¢||L°°(Q)A/(j)kli)noloak =0.
(6.42)

On the other hand, since the sequence {|Vu®*|} is uniformly integrable in L' (), there exists
a constant C, such that
C

sup |sz\s2€k | < — (6.43)
keN J

Furthermore, since Aisan N -function, one has that A (A1) < Xg(t), provided that t > 0
and 1 € (0, 1). Thereby, A(exA'(|Vu®™[)) < exA(A'(|Vu®*])), and hence, by property (ii)
of Proposition 6.2, the sequence {&x A’(|Vu®|)} is uniformly bounded in LA(Q). Thanks to
Theorem 2.8, the sequence {ex A’ (|Vu®*|)} is uniformly integrable in 2. Coupling this piece
of information with (6.43) implies that

< ”V§0||L°°(Q) llm <sup/ . 8k|A’(|Vu5k|)|dx) =0. (644)
J=%0 \ keN sz\sz]:k

&k

v
/ er A (V) —— . Vo dx
a\Qt [Vusk|

lim sup ( sup

j—00 keN

Equation (6.40) follows from (6.41), (6.42) and (6.44).
Thanks to (6.38) and (6.40), choosing ¢ € Cgo (£2) in (6.39) and passing to the limit as
k — oo yield

/Y-dex:f fodx. (6.45)
Q Q

Since u® € W()lﬁq’ () N L*®°(R), for each k € N the function u® can be approximated by
a sequence of functions from C§°(£2) as in Proposition 2.4. On making use of Eq. (6.45)
with ¢ replaced by the functions approximating u®, passing to the limit in the approximating

sequence, and recalling that ¥ € L®(2;R") and that the sequence of approximating functions
is uniformly bounded in L°°(2) by C|lu®* ||~ (gq) we infer that

/ Y - Vub dx = / fu* dx (6.46)
Q Q
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for every k € N. Inasmuch as u® belongs to WO1 L£4(£2) N L*(R), it can be used as a test
function in the weak formulation of problem (6.4) with ¢ = ¢;. Therefore,

/ a(x, Vu®) - Vu®* 4 g, A/ (|Vu*|)|Vu® | dx = / fu*dx (6.47)
Q Q

for every k € N. Since the second term in the integral on the left-hand side of (6.47) is
nonnegative, Egs. (6.46), (6.47) and (6.37) imply that

lim sup/ a(x, Vu®) - Vutt dx < / Y -Vudx. (6.48)
Q

k— 00 Q

Now, given any function V € L% (2;R"), we have, by assumption (1.2),
0< / (a(x, V) —a(x, Vu®™)) - (V — Vu®™) dx
Q
< / a(x, V) Vdx —/ a(x, V) Vucdx
Q Q
- f a(x, Vu®c) - Vdx —i—/ a(x, Vu®*) - Vu®* dx. (6.49)
Q Q

Passing to the limit as k — oo on the rightmost side of (6.49), and making use of (6.36),
(6.38) and (6.48) imply that

/ (a(x,V)—Y)-(V — Vu)dx > 0. (6.50)
Q

Therefore, we are in a position to apply Proposition 6.3, with U = Vu, and deduce that
a(x,Vu(x)) =Y () forae.x € Q. (6.51)

Hence, in particular, a(x, Vu) € La’(Q;R”). Fix any test function ¢ € C§°(2). On passing
to the limit as k — oo in Eq. (6.39), and exploiting (6.38), (6.51) and (6.40) one concludes
that

/ a(x,Vu)-Veodx = / fodx (6.52)
Q Q

for every ¢ € C§°(2). Equation (6.52) continues to hold for any test function ¢ €
WOl L2(2) N L®(Q) as in the definition of weak solution to problem (1.1). Actually, let
{or} C C3°(R2) be a sequence approximating ¢ as in Proposition 2.4. Then, from Eq. (6.52)
with ¢ replaced by ¢, we have that

/a(x,Vu)-Vq)dx: lim /a(x,Vu)-Vgokdx= lim / f(pkdx=/ foedx,
Q k=00 Jq k=00 Jq Q

where the first equality holds by properties (2.66) and (2.63), and the last equality since
lokllze @) < Cll@llL=(q) for some constant C = C(n) and every k € N.
Finally, we have that

/ d(Vu)dx < oo. (6.53)
Q
Indeed, since ® is an n-dimensional N-function, inequality (6.53) follows, via semicontinuity,

from the convergence in (6.35) and estimate (6.22), whose right-hand side is uniformly
bounded as ¢ — 0. Equation (6.53) ensures that, in fact, u € WO1 £®(Q).
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The uniqueness of the solution u can be established along the same lines as in the case of
approximable solutions—see Step 6 of the proof of Theorem 3.7 in Sect. 7.2. We shall not
reproduce it here, for brevity. O

Proof of Proposition 3.3 Let u®* be as in the proof of Theorem 3.2. By property (6.35), one
has that u®* — u a.e.in Q. Moreover, inequality (6.23) implies that [|[u® || Lo (@) < |[v]lz>@)-
Thenorm ||v|| L (q) can be estimated on making use of equation (6.15). Thanks to assumption
(3.4), passing to the limit as k — oo in the resultant estimate yields inequality (3.5). O

7 Approximable solutions: Proof of Theorems 3.7 and 3.10

Proofs of Theorems 3.7 and 3.10 are presented in Sect. 7.2 below. Their outline is reminis-
cent of that of the diverse contributions on approximable solutions mentioned above, and, in
particular, it is patterned on that of [11]. However, some of the specific steps require substan-
tially new ingredients, due to the nonstandard functional setting at hand. This is especially
apparent in some fundamental a priori bounds that are the subject of the next subsection.

7.1 A priori estimates

A fundamental step in the proof of Theorem 3.7 amounts to an a priori anisotropic gradient
bound for the solution u; to the approximating problem (3.8) by the L' norm of f;. Of
course, we need such estimate to be independent of k. This is a consequence of the following
proposition.

Proposition 7.1 (A gradient estimate by the L' norm of the datum) Let 2 be an open set in
R" with |Q2] < oo. Assume that assumptions (1.2)—(1.4) hold for some N-function ®. Let ®
be the function associated with ® as in (2.44). Assume that f € L' () and that there exists
a weak solution u to problem (1.1). Then

/ O(Vuydx = |2 fll1 ) (7.1)
Q
for some constant ¢ = c(n).

Proof Standard properties of truncations of weakly differentiable functions ensure that, since
u e W& L£2(), the function T; (u — T;(u)) is weakly differentiable for every ¢, 7 > 0, and
belongs to W(}Eq’(Q) N L°°(2). Thus, the function T;(u — T;(u)) can be used as a test
function in Eq. (3.1).

This choice of test functions is the point of departure to derive [26, Inequali-
ties (5.5) and (5.6)], which tell us that

d
1 1 . (—dt f{w|>t}d>(Vu)dx

< — W 7
—u! (1) na)rll/nul/n (t) ¢ 1/n 1/n

) forae.t > 0. (7.2)
u Wy Uy (t)

Here, 1, is the distribution function of u defined as in (2.1). Multiplying through inequal-
ity (7.2) by =< f1,12) ®(Vu) dx results in
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d
-4 f{\ul>t} d(Vu)dx

—Hy, (1)
4 d
_d | ®(Vu)dx -4 } P(Vuydx
< f{|114|>t 1 \1,51 dt f{|’14|>’ 1 forae.t >0. (7.3)
nwn/n /m (1) nwn/n " ()

Now, Lemma 2.1 (i) ensures that the function ¢ o 03! is convex. Thereby, an application
of Jensen’s inequality and Lemma 2.1 (ii) yield

o o@ lf{,<\u|<t+h ®(Vu)dx - %f{t<|u|<t+h}(b<> o®<—>1(®(Vu))dx
F (=t + 1) + (1)) F (=t + 1) + (1))

1
I3 <|ul< @(Vu)dx

_ flfu ju <r-+h) for1,h > 0. (7.4)
E(_Mu(t-i-h)'f‘ﬂu(t))

Passing to the limit as & — 07 in (7.4) tells us that

d d
o 00! [t Sz OVWAX\ — G iy (Vi)
¢ ° 90 < -
—Hu® — 1, ()

forae.rt > 0. (7.5)

On the other hand, [26, Inequality (5.5)] implies that

S (1)
®(Vu)dx < / f*(s)ds forae.t > 0. (7.6)
0

d
dt Jijuj>r)

From (7.5), (7.3), Lemma 2.1 (iii), and (7.6) one deduces that

1 (_L?l f{|u\>[} ®(Vu)dx)

o

¢ —;, (D)
d
—1f _dr f{\u\>z} @ (Vu)dx
< dy :
=y, (1)
d d
< Pyt _dr f‘”‘”} @ (Vu)dx wol —dr f{|u|>t @ (Vu)dx
=0 1/” 1/" o l/n l/n
nwy ®) nwy (1)
d M
1~ Sz @V L (’)f (s)ds
=¥ 1/n l/n =V, W (7.7)
nwn (1) noy )

for a.e. t > 0. Hence,

d ) . /Lu(l) f (s)ds
- OVu)dx < —u,(t)O¢p o ‘-IJO W forae.r > 0. (7.8)
r Hul>1) nwy' "y (1)

Now, notice that

| e = [ swi-a@@nds+ [y
{lu|>1}

© (CIe%
=[ x{vu;/;milvmdx =[ [ (Vu) dH" 'dr  fort >0,
Q [Vul {lul=r}

[Vl
(7.9)
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where the second equality holds since ®(0) = 0, and the last one by the coarea formula for
Sobolev functions. Here, H"~! denotes the (n — 1)-dimensional Hausdorff measure. There-
fore, the function [0, 00) 3 1 > [y, ©(Vu)dx is absolutely continuous. Combining this
fact with inequalities (7.8) and Lemma 2.1 (iv) ensures that

0 d
/@(Vu)dx :/ (——/ @(Vu)dx) dt
Q 0 dt Jyu>n

00 (1) F*(s)ds

S/ (= m ()O (‘I’ol (W)) dt
0 nwp Ky, ()
9] T e)d 12| 2 r

/ 0o (v % drf/ T/ F*(s)ds dr
0 nw,’"ri/n 0 nw,"rt/m Jo

2 12| o -
ey [ dr = 207190
nwy 0

IA

Inequality (7.1) is thus established. O

The next two propositions provide us with superlevel set estimates for functions u €
Tol’q)(Q) and for their gradients Vu depending of the decay of the integrals of ®(Vu) over
the sublevel sets of u.

Proposition 7.2 (Superlevel set estimate for u) Let Q2 be an open set in R" with |Q2] < oo.
Let ® be an N-function fulfilling conditions (2.49) and (2.50). Assume that u € ’Z[)]’<D(Q)
and there exist constants K > 0 and to > 0 such that

/ O (Vu)dx < Kt fort > 19. (7.10)
{lul<t}

Then

Kt

[{lul = 1} = Jort > 1o, (7.11)

O (ot 7 K7
where &, and k are the Young function and the constant appearing in the Sobolev inequal-
ity (2.53).

If condition (2.49) is not satisfied, then an analogous statement holds, provided that ®,
is defined as in (2.51)—(2.52), with ® modified near 0 in such a way that (2.49) is fulfilled. In
this case, the constant iy in (7.11) has to be replaced by another constant depending also on
®. Furthermore, in (7.11) the constant ty has to be replaced by another constant depending
also on ®, and the constant K has to be replaced by another constant depending on the
constant K appearing in (7.10), on ® and on |L2|.

In any case, irrespective of whether (2.49) holds or does not, for every ¢ > 0, there exists
t=1(g, K, tg, n, ®) such that

Hlul >t} <e if t >1. (7.12)

Proof Assume first that assumption (2.49) is in force. Thanks to the definition of 7; and to
property (2.38),

/Qduvn(u))dx:/”l OTwdeand (1] Z 0 = (7] =1) = {21
u|<t
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for t > 0. We have that

t |7, ()|
Hlu| = t}| Dy, = l }q)n T | dx
ul>t
K> (f{\u|<t} CD(Vu)dy)

==

K2 (f{lul<t} Q(Vu)dy)g

<f ® |T; ()| dx</ o |T; ()] i
= n 1 = n 1 .
© e (fuen @T01dy) © \k2 (Jp (VT w)dy)”

n

(7.13)
By inequality (2.53) applied to 7; (u),
/ep,, 7wl : dng d>(VT,(u))dx=/ ® (Vu) dx.
Q K2 (fQ CD(VT,(M))dy)E Q {lul<t}
(7.14)

Combining inequalities (7.13), (7.14) and (7.10) yields

t
H{lul > t}|d>n<7|> < Kt fort > ty,
ko (Kt)n

an equivalent formulation of (7.11). -
Assume next that condition (2.49) fails. Consider the n-dimensional Young function & :
R™ — [0, o0) defined as

(7.15)

B - [s<s> ifée(@=1,
®E) ifEe(®> 1,

where E is the (unique) function, which vanishes at 0, is ligear along each half-line issued
from 0, and agrees with @ on {® =i}. Clearly, (&) < ®(&) for & € R”, and condition
(2.49) is satisfied if @ is replaced by ®. One has that

/ D(Vu)dx < / & (Vu)dx + / D(Vu)dx
{lul<t} {lu|<t,®(Vu)>1} {lul<t,®(Vu)<l1}

< / S (Vu)dx + |{lul < t}] <t(K +2), (7.16)
{lul<t,®(Vu)>1}

if t > max{zg, 1}. Therefore, the function u satisfies assumption (7.10) with ® replaced by
@, K replaced by K + ||, “and 7y replaced by max({zg, 1}. Consequently, inequality (7.11)
holds with &, replaced by (®),, K replaced by K + |€2], and 7o replaced by max{z, 1}.
Finally, in the light of (7.11), inequality (7.12) will follow if we show that
1
D, (tn
lim n() 0. (7.17)

t—00 t

By the definitions of ®, and ®,, Eq. (7.17) is equivalent to

D (1
lim %0 _ (7.18)
—00 ot =t
Jo (d>:(r)) tdt
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On the other hand, since @, is an N-function, there exist constants ¢ > 0 and7 > 0 such that

1
! T )m -
dt <c+t ift >1t, (7.19)
| G

whence Eq. (7.18) follows, owing to the behavior of N-functions near infinity. O

Proposition 7.3 (Superlevel set estimate for ®(Vu)) Let Q be an open set in R" with |Q2| <
00. Let @ be an N -function fulfilling conditions (2.49) and (2.50). Assume that u € 76]’(1) ()
and fulfills inequality (7.10) for some constants K > 0 and ty > 0. Then there exist constants
c1 = ci(n, K) and sog = so(ty, ®, n, K) such that

He(Vu) > s}| < c1

! n'
P for s > 5. (7.20)
s

If condition (2.49) is not satisfied, then an analogous statement holds, provided that ®,, is
defined as in (2.51)—(2.52), with ® modified near 0 in such as way that (2.49) is fulfilled. In
this case, the constant c1 in (7.20) depends also on ©.

Proof Inequality (7.10) implies that

1 t
H®(Vu) > s, lul <t}| < */ ®(Vu)dx < K- fort > tgands > 0.
S JD(Vu)>s, [u|<t} K
(7.21)

On the other hand,
HD (Vi) > s} < [{lul = 1} + {®(Vu) > 5, [u] < 1}| fort >O0ands >0. (7.22)

From (7.21) (7.22) and (7.11) one deduces that

Kt t
He(Vu) > s}| < ————— + K- fort>1rands > 0.
@y (ctn /Kn) s

Choosing = (K'/"®;"'(s) /)" in this inequality yields

K\ (@7 ()" :
(D (Vu) = 5| <2 (7) @ O s = @uerl™ k1,
c s
whence (7.20) follows.
If condition (2.49) is not fulfilled, the conclusion follows on modifying the function
near 0, via an argument analogous to that of the proof of Proposition 7.2. O

7.2 Proof of existence of approximable solutions

The proofs of the common parts of the statements of Theorems 3.7 and 3.10 are very similar.
We shall provide details on the former, and just briefly comment on the minor variants needed
for the latter.

Proof of Theorem 3.7 For clarity of presentation, we split the proof into steps.
Step 1 Approximating problems with smooth data.
Let { fx} C L®°(R2) be a sequence such that

fi— f in LY@ and | fillpie) <20 f1L0q)- (7.23)
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By Theorem 3.2, there exists a (unique) weak solution uy € Wolﬁq’ (2) to problem (3.8). In
particular, the very definition of weak solution tells us that

/ a(x,Vuy) - Veodx = / frodx (7.24)
Q Q

for every ¢ € Wl L®(Q) N L>®(Q).
Step 2 A priori estimates.
The following inequality holds for every k € N and for every ¢t > 0:

/Q OV, ) dx < 2] fl1()- (7.5)

Inequality (7.25) is a consequence of the following chain, that relies upon assumption (1.4)
and on the use of the test function ¢ = T; (ux) in Eq. (7.24):

/CD(VTz(uk))dx S/a(x,VTt(uk))VTt(uk)dx
Q Q

:/ a(x, Vup) VT (ux) dx 2/ ST (up) dx < 2t fllp1 -
Q Q

Step 3 Almost everywhere convergence of solutions.
There exists a function u € M (2) such that (up to subsequences)

up — u ae.in Q. (7.26)
Indeed, let ¢, T > 0. Then
Hluk — um| > T} < Hlukl > o} + Hlum| > 0} + T (i) — T (um)| > T} (7.27)

for k,m € N. Fix any ¢ > 0. Inequality (7.25) ensures, via inequality (7.27) of Proposi-
tion 7.2, that

Hluxl > 3] + lum| > 1} < & (7.28)

forevery k, m € N, provided ¢ is sufficiently large. Moreover, inequality (7.25) again ensures
that the sequence VT;(uy) is bounded in L(2). Hence, the sequence Ty (uy) is bounded
in WS’I(Q) and since the latter space is compactly embedded into LY (Q), there exists a
subsequence, still denoted by {uy}, such that T;(u;) converges to some function in L! (2).
In particular, it is a Cauchy sequence in measure, and hence

HIT: (ui) = Ti(um)| > T} < & (7.29)

if k and m are large enough. From inequalites (7.27)—(7.29) we infer that (up to subsequences)
{ux} is a Cauchy sequence in measure, whence (7.26) follows.
Step 4 {Vuy} is a Cauchy sequence in measure.

An application of Proposition 7.1 with f and u replaced by f; and uy yields, via (7.23),

/ OVur)dx < el f 10 (730)
Q

for some constant ¢ = c(n) and every k € N. Here, © is the function given by (2.44). Define
the function ®_ : [0, co) — [0, co) by

O_(s) = lglzfs Oé). (7.31)
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Namely, ®_ is the largest radially symmetric minorant of ®. Note that ®_ is a strictly
increasing function vanishing at 0. Let ¢ > 0. Given any ¢, , s > 0, one has that

HO—(Vitg — Vim]) > 1)] = HO—(Vag) > T} + HO—(lum]) > ) + [{lug — o] > 5)]
g — ] < 5, O—(Vug]) < 7, O—(Vitm) < 7, O—(Vitg — Vaml) > 1}].  (7.32)
Owing to inequality (7.30),
O (Vugl) > 1} sf O (|Vug)dx s/ OVupdx <l flq  (133)
Q Q
for k € N. Thus,
HO_(1Vugl) > 7} + (O (Vun]) > 7)] < & (7.34)

for every k, m € N, provided that t is large enough. Next, set

G ={luk —uml <5, O_(IVugl) <7, O_(|Vupyl) <7, O_(|Vug — Vuy|) > t},
(7.35)

and define
S={¢EneR"xR": || <7, [n| <7, |E—nl=>1},
a compact set. Consider the function ¥ : 2 — [0, co) given by

v(x) = (g,lf,l)fes[(a(x’ §) —alx,m)- (€ —nl.

The monotonicity assumption (1.2) and the continuity of the function & — a(x, &) for a.e.
x € 2 on the compact set S ensure that ¥y > 0in © and |[{/(x) = 0}| = 0. Moreover,

/ Y(x)dx < / (a(x,Vuy) —a(x,Vuy)) - (Vur — Vu,) dx
G G
< / (a(x,Vuy) —a(x, Vuy)) - (Vug — Vuy,) dx
{lug —um|<s}
= / (a(x, Vur) —a(x, Vuy)) - (VI (ug — upm)) dx
Q

_ /Q (i — ) Totk — ) dx < 451 Fll 0. (7.36)

where the last but one equality follows on making use of the test function Ty (ux — uy,)
in (3.8) and in the corresponding equation with k replaced by m, and subtracting the resultant
equations. Inequality (7.36) and the properties of the function v ensure that, if s is chosen
sufficiently small, then
{luk —uml <5, O_(Vug]) =7, O_(|Vup|) < 7, O_(|Vug — Vupl) > 1} <e.
(7.37)

On the other hand, since {u} is a Cauchy sequence in measure,
{luk —um| > s} <e, (7.38)

if k and m are sufficiently large. From inequalities (7.32), (7.34), (7.37), and (7.38), we infer
that {Vuy} is a Cauchy sequence in measure.
Step 5 Almost everywhere convergence of gradients.
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Our aim here is to show that the function u obtained in Step 3 belongs to the class 76”) (),
and that Vuy — Vu a.e.in Q (up to subsequences), where Vu denotes the “generalized
gradient” of u in the sense of the function Z, appearing in (2.38).

Since {Vuy} is a Cauchy sequence in measure, there exist a subsequence (still indexed by
k) and a function W € M (2; R") such that

Vu, — W  ae.in Q. (7.39)
We have to show that
Vu=Ww (7.40)
and
Xijul<yW € L*(Q; R") forevery t > 0. (7.41)

To this purpose, observe that estimate (7.25) ensures that, for each fixed # > 0, the sequence
{VT;(ur)} is bounded in L®(£2; R"). Hence, by Theorem 2.7, the sequence {VT;(ux)} is
compact in L®(Q; R") with respect to the weak-* convergence. Since T;(u;) — T;(u) in
L(€2), the function T (u) is weakly differentiable, and its gradient agrees with the weak-*
limit of {VT;(uy)}.

Thus, for each fixed ¢+ > 0, there exists a subsequence of {uy}, still indexed by k, such
that

lim VT;(up) = lim x{u < Viurk = x(ui<nW ae.in Q, (7.42)
k—o00 k—o00
and
Jim VT () = Vi) weakly- + in L®(Q; R, (7.43)
—00

Therefore, VT; (1) = x{u<qyW a.e.in Q, whence Eqs. (7.40) and (7.41) follow, owing to
(2.38).
Step 6 Uniqueness of the solution.

Suppose that u and u are approximable solutions to problem (1.1). Thus, there exist
sequences {fy} and {f;} in L>(), such that f; — f and f;, — f in L'(R) and weak
solutions uy to (3.8) and uy to

{ —diva(x, Vig) = f, in Q

ur(x) =0 on 0%, (7.44)

such that u;y — u and uy — u a.e. in .
Fix any ¢ > 0, make use of ¢ = T;(uy — uy) as a test function in (3.8) and (7.44), and
subtract the resultant equations to obtain

/{l ol }(a(x, Vug) —a(x, Vuy)) - (Vug — Vug) dx = /Q(fk — fo) Ty (ug — g) dx
Up—Uup|<t
(7.45)

for every k € N. The right-hand side of (7.45) tends to 0 as k — oo, since |T; (uy —uy)| < t.
As shown in Steps 3-5, one has that u, @ € 7,"®(S2), and {Vu} and {Viix} converge (up
to subsequences) a.e. in €2 to the generalized gradients Vu and Vu, respectively. Thus, by
assumption (1.2) and Fatou’s lemma, passing to the limit in (7.45) tells us that

/ (a(x,Vu) —a(x,Vu)) - (Vu —Vu)dx = 0.
{lu—ul=<r}
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Consequently, by (1.2) again, Vu = Vi a.e. in {|lu — u| < t} for every t > 0, whence
Vu =Vu ae.inQ. (7.46)

Fix any ¢, T > 0. Inequality (2.47), applied to the function 7 (u — T; (u)), and Eq. (7.46) tell
us that

/ Go(c|Tr(u — Tr(w))|) dx < (/ ®(Vu)dx +/ & (Vu) dX) ,
Q {t<|u|<t+t} {t—t<|u|<t}

(7.47)
where ¢ = ki |Q|7%, and « is the constant appearing in (2.47). We claim that, for each

T > 0, the right-hand side of (7.47) converges to 0 as t — oo. To verify this claim, choose
the test function ¢ = T; (ux — T;(ux)) in Eq. (7.24) and deduce that

/ S (Vuy)dx 5/ a(x,Vuy) - Vurdx < t/ | frldx.
{t<|up|<t+t} {t<|ug|<t+7} {Jug|>t}

(7.48)
Passing to the limit as k — oo in (7.48) yields, by Fatou’s lemma,
/ ®(Vu)dx < 'L'/ |fldx. (7.49)
{t<|u|<t+1} {lul>1}

Thereby, the first integral on the right-hand side of (7.47) approaches 0 as t — 0o0. An
analogous argument implies that also the last integral in (7.47) tends to O as t — oo. On the
other hand,

Iim T; (u — T;(w)) = Ty (u — u) a.e.in 2.
11— 00
From (7.47), via Fatou’s lemma, we thus infer that
/ D, (c|Tr(u —u)))dx =0 (7.50)
Q

for every t > 0. Since @, vanishes only at 0, Eq. (7.50) ensures that 7; (u — u) = 0 a.e. in
Q for every v > 0, whence u = u a.e. in Q.
Step 7 Property (3.11) holds.

Choosing ¢ = 0 in inequality (7.49) tells us that u satisfies assumption (7.10) of Proposi-
tion 7.2 with K = || ]| 11 (q)- By Propositions 7.2 and 7.3, the solution u fulfills inequalities
(7.11) and (7.20). These inequalities in turn imply (3.11). ]

Proof of Theorem 3.10 The proof follows exactly along the same lines as Steps 1-5 and 7 of
the proof of Theorem 3.7. One has just to begin with a sequence { f;} C L°°(2), which is
weakly-* convergent to  in the space of measures, and such that || fillz1q) < 2/lpll(S2).
Such a sequence can be defined, for instance, as in (5.5), with U (y)dy replaced by du(y).
Of course, the quantity || f| 1) has then to be replaced by || [|(€2) throughout.

Let us just point out that the proof of uniqueness, namely of Step 6 of Theorem 3.7, fails
in the present situation since, for instance, it is not guaranteed that the right-hand side of
equation (7.45) approaches 0 as k — oo. O
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