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Introduction

The main objective of this thesis is to obtain existence and comparison results for some
classes of nonlinear elliptic Dirichlet problems. A leading role in such results is played
by a priori estimates of solutions, which will be proved mainly by means of Schwarz
symmetrization.

The symmetrization methods, a compound of techniques essentially referable to the
use of isoperimetric inequalities and of the properties of rearrangements, allow to obtain
explicit and sharp estimates of solutions of boundary value problems.

So we are devoted to the study of some classes of nonlinear elliptic Dirichlet problems

in divergence form, which can be formally written as

{ —div(a(z,u, Du)) = H(z,u, Du) + f in Q,

1
1) u=>0 on 0f2,

where  is a bounded open set of R", n > 2, a(x,s,§) is a Leray-Lions operator, and
H(z,s,€&) and f verify suitable conditions. We look for a priori estimates for solutions u

of problems like (1), in the sense that
(2) lull < KA

where |lu|| and || f| are suitable norms of w and f. Usually, Schwarz symmetrization
permits to obtain the best constant in (2), in the sense that one can find the supremum

of the ratio
a norm of u

another norm of f’
where the data of (1) are supposed to verify appropriate constraints, and ) varies among
the domains of fixed Lebesgue measure.

The thesis is organized as follows.

Chapter 1 is devoted to recall some basic facts about rearrangements of functions.
The theory of rearrangements, whose beginning goes back to the works of Schwarz and
Steiner at the end of XIX century, was popularized and systematically developed by the
celebrated book of Hardy, Littlewood and Pélya of 1934 (see [64]). Referring to [64], [20],
[37], [67], [82], [84], [91], [93], we recall some fundamental definitions and properties.

In Chapter 2 we deal with the classical theory of pseudo—monotone operators in Ba-
nach spaces. The theory of monotone operators applied to boundary value problems has

its origins in the works of Minty and Browder, then it was generalized by Leray and Lions
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([73]) to a wider class of operators, namely the pseudo—monotone ones. Such generaliza-
tion allows to treat several classes of boundary value problems, some of them deriving
from problems of calculus of variations. Referring to [73] and [76] (see also [72], [87]),
we recall some results on this theory and we show how it can be applied to Dirichlet
boundary value problems.

In Chapter 3 we deal with comparison results for nonlinear elliptic problems with
lower—order terms.

Our aim is to establish a comparison, in some sense, between a solution of a given
problem with the solution of a “symmetrized” one, whose data are spherically symmetric.

A first result in this direction is due to Weinberger (see [98]). Here we recall a more
general result given by Talenti in [89] (see also Maz’ja [80]). In [89] Talenti proved that
if u € H}(Q) is a solution of the problem

(3) = (ay(2)ug,),, +clx)u= f, ue Hy(Q),
where () is a bounded open set of R™ (supposing n > 3 for sake of simplicity),
aij(a:)fifj Z ’£|2, for a.e. x € Q, \Vlé c Rn,

c(x) > 0 and f belongs to L"(Q2), with r = 2n/(n + 2), and if v is the solution of the

problem

(@) CAu=f* ve BYQH)
then
(5) u?(r) <wv(x), Voe Q¥
and

@, is < [ Do,
Q

o#
for 0 < g < 2, where Q% is the ball centered at the origin having the same measure of €

and f# denotes the spherically symmetric decreasing rearrangement of f (see Chapter 1
for definitions and properties of rearrangements).

Talenti’s result provides the “largest” solution in the class of equations (3) where the
measure of  is fixed and f has prescribed rearrangement. Moreover, the estimate (5)

allows to obtain, for example, that for any s € [1, +00]

I L) = [v] Ls(Q#) -

In this order of ideas, here we present a comparison result for equations whose proto-

type can be written in the form

{ —Apu+ h(z)|Dulp~ = c(z)|ufP2u+ f  in Q,

6
(©6) u=>0 on 0,
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where € is a bounded open set of R, A, is the p-laplacian operator (namely, A,u =
div(|DuP~?Du)), 1 < p < +00, ||h||r=) < B (here the case p = 2 models the linear
one), and ¢ and [ verify suitable summability hypotheses.

Our aim is to compare a solution of (6) with the radial solution v = v# of the problem

) { —Ayv + BIDufP2Du - & = ((¢H)# = (¢7)g) [0~ 20 + f#  in Q#

|z|
v=20 su 007,

Observe that, differently from Talenti’s result, in the “symmetrized” problem (7) we
take into account also of the zero—order term. In general, this leads to loose a pointwise
comparison like (5) in all Q% (see [36] for a counterexample). More precisely, if u is a
solution of (6), and v = v# is the solution of (7), then given s, = inf{s€[0,|Q]: (¢7). > 0}

(if ¢ =0, we put so = |€2]), we have
u*(s) <v*(s), Vse€|[0,so,

and

S l/n S 1/"
/ (w*(£))"" exp (_515 ) dt < / (v*(£))" " exp (—%) dt, Vs € [so, |]].
0 0 Wn

1/n
wR/

Several results of this type can be found in literature. For linear case see, for example,
(7], [8], [9], [10],[15], [36], [77], [91], [96], and for nonlinear case see [21], [45], [50], [51],
[81], [90].

Here we present a result obtained in [42], where both the coefficients of zero and first
order are considered, ¢ € L"(Q2), with > n/p, and f € L4(Q2), with ¢ > n/p. We remark
that the comparison result holds if there exists an unique (radial) solution of (7). This
is not guaranteed for any choice of the coefficients 5 > 0 and ¢ € L"(2). So we find a
structure condition on the the equation in order to obtain an existence and uniqueness
result for the “symmetrized” problem (7).

In Chapter 4 we deal with Dirichlet problems whose prototype is

{ — div(b(|u|) [Dul’"2 Du) = k(ju|) |Dul? + f, in Q

8
®) u=0 on 0f).

where €2 is a bounded open set in R", 0 <p—1< q < p < 400, k and b are continuous
functions such that £ > 0 and b > 0, and f € L"(2), r > max{n/p, 1}.

The study of (8) is also motivated by the fact that, in some particular cases, (8) is
equivalent to a problem like (6), with # = 0. This can be easily seen by means of a well-
known example, due to Kazdan and Kramer (see [66]). Furthermore, the same example
well explains the typical behaviour of problems like (8). Now we briefly sketch it (see
Chapter 4 for details).
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Let us consider the semilinear problem

—Au=|Dul*+ X\, u€ Hg(Q)NL>(Q),
u >0 in €2,

(9)

where )\ is a positive constant and €2 is a bounded open set in R". Performing the change

of variable v = e — 1, we obtain that (9) is equivalent to the problem

(10) { ;§UOZ A(v + 1), ;e@{{o (Q) N L=(Q),

By Fredholm alternative, Problem (10) (and then (9)) admits a solution if A is smaller
than A(€2), the first eigenvalue of the laplacian in 2. Moreover, if A > A;(£2), is not
difficult to show that (10) (and then (9)) does not admit a solution. In particular this
means that in general one can expect that, in order to prove the existence of a solution
to problem (8), one has to assume some smallness condition on the source term f.

Problems like (8) have been widely studied in literature under various hypotheses. In
a series of papers by Boccardo, Murat and Puel (see [29], [30], [31], [32]) the existence of
solutions of problems like (8), with p = ¢ and b constant, is proved under sign condition
on the lower order terms or assuming the existence of sub and super solutions. Moreover,
similar problems have been treated, for example, for £ = 0 in [3], [2], [26], and for k # 0
in [7], [62], [79], [2], [34], [94], [34], [53], [54], [84], [63] in the case p = ¢, and in [50],
[33], [63] in thecase p—1<qg<p.

The quoted results are of two kinds: the first one establishes existence of solutions
without imposing any additional condition on f; the second one requires conditions on the
smallness of some norm of f. More precisely, when it is possible to remove the smallness
hypotheses on f, appropriate hypotheses on the structure of the equation are needed, like
sign conditions or particular hypotheses on the functions k(s) and b(s).

Here we present an existence result for problems like (8) obtained in [43]. Our ap-
proach permits to treat in a unified way both the cases in which it is required a particular
hypothesis on f and the cases in which such hypothesis it is not necessary.

For example, when b = 1 in (8), our result reads as follows: if
(11) cllfllpr@ < SglgW(s),

where

W(s) = / I T g
0

and the constants ¢ and C' depend only on p, g,n and ||, there exists a solution of (8).
Depending on k(s), the function W (s) can be bounded or not. In the first case the

condition (11) is an hypothesis on the norm of f. In the second case, that is sup ., W (s) =

+o0, our result does not require any smallness assumption on f, because (11) is always

satisfied. On the other hand, our approach allows us to consider the more general condition
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sup,.o W(s) = +oo instead of lim,_, ., W (s) = +oo considered in previous papers (see
34], [85]).
The central point is to obtain an a priori estimate for solutions of (8), that we prove,

by means of symmetrization methods, in terms of the function W, namely

(12) Wllullze@) < ellfll - »

where ¢ is the same constant which appears in (11). If the condition (11) is not satisfied,
it is clear that (12) cannot give any information on |||~ (q), since it is trivially verified.
On the other hand, if, for example, W (s) is monotone, (11) and (12) immediately give
us a L>®—estimate for u. In general, under our assumptions, W(s) is not monotone, and
then (11) and (12) do not imply directly an estimate for u. The main point in the proof of
the existence result consists in showing that the only hypothesis (11) allows us to obtain
an uniform estimate for the solutions to suitable problems which approximate (8). After
passing to the limit such approximate problems we get the result.
We observe that, if £ = 0, the problem (8) takes the form

(13)

— div(b(|u|) |Du|’ > Du) = f inQ,
u=20 on 0f).

A typical example is given by a function b(s) which goes to zero when s goes to +o00. In
this case the operator u +— — div(b(|u])|Du[P~2Du)) is, in general, not coercive. Problems
like (13) have been investigated by several authors (see, for example, [4], [2], [26], [22]).

Another kind of degeneracy can be given, for instance, by means of functions b(s)

which blow up at finite values of s. A typical model of such problem is the following:

. (|Du|? Du ,
_ el I R 0
div < = e f in Q,

u =0 on 0f2.

(14)

Here 2 is a bounded open set in R, 1 < p < +00, a > 0 and f verifies suitable summa-
bility hypotheses. In the last chapter we study the existence of solutions of problems like
(14). So the main feature of this equation is the fact that the term b(u) = 1/(1 — |u|)®
blows up when u approaches the values +1.

Existence results for such kind of problems have been obtained by several authors in
the case p = 2 under different assumptions on the equation (see, for example, [23], [24],
[25], [58], [59], [83]). More precisely, under suitable hypotheses, in [83] it is proved the
existence of weak solutions u € Hj(2) of problem (14) such that ||u| @) < m or, in
a more general setting, the existence of distributional solutions which can approach the
values +£1 on a set of Lebesgue measure zero. In [24], [25], [58], [59], [23], problems
similar to (14) are considered. In this papers the idea of weak solutions is not well-suited,

because in such cases the solutions can achieve the critical values on a set of positive
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Lebesgue measure. For this reason, the authors adapt the definition of renormalized
solution to the structure of their problems, in order to obtain existence results.

Here we present some results obtained in [44], where we focus our attention on the
more general case 1 < p < +00, obtaining existence results with respect to the summa-
bility of b and f.

First of all, let us consider the case b¥/®=1) & L1(0,1). If f € L"(Q), r > n/p, it
possible to prove that there exists a weak solution u of (14), belonging to € W, ?(Q), such
that ||u||L=(q) < m (see also [83] for p = 2). We observe that this is the same behavior of
well-known standard elliptic problems. If we decrease the summability assumption on f,
it is possible to obtain solutions still in VVO1 P(€2), but which can reach the critical values
+1 on a set of Lebesgue measure zero. More precisely, if f € L"(Q2), np/(np —n +p) <
r < n/p, then we get weak solutions, otherwise if f € L'(Q), we adapt the definition
of entropy solution (see [19]) in order to have existence results. In the former case, our
result improves the one obtained in [83] when p = 2, where distributional solutions are
considered.

The case b € L'(0,1) is completely different from the previous one. Indeed, in order
to obtain existence of weak solutions u € W*(2) such that ||ul|f=@) < m we need to
require a smallness assumption on the L"™—norm of f, with r > n/p. If such smallness
hypothesis is not satisfied, it is not possible to obtain weak solutions because, in general,
the measure of the set {|u| = 1} is positive. To avoid this problem, we use the adapted
definition of entropy solution. This adaptation allows to treat also the case of the datum
fin LY(9).

We emphasize that all the obtained solutions are in the energy space W, (€2), differ-
ently from the typical results on elliptic equations with datum in L!.

We observe that the behavior of the function b does not allow to apply the classical
methods for Leray—Lions operators. To overcome this problem, we approximate the equa-
tion (14) by cutting the function b near the critical value 1 and taking smooth data, in
order to obtain operators which belong to the class of Leray—Lions ones. For the solutions
of this class of approximated problems, using symmetrization methods, we will obtain a
priori estimates in Lebesgue and Sobolev spaces. Such estimates, together with a result
on a.e. convergence of the gradients, allow us to pass to the limit obtaining the existence
results. We observe that, due to the presence of the function b, the a.e. convergence of

the gradients of approximated solutions holds only on the set {|u| < 1}.

Finally, I want to thank Prof. Vincenzo Ferone, who introduced me in this subject,

and who continuously supported and encouraged me during these years.



CHAPTER 1

Rearrangements

1. Definitions

Let €2 be a Lebesgue measurable set of R", with n > 1. We denote with |§2| its
n—dimensional Lebesgue measure, which we suppose to be positive and, for the sake of

simplicity, finite. Let u : 2 — R be a measurable function.

DEFINITION 1.1. The distribution function of u is the map p,: [0,+o00[— [0, 4o00[
defined by

pa(t) = {z € Qs Ju(z)| > t}].
Such function represents the measure of the level sets of u.

PrROPOSITION 1.1. The function p, enjoys the following properties:

(1) p(t) is monotone decreasing;

(2) pu(0) = [sptoul;

(3) spt py, = [0, esssup |u|];

(4) py(t) is right—continuous;

() pu(t™) = pu(t) = {z € Q- Ju(z)| = t}].

PROOF. (1),(2) and (3) are immediate from the definition. As regards (4) and (5),

{z€Q: |u(:c)|>t}:U{a:€Q: \u(m)|>t+%},
and )

(2 €Q: fu(z)] >t :ﬂ{xEQ )|>t—%},
we get .

lt) = Jim_|{z €0 fute)l > 04 ¢} = (0

k——+o0

k—+4o00

ja(t7) = lim Hx € Q: fu(z)] >t — %H = () + [{z € Q: Ju(z)| = t}].

We observe that, by (5), u,(t) is discontinuous only for ¢ such that
o € ula)| = £}] #0.

1
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DEFINITION 1.2. The decreasing rearrangement of u is the map u*: [0, oo[— [0, co[
defined by

u*(s) :=sup{t > 0: p,(t) > s}.

* is the “generalized” inverse of p,, in the sense that if ¢ is a point

Essentially, u
of discontinuity of p,, then the value of u* is fixed as t in the interval [, (%), . (t7)];
moreover, the flat zones of u, become jump discontinuities in u*.

Observe that u* is the distribution function of pu,; therefore u* enjoys the following

properties:

u* is monotone decreasing;
u* is right—continuous;
u*(0) = ess sup u;

ptu” = [0, [sptul];

w(pa(t)) <t and gy (u”(s)) < s.

0N

(1)
(2)
(3)
(4)
(5)

PROPOSITION 1.2. The mapping u — u* has the following property: given u, v mea-
surable functions on 2, then
lul < |v| = u* <o*.

PROOF. Since {z € Q: |u(z)| >t} C {z € Q: |v(z)| > t}, we have that
{t = 0: pu(t) > s} C {t = 0: po(t) > s}
then the result follows from the definition. 0J
DEFINITION 1.3. Two real-valued functions are equimeasurable if they have the same

distribution function. Equimeasurable functions are said to be rearrangement of each
other.

PROPOSITION 1.3. The functions u: Q — R and u*: [0, |Q]] — [0, +o00] are equimea-
surable, that is for allt > 0,

(1.1) H{z € Q: |u(z)| >t} = |{s € [0,Q]: u"(s) > t}].

PrOOF. By the definition of u*, it follows that
if u*(s) > t, then s < pu,(t);
if u*(s) <t, then s > ().
Hence
{s 2 0:u™(s) >t} = [0, pu(t)];
and this gives (1.1). O
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COROLLARY 1.1. With the preceding notations, we have

(1.2) o € Q: [u(@)] = ] = |{s € [0,9]: u(s) > t}|
(1.3) o € Q: Ju(z)| < t}] = |{s € [0,9]: u*(s) < t}]
(1.4) [{z € Q: |u(z)| <t} = [{s € [0,9Q]: u*(s) < t}]

PROOF. Since (1.4) is equivalent to (1.1) and (1.2) is equivalent to (1.3), it is sufficient
to prove that (1.1) and (1.2) are equivalent. Indeed, being

hlir(r)1+ H{z € Q: |u(z)| > t+ h}| = {z € Q: Ju(z)| > t}|
and
hlir(r)1+ Hz € Q: |u(z)| >t —h}| = [{z € Q: |u(z)] > t}],
we get the thesis. O

By Proposition 1.3 we get an important property of rearrangements: if u € LP(2),
with 1 < p < +o00, then u* € LP(0,]€2|), and

(1.5) ||u||LP(Q) = ||U*||Lp(0,|m)§

indeed, if p < 400, a simple application of Fubini’s theorem gives

\WhngQLﬁlmﬁmt

by equimeasurability of w and w*, (1.5) follows. If p = oo, the result follows from the
definition of rearrangement.

In general, (1.1) allows us to observe that if an operator ®, acting on a measurable
function u, depends only on the measure of the level sets of u, then the operator is
invariant with respect to the action of the rearrangement (see [82], [92]). For example,
the operator ®, defined as

ww:Amewm

where F': R — [0, +o0[ is a Borel measurable function, is rearrangement invariant, as

stated in the following proposition.

PROPOSITION 1.4. Let u: Q — R measurable. Let F': R — R be a non—negative Borel

measurable function. Then

/QF(|u(a;)|)dx—/0|Q|F(u*(s))ds.
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ProoOF. First, suppose that F' = X[t,+oo}1~ Then
| xeaslut@) do = |{o € 9 ufa)] > 1} | =
Q
=1{s>0:u*(s) >t}| = / X[t,+oo}(U*(8))d3-
0

Similarly, the result holds for F' = yg, where E is any interval and then if E is any open
set and, again, if F is any Borel set, by standard arguments. Hence the result is true for
any non-negative simple function F. If F' is any non—negative Borel function, it can be
expressed as the limit of an increasing sequence {Fj} of non negative simple functions.

Thus, for each n we have

12|
/QFk(|u(:E)|)dx:/0 Fr.(u*(s)) ds.

Using the monotone convergence theorem, we can pass to the limit as &k — 400 to get
the thesis. ]

We now prove another important property of rearrangements.

PROPOSITION 1.5. Let u: [0,1] — [0,400] be non—increasing. Then u and u* coincides

a.e.

Proor. If t < u(s), then p,(t) > s, being u non—increasing. Hence u*(s) > t, by
definition. This implies that

(1.6) u*(s) > u(s), forall sel0,l].
On the other hand, being u is non—increasing, we have that
py(u(s —h)) < s—h<s

for h > 0. Thus, by definition, u*(s) < u(s — h). Hence, if s is a point of continuity for

u, as h tends to 0 we obtain

(L.7) w'(s) < u(s);

then by (1.6) and (1.7) we obtain that u*(s) = wu(s) on all points of continuity of u;
observing that the set of points of discontinuity of a monotone function is countable, we
get the thesis. ([l

Here we have described only one kind of rearrangement, the decreasing rearrangement

'1'5)% la Hardy & Littlewood. Nevertheless, in literature several ways of rearranging a

We will denote with yz the characteristic function of a set E C R™, namely

1 o€k
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function have been defined. A good reference on this topic is, for example, [67]. Now we

just recall some definitions which will be useful in the following.

DEFINITION 1.4. The increasing rearrangement of w is the map w.,: [0, 00[— [0, 00|
defined by
ux(s) = w (|92 —5), s €0, Q]

The increasing rearrangement enjoys similar properties than the decreasing rearrange-

ment; however, observe that u, is monotone increasing and left—continuous.

DEFINITION 1.5. Let Q7 the ball centered at the origin having the same measure as

Q). The spherically symmetric decreasing rearrangement of u is the function u#: Q% — R
defined by
u? (x) = u(wn|z]™), =€ QF,
where w, is the measure of the unit ball in R", namely
T2

L +1)

Wy =

The function u* is also known as the Schwarz symmetrization of u. Likewise, the

spherically symmetric increasing rearrangement of u is the function uy : Q% — R defined
by
g () = uy(wnz]”).
All the functions defined above are equimeasurable with w.

2. Some fundamental rearrangement inequalities

THEOREM 2.1 (Hardy & Littlewood, [64]). Let u and v be two measurable functions
defined on a bounded open set Q C R™. Then:

12| [¢]]
(2.1) /0 u*(s)v*(s)dsS/Q\u(x)v(xﬂdxg/o u*(s)v*(s)ds

PROOF. Let us start to prove (2.1) in the case u and v are the characteristic functions
of two measurable subsets A and B of €, that is u(z) = xa(x), and v(z) = xp(z). Being

X&(8) = Xj0,2(5), VE C Q,

we get

(2.2) / |u(z)v(z)|dx = / Xang(z)dr = |ANB| <
Q 0
min{|A[,| B[} 12
< / ds = / X(0,41[(8)X [0, B|[(8)ds =
0 0

_ /0 (5o ()ds,
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and this proves the right-hand side inequality in (2.1). As regards the other inequality,
being AN B = A\ (Q\ B), we have

|AN B| > max {0, |A| +|B| — 9|}

Hence, by using similar arguments as above, we get
max {0,|A|+|B|- ||}
(2.3) / lu(z)o()|dz > / ds =
Q 0

9]
—/0 X[o,141[($)Xq101- Bl o) () ds =

0|
Z/O X(0,41(($) X0, (2] — s) ds =

12|

= | [(s)g.(s)ds.

0
If w and v are any measurable functions, applying Fubini’s Theorem and (2.2), we
obtain:

/0 . w(s)v*(s)ds =

Il
S~
=
N\
o\
+
8
>
22
N
Vv
(=)
:*
O
Vv
3
=
©
QU
=
~_
VR
N
+
8
>
22
N
4
()
O
Vv
S
—~
[
S~—
¥
~
~__
Q,
n
Il

400 400 1]
:/ d?”/ dt/ X{zZO:u*(z)>T}(S)X{zZO:v*(z)>t}(S)ds =
0 0

+oo +oo
:/0 dr/() dt/() X?yEQ:|u(y)\>r}(S)X?y69:|v(y)|>t}(S)ds >

400 400 1]
Z/ dr dt/ X{yelu(y)[>r} () X fye:|v(y)>1} (5)ds =
0 0

This completes the proof of the right-hand side inequality of (2.1). Using (2.3) and
applying similar argument as above, we get the other inequality and this completes the

proof. O

REMARK 2.1. If u is a measurable function defined on a open bounded set €2, and FE

is a measurable subset of €2, applying Theorem 2.1 with v = yg we get

/E u(z)] dz < /0 . u*(s)ds;

nevertheless, it is possible to prove that for any a € [0, |Q|] there exists a set E, C €,

such that |E,| = a and
/ lu(x)| dx = / u*(s)ds.
Ea 0
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REMARK 2.2. Theorem 2.1 allows to prove easily that the decreasing rearrangement
is a contraction mapping from LP(2) to LP(0, |2|), that is

(2.4) [ =" oo apy < e =2l ooy

for example, if p = 2, we get:

) 1€2] 1€2] 1€2]
o = gy = [ wPdst [ a2 [ <

/|u |dx—|—/|v )Pdr — 2 /|u x)|dx =

= |lu— UHL?

Observe that (2.4) implies that the rearrangement is a continuous mapping from L?(R")
to LP(R™); indeed, if || fx — f|l,» — 0 as k — 0, also || /7" — f#|» — 0.

The following two technical lemmas will be useful in the next chapters.

LEMMA 2.1. Let fi(s), fa(s) be measurable, nonnegative functions such that

/fl d8</ fa(s)ds, Vre[0,0].

If p > 0 is a decreasing function then:

/07“ fi(s)p(s)ds < /07" fa(s)p(s)ds, Vr € ]0,0].

PRrROOF. The result follows immediately from the following identity:
T T t T
[ setas == [ [ gsis) dotty+ o) [, e .
0 0 0 0

LEMMA 2.2. If f and g belong to L (Q), and

(2.5) /Or fH(s)ds < /01“ g (s)ds Vre|0,|Q],

then

| eyt < [ P,

Q
for all convex, non—negative functions F' such that F(0) =0, F Lipschitz.

PROOF. It is sufficient to show the result for ' convex and C*. By Lemma 2.1 we get
o]

|2
[ rr s < / g (s)F'(£*(s))ds,

being F'(f)* = F'(f*); hence

12| e]
| P = P = [P - s o
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and by Proposition 1.4 we get the result. 0
REMARK 2.3. Applying the above Lemma, if F' = |s|P’, and f,g € L*(Q2), 1 < p < 400,
verify (2.5), then we get
||f||LP(Q) < ||g||LP(Q)‘

The following result states another important rearrangement inequality.

THEOREM 2.2 (Riesz inequality). If f,g and h are non-negative measurable functions
the following inequality holds:
[ s [ s@ant-ydy < [ do [ gt e -y
n Rn n R
As regard the effect of symmetrization on Sobolev function, we have the following
important theorem, which affirms that a function in Wy*(Q) is in W, ?(Q#) and the

LP?—norm of the gradient decreases under the effect of rearrangement:

THEOREM 2.3 (Pdlya—Szego principle). If u € WHP(R"), 1 < p < +oo, is a non—
negative function with compact support, then u#* € WP(R") and

/|Du#|pdx§/ | Du|Pdz.
n Rn

A first proof of this result, not in its full generality, was given by Pdlya and Szeg6 in
[84]. Another proof can be found, for example, in [88].

As regards the case of equality in the Pdlya—Szego principle, the following theorem
holds:

THEOREM 2.4. Suppose that u € WIP(R"), 1 < p < 400, is a non-negative function

with compact support, and

[{|Du#| =0} N (u?)71(0, ess supu)| = 0.

/\Du#|pd:v:/ | Du|Pdz
n Rn

then Q is equivalent to a ball, and v = u™ a.e., up to translations.

If

The first proof of this theorem for Sobolev functions was given by Brothers and Ziemer
n [35]. Another proof can be found in [49] (see also [38]).

We observe that the Brothers and Ziemer result is false when p = 1. Indeed, the
equality [, [Du#|dz = [, |Du|dz holds for any function whose level sets are balls, but

u # u* if the level sets of u are non concentric balls.

3. Lorentz spaces

In this section we introduce some functional spaces, called Lorentz spaces, which are

“intermediate” between Lebesgue spaces.
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Given a measurable function v : 2 — R, we denote with u** the function
1 S
u™(s) = —/ u* (o) do.
s Jo

DEFINITION 3.1. A measurable function u : 2 — R belongs to the Lorentz space
LP9(Q), 1 < p,q < +oo, if the quantity

{/ [t /P ()] —} . 1<g<+o00,
(36) ||u||p,q = 0 t
sup  tYPut(t), q = +o00,
0<t<+oo
is finite.
The map || - ||, defines a norm, and the space (L®9(Q), [l,,,) is a rearrangement—

invariant Banach space. We observe that LP?) = LP, for any 1 < p < +oo, and ||ul|,, =
|wll,,,,- The space L) (Q), with 1 < p < +00, is also known as the Marcinkiewicz space
(or weak LP), and denoted with MP?(€2). Such space contains all the functions u such that
1
The following estimate establishes a relation between Lorentz spaces.

PROPOSITION 3.1. If 1 <p<+o0 and 1 < q <r < 400, then

1/q—1/r
Jul (?) T
p,r — p p,q :

In particular, we get the inclusions
L" c LW - 09 ~ [p) — [p ~ 7)) — [:o0) ~ L9,

forl<g<p<r<+4oo.
More details on Lorentz spaces can be found, for example, in [65], or in [20].
An useful tool when dealing with Lorentz spaces is the Hardy inequality, that we recall

in the following form:

ProposiTION 3.2 (Hardy). Suppose A > 0, 1 < v < +oo. Let f a nonnegative

measurable function on (0,+00). The following inequalities hold:

(37) [ (+ [ 1 ) N O

and

59 [ (0 [ ) Lo [Tansard

t

REMARK 3.1. By Hardy inequality and the fact that u* < u**, it follows easily that
the definition 3.1 can be equivalently stated replacing «™* with v* in (3.6). We observe
that in this case, if p < ¢ < +00, (3.6) is not a norm.
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Now we want to recall a property of Marcinkiewicz functions which will be useful in
the following.

First of all, we give a sense to the gradient Du of a function v € L'(Q2) such that the
truncates of u are Sobolev functions (see [19]).

Given h > 0, we denote with T},(s) the truncation function at level £h, defined as

To(s) = s if |s| < h,
e hsigns if |s| > h.

The following result holds (see [19]):

LEMMA 3.1. Given a measurable function u : 0 — R such that for every k > 0 the

truncated function Ty(u) belongs to WE'(Q), there exists a unique measurable function
v:Q — R" such that

(3.9) DTk (u) = UX{|u|<k} a.ce.

Furthermore, u € WEN(Q) if and only if v € L}, .(Q), and then v = Du in the usual weak

loc loc

SeENnse.

Therefore, if u : Q@ — R is such that for every £ > 0 the truncated function T (u)
belongs to W1 () we define the weak gradient Du of u as the unique function v which
verifies (3.9).

The following technical lemma gives a sufficient condition in order that the gradient

of a function belongs to a Marcinkiewicz space.

LEMMA 3.2 ([19]). Let v be a measurable function belonging to M (Q2) for some v > 1,
such that, for every k >0, Ty(v) belongs to Wol’p(Q), p > 1. Suppose that

(3.10) / |DvlPdz < ck®,  Vk > ko,
{lv|<k}

for some non—negative \, ¢ and ky. Then the weak gradient of v (in the sense of the above
definition) is such that |Dv| belongs to M1(Q), with g = vyp/(y + N).
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PRrROOF. Let k > 0 fixed. For every t > 0, we can write
{[Dv] > Kk} < [{[Dv| >k, |v] < ¢} + [{|v] > t}]

Using (3.10) and the fact that v € M7(Q2), we have, for ¢t > ko,

1 » 1
(3.11) {|Dv] > k}| < E/Q]DTt(vﬂ dx + |{jv] >t} < ¢ (ﬁ + t_V) :
For k sufficiently large, a minimization of the right—hand side of (3.11) gives
c
Do >k} < ooy

Observing that, for any value of k, [{Dv} > k| < |Q|, we obtain the assertion.

11






CHAPTER 2

Monotone operators

1. Definitions and first properties

In this section we give a review of some classical results about boundary value problem
for nonlinear elliptic equations. We will refer to equations involving monotone operators,
or, more generally, pseudo—-monotone operators.

First, we recall some basic definition. In what follows we will denote with V' a real
reflexive and separable Banach space and with V” its dual space. Let A: V — V' be a

mapping (nonlinear, in general).

DEFINITION 1.1. We say that A is monotone if
(1.1) (A(u) — A(v),u —v) >0, for any u,v € V;
A will be strictly monotone if the inequality in (1.1) is strict whenever u = v.

DEFINITION 1.2. We say that A is hemicontinuous if for any u,v € V, the mapping
t — (A(u+tv),v)
is continuous from R to R.
ExXAMPLE 1.1. The differential DJ: V — V' of a convex Gateaux differentiable map-
ping! J: V — R is monotone. Indeed, let w = v — v. The function j(t) = J(v + tw),
t € R, is convex and differentiable (therefore C1), with j'(¢) = (DJ(v + tw),v). Hence 5’

is non—decreasing, that implies
(DJ(v),v) =j'(0) < j'(1) = (DJ(u),v).
By reversing the roles of v and v, we get the monotonicity of D.J. Moreover, the continuity

of 7/ implies that D/J is also hemicontinuous.

We observe that if A is continuous from V' strongly to V’ weakly, then A is hemicon-
tinuous; conversely, we have the following surprising result, being the hemicontinuity a

very weak condition:

IWe recall that a f: V — R is Gateaux differentiable if there exists a mapping Df: V — V' such that

for any z € V
i L@ Fey) — f(2)
e—0 I3

= (Df(x),y), foranyyeV.

13
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LEMMA 1.1. If A be a bounded, hemicontinuous and monotone, then A is continuous

rom V' strongly into V' weakly.
gty Yy

PROOF. Let u; a sequence such that u; — u strongly in V. Being A bounded, A(u;)
is bounded in V’. Hence by reflexivity of V' we can extract a subsequence u;, such that

A(uj, ) = & weakly in V' . By monotonicity, we get that for any v € V,
0< (A(ujk)’ujk - U) - (A(U)’ujk - U)'

Clearly, (A(v),u;, — v) converges to (A(v),u — v). Moreover, by weak convergence of

A(uj, ) in V' and strong convergence of u;, in V, it follows that
(A(uj,), wj, —v) = (6w —v);
consequently, we obtain that for any v € V,
(1.2) 0<(&—Aw),u—v).
Let w € V, and t > 0. Applying (1.2) with v = u + tw, we get
(€& — A(u + tw),w) <O0.
By hemicontinuity of A, it follows that for any w € V', (¢ — A(u),w) < 0, that means
(€ —A(u),w) =0, YwelV

Hence £ = A(u), and this completes the proof. O

2. Existence results for monotone operators: the Browder and Minty method

Here we prove a general existence result, which method of proof is due to Browder
and Minty.
First, let us recall that an operator A is said to be coercive if

(A(v),v)

= +00.
lv=+o0 |0l

THEOREM 2.1 (Minty—Browder). Let V' a reflexive and separable Banach space. Let
AV — V' a bounded, hemicontinuous, monotone and coercive mapping. Then A is

surjective, i.e. for any f € V' there exists a solution u € V' of the equation
(2.1) Alw) = f.

To prove Theorem 2.1, it is fundamental the following technical lemma, which is a

variant of the Brouwer fixed point Theorem:

LEMMA 2.1 (Zeros of a vector field). Assume the continuous function P: R™ — R™
satisfies
Plx) x>0, if [z] =,
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for some r > 0.2 Then there exists a point x € B,(0) such that
P(z) = 0.

PROOF OF THEOREM 2.1. We intend to build a solution of the equation (2.1) by

first constructing solutions of certain finite-dimensional approximations to (2.1) and then

passing to the limit®. Let wi,...,wm, ... be a basis of V; for each m € N, there exists
U, € span {wy, ..., w,} such that
(22) (A(um), wm) = (f,w;), 1<j<m.

Indeed, first observe that

(A(tm), um) = (f, um) 2 (Altm), um) = ¢ |lunm;

the coercivity implies that for ||u,,|| sufficiently large, (A(um),um) — ¢||um| > 0. On
the other hand, the function v — (A(v),v) is continuous on span{ws,...,w,}, by
Lemma 1.1. Applying Lemma 2.1 with P(n) = (Pi(n),..., P,(n)) such that P;(n) =
(AQCT naw;) ,wy) — (f,w;), 1 < j < m, there exists u,, € span{ws, ..., w,,} that solves
(2.2). Hence, by (2.2) we get

(Aum); tm) = (f s tm) < NSl lumll;
by coercivity, and being A bounded, it follows that
[umll < C, ([ A(um)lly, < C.

Hence, up to subsequences,
Uy, — u weakly in V,
(2.3)
A(uy,) — & weakly in V'

Passing to the limit into (2.2), we get that for any 1 < j <m
(£>wj) = (f7 wj)7

that implies

(2.4 =t
Moreover, by (2.2) we obtain (A(um), um) = (f,um) — (f,u), and by (2.4) we get
(2.5) (Aum), tm) — (€, u).

Hence the Theorem is proved if we show that

(2.6) £ = A(u).

2Here x -y = 3.} 2;y; denotes the scalar product of two vectors x,y € R™.
3This is the so—called Galerkin’s method.
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Starting from

(2.7) 0 < (A(upy) — A), Uy, —v), Yv eV,

by (2.3) and (2.5) we can pass to the limit in (2.7) in order to obtain

(2.8) 0<(—AWw),u—v), Yvel.

Then we can reason exactly as in the proof of Lemma 1.1 in order to get (2.6). O

REMARK 2.1. We observe that under the hypotheses of Theorem 2.1, if the mapping
A is strictly monotone, the solution of (2.1) is unique.
3. An example of monotone operator
DEFINITION 3.1. Let 2 C R™ a bounded open set, and d € N. We say that a function
(2,6) € QxR = f(z,6) €R
is a Carathéodory function if
f(z,-) is continuous for a.e. = € Q,

and
f(-,€) is measurable for every ¢ € R%

Given f a Carathl’[}%odory function, and u: 2 — R, the mapping

(3.9) Au)(z) = f(, u(x))

is called the Nemytskii operator of f.
For such operators the following important result holds (see [69]):
THEOREM 3.1. Let f: Q x R? — R be a Carathéodory function such that

(2, 8)] < glx) + CIEF,

with 1 < p < 400 and g € LP(Q), where p' is such that 1/p + 1/p = 1. Then the
Nemytskii operator defined by (3.9) is a bounded and continuous mapping from LP()) to
L7 (Q).

EXAMPLE 3.1. Let © € R™ an open bounded set, 1 < p < 400 and V = W, ?(Q).
Suppose that F': R® — R" is a continuous monotone mapping, in the sense that for any
§,neR,

(3.10) (F(§) = F(n)) - (€£=n) =0,

and F satisfies the growth condition

(3.11) [F(&)] < C1+ ¢,
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for any £ in R™ and for some constant C. Then, the mapping
u e WyP(Q) — A(u) = — div(F(Du)) € W™¥(Q)
is bounded, hemicontinuous and monotone. Indeed, if u € W,?(Q), then F(Du) € L¥ (),
[F(Du)[”" < C(1+ [DulP~ /@0 < C'(1+ [Duf’) € L'(Q);
hence — div(F(Du)) € W= (Q) with the duality

(= div(F(Du)), v) = /Q F(Du) - Dvdz,

for any v € Wy*(€). The same computation as above gives that F(Du) is bounded
in L (Q;R™), therefore A(u) is bounded in W~ (Q). By theorem 3.1, the mapping
2+ F(z) is continuous from LP(2; R") strongly to L' (Q;R") strongly, hence we deduce
that A is continuous from W, (Q) to W% (Q), and a fortiori hemicontinuous. Finally,
for any u,v € Wy * (), we have

(A(u) — A(v),u —v) = /(F(Du) — F(Dv)) - (u—wv)dz > 0.

Q
Moreover, if we add the hypothesis that

(3.12) F(§) &z algl, VEeR”,

then A is also coercive, being
(A(u),u)  Jo F(Du)- Dudx
[l [ Dulll 1o

-1
> |||DU|||]ZP(Q) — 00,

as |||Du|HLp(Q) — 400. Applying Theorem 2.1, we get that if f € W= (Q), there exists
a solution u € W, *(Q) of the problem

—div(F(Du)) = f inQ
u=0 on 0f),

in the sense that
/ F(Du)-Dodx = (f,¢) for any ¢ € Wy*(Q).
Q

An example of function verifying (3.10), (3.11) and (3.12) is given by F(£) = [£|P72¢,
1 < p < +oo; then A(u) = —Ayu, where Ayu = div(|Dul""? Du) is the so—called p-

laplace operator.

4. Pseudo—monotone operators

In this section we want to examine a more general class of nonlinear mappings, namely
the pseudo—monotone operators. In applications, it often occurs that the hypotheses made

on the operator A in Theorem 2.1 are unnecessarily strong. In particular, the monotonicity
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assumption on A involves both the first—order derivatives and the function itself. Actually,

it is necessary only to have a monotonicity assumption on the first-order derivatives.
DEFINITION 4.1. We say that the mapping A: V' — V' is said to be of M —type if

u; — u weakly in V,
A(uj) — € weakly in V7, = &= Au).
limsup; o (A(uy),u;) < (& u),

REMARK 4.1. Such definition is suggested by the fact that, looking at the proof of
Theorem 2.1, if we substitute the monotonicity assumption on A with the assumption of
being of M—type, the Theorem continues to hold. Indeed, it is not difficult to show that
A is still continuous from V' strongly into V' weakly, and the monotonicity used at the
end of the proof is replaced by the fact that (2.6) follows, by definition, from (2.5).

So the M—type assumption allows to avoid the monotonicity condition, but it is not
easy to test that such assumption holds; to avoid this problem we introduce the class of
pseudo—monotone operators. This class of mappings is intermediate between the class of

monotone operators and the one of M—type.

DEFINITION 4.2. A mapping A : V — V' is called pseudo—monotone if whenever
u; — u weakly in V' and limsup,_, . (A(u;),u; —u) <0, it follows that
limjnf(A(uj), u; —v) > (A(u) —v) for all v e V.
j—+o0
REMARK 4.2. We observe that a pseudo—monotone operator is continuous from V
strongly to V' weakly; indeed, suppose that there exists u; — u strongly such that A(u;)
does not converges weakly to A(u) in V’. Then, up to a subsequence, A(u;) — f in V’
weakly, with f # A(u). Then

lim sup(A(u;), u; —u) =0,
j—too

hence, for any v € V,

liminf(A(u;),u; —v) = (f,u —v) > (A(u),u —v),

j—too
and then f = A(u); this is a contradiction.

The class of pseudo—monotone operators is an “intermediate” class:

PROPOSITION 4.1. A bounded, hemicontinuous and monotone operator is pseudo—

monotone, and a pseudo—monotone operator is of M —type.

Finally, combining Proposition 4.1 with Remark 4.1, we get the following existence

result.

THEOREM 4.1. Let A: V — V' a coercive pseudo—monotone mapping. Then, for any
f eV’ the equation A(u) = f admits at least a solution.
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DEFINITION 4.3. A mapping A: V — V' is said to be of the calculus of variations

type if it is bounded and it admits the representation
A(u) = A(u,u),

where the mapping
(u,v) €V x V> A(u,v) € V'

has the following properties:

(4.13) Vu € V, the mapping v — A(u,v) is bounded and hemicontinuous

' from V to V', and (A(u,u) — A(u,v),u —v) > 0;
(4.14) Vv € V, the mapping u — A(u,v) is bounded

' and hemicontinuous from V to V’;
(4.15) u; — u weakly in V, Yo eV,

' (A(uj,u;) — A(uj, u),u; —u) — 0, A(uj,v) = A(u,v) weakly in V’;
(4.16) uj — u weakly n V, = (A(u;,v),u;) — (¥, u).

A(uj,v) = U weakly in V7,

PROPOSITION 4.2. An operator of calculus of variations type is pseudo—monotone.

As before, by the above Proposition, the Proposition 4.1 and Remark 4.1 we get the

following result.

THEOREM 4.2. Let A :'V — V' be an operator of calculus of variations type. Then,
for any f € V', the equation A(u) = [ admits at least a solution.

5. Leray—Lions operators

Let © be a bounded open set in R". Given f € W~1(Q), we consider Dirichlet

problems of the form

—div(a(z,u, Du)) + H(x,u, Du) = f, in
(5.17)
u=20 on 052,

where the mappings a(z,s,£): Q@ x R x R" — R"™ and H(z,s,£): @ x R x R" — R have
the following properties:

(i) a and H are Carathéodory functions, i.e. they are measurable with respect to
x € Q, and continuous with respect to (s,£) € R x R™;
(ii) there exist g € L' (Q) and a constant C' such that

(ii1) la(z,5,€)| < gla) + O(sl”" + €77,
(ii2) [H(x,5,€)| < g(a) + C(Is[" + €7,
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with 1 < p < 400, for a.e. x € (), and for all s € R, £ € R™;
(iii) if (u,w) € WyP(Q) x Wy P(Q) — B(u,w) € R is the form defined as
B(u,w) = / a(x,u, Du) - Dwd:v—l—/H(x,u, Du)w dz,
Q Q

then
B(v,v)

Tellyr

— o0 as [ollyzr — +oo;

(iv) for a.e. x € Q and uniformly for s on bounded sets, we have
a(l’, S, 5) -§
€]+ 1¢f”

(v) the function a is strictly monotone with respect to £, that is

(a(z,s,§) —a(z,s,£))- (= ¢) >0,
for a.e. x € Q, s € R and for all £, € R such that £ # ¢'.

— 400 as [{| — +oo;

Observe that the form w +— B(u,w) is linear and continuous on W,”(Q); hence we can
write

B(u,w) = (A(u),w), A(u) € Wy (),
where A(u), u € D(R), is given by

(5.18) A(u) = —div(a(z,u, Du)) + H(x,u, Du).

THEOREM 5.1 (Leray & Lions, [73]). Let A : W, P(Q) — W1 (Q) be the operator
defined as in (5.18), where a(x,s,€) and H(z, s, €) verify (i) — (v). If f € W5 (Q), then
there exists u € WyP(Q) such that

Au) = [,

To prove Leray—Lions theorem, we need some preliminary lemmas.

First, we recall the following result:

LEMMA 5.1. Let h; a bounded sequence in L(2), 1 < ¢ < 400 such that h; — h a.e;
then h; — h weakly in LI(€2).

Next result is crucial in what follows.

LEMMA 5.2. Suppose that (i), (i), (iv) and (v) hold. Let
(5.19) uj,u € WyP(Q) such that u; — u weakly in W, P(Q).

Put
F; = (a(z, uj, Duj) — a(z,u, Du)) - (Duj — Du),
and suppose that

/QF](x)dx — 0.
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Then, up to a subsequence,

Duj — Du  a.e. in Q,

and
H(z,u;, Duj) — H(x,u, Du) weakly in L¥' ().

PROOF. By the monotonicity assumption, F; > 0; moreover, being u; — u in LP(2),

by (5.19), up to a subsequence we have that
(5.20) uj(x) — u(z), Fj(z) — 0in Q\ Q,

with || = 0. Fix = ¢ Qp such that g(z) < +oo, and let £* be a limit of Du;(z). We
prove that |£*| is finite. By (i) we have:

Fy(x) 2 a(x, u;(x), Duy(x)) - Duy(x) — e(|Duy(a) " + [Duy(x)| + 1),

where the constant ¢ involves the all the terms which does not depend on j; hence (iv)
implies that if |{*| = 400, then Fj(z) — 400, and this contradict the fact that F;(z) — 0.
Therefore, [£*| < +o00. Moreover, (5.20) together with the continuity of a(z,s,&) with

respect to (s, &) gives
(a(z,u(z),£") — a(z,u(x), Du(x))) - (€ — Du(x)) =0,

that implies
Du(z) = ¢
by the strict monotonicity. Being this limit independent of the extracted sequence, Du;(z)

converges to Du(z). So we have
H(x,uj, Duj) — H(x,u,Du) a.e. in ;
being H(x,u;, Du;) bounded in L (), by Lemma 5.1 we get that

(5.21) H(x,uj, Duj) = H(x,u,Du) weakly in Lp'(Q).

PrROOF OF THEOREM 5.1. We will prove that the operator
A(u) = —div(a(x,u, Du)) + H(x,u, Du)

is of calculus of variations type. Then the result follows from Theorem 4.2.

First, we introduce the operator A(u,v). Put

Aq(u,v,w) = / a(x,u, Dv) - Dw dzx,
Q

Ag(u,w)—/H(x,u, Du)w dz.
Q
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The form w — By (u, v, w) + By(u,w) is continuous on W, (), hence
Ay (u, v, w) + Ay (u, w) = A(u,v,w) = (A(u,v),w), Alu,v) € W (Q),
so we have
Au,u) = A(u).
Proof of (4.13), (4.14). By (v), we have
(A(u,u) — A(u,v),u —v) = (A (u, u,u — v) — Ay (u,v,u — v)) > 0;

moreover the mapping v — A(u,v) is bounded and hemicontinuous from V' to V'; indeed
for u, vy, vo € Wy P(Q) we have, for A — 0,

a(z,u, D(vy + Avg)) — a(x,u, Dv;)  weakly in LP'(Q),

H(x,u, D(v; + Avg)) = H(x,u, Dv;) weakly in L¥ (),

hence for any w € W, () we have

Az, v1 + g, w) — A(z,v,w) if A — 0,

and this proves (4.13). We can reason analogously to prove (4.14).
Proof of (4.15). Using the notation of Lemma 5.2, we get

(A(uj,uy) — Aluj,u), u; —u) = /QF(x)dx;

then if u; — u weakly in W, *(Q) and (A(u;, u;) — A(u,u),u; —u) — 0, by Lemma 5.2

we get H(x,u;, Du;) — H(x,u, Du) weakly in L?'; moreover, being
a(z,uj, Dv) = a(z,u, Dv) weakly in LF'(Q)

we have

A(uy,v,w) — A(u,v,w) for any w € Wy (Q);
hence A(u;,v) — A(u,v) weakly in W1 (Q).

Proof of (4.16). Let u; — u weakly in W, ?(Q) and A(u;,v) — ¥ weakly in W17 (Q).
So u; — w strongly in LP, hence by Carathéodory theorem
a(z,u;, Dv) — a(x,u, Dv) strongly in 1
hence
Ay (uj,v,uy) — Aj(u,v,u).
Moreover, being
| Az (uj, uj — u)| < clluy —ull,

it follows that
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But
As(uj,u) = (A(uj,v),u) — Ay (uj,v,u) — (U, u) — Ay (u, v, u),
hence by 5.22 we get
As(uj, uy) = (¥, u) — Ai(u, v, u)
and finally
(A(uj,v),u5) = Ar(ug, v, u5) + Az (uy, uj) — (¥, w).

REMARK 5.1. A typical condition in order that (iv) holds is
(iv') a(w,5,6) € > a lel’,
for a.e. x € Q2 and for any s € R, £ € R”, with a > 0. An operator
u— —div(a(z,u, Du))

where a(z, s, €) is a Carathéodory function verifying (ii1), (iv'), (v), is called a Leray—Lions

operator; by Theorem 5.1 the equation
—div(a(z,u, Du)) = f, u € W,7(Q)

has a solution for any f € W~ (Q). Clearly, the operator in the Example 3.1 is of
Leray—Lions type.

REMARK 5.2. We observe that the condition (iv’) implies that a(z, s,0) = 0. Indeed
a(x,s,t&)- & >0if t > 0, and a(x,s,t§) - £ < 0if t < 0. Being a(x, s,£) a Carathéodory
function,

a(x,s,0) = 11_{%@(95, s,t€) - € = 0.

EXAMPLE 5.1. Let u — —div(a(z,u, Du)) be a Leray-Lions operator, and suppose
that H(z, s, &) is a Carathéodory function such that (ii) holds. If we consider the Dirichlet
problem

—div(a(x,u, Du)) + H(x,u,Du) = f, u € Wy"(Q)
with f € W= (Q), we can apply Theorem 5.1 if, for example, H(x, s,¢) is bounded, or

if it satisfies a sign condition.






CHAPTER 3

Nonlinear elliptic problems with lower—order terms

1. Comparison results

In this chapter we deal with Dirichlet problems for nonlinear elliptic equations, whose

prototype can be written in the form

(1.1) { —Apu+ h(@)|DufP™ = c()[ulfPu+ f in Q

u=0 on 0f)

where ) is a bounded open set in R", A, is the p-laplacian operator, 1 < p < 400,
|R||L@y < B and c and f satisfy suitable conditions.

Our aim is to give some a priori estimates for solutions of equations like (1.1). More
precisely, we want to establish a comparison, in some sense, between a solution of a given
problem with the solution of a “symmetrized” one, whose data are spherically symmetric.
Such comparison allows us to obtain sharp estimates for the solutions of (1.1).

The first result in this order of ideas is due to Weinberger (see [98]), who proved that

if u is a solution of the problem
—(ay(2)uz,),, = f, u€ Hy(Q),
where (aij(x)uxi)xj are bounded measurable coefficients such that
ay(2)6E > vIE]®,  forae x € QVEER, v >0,
and f € LP(Q), p > n/2, then the following estimate holds:

(1.2) ||“||L<>o(Q) <K ||fHLP(Q)7

where K is the best possible constant. The first general result is due to Talenti, in his

pioneering work [89]. He proved the following theorem:

THEOREM 1.1 (Talenti). Let u(x) be a solution of the problem
(1.3) = (a5 (¥)uz,),, + c(@u=f, u€ Hy(Q)
where a;;(x) are bounded measurable coefficients such that

a;; ()& > v |§]2, for a.e. x € QVE € R, v >0,
25
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clx) >0, fel(Q),r=2n/(n+2)ifn>2,r>1ifn=2. Ifv is the solution of the
problem

(1.4) —Av = f*  wve Hy(Q"),
then

(1.5) u?(r) <wv(zr) Vo e Qf,
and

/(aij(m)uxiumj)qmdxg/ |Dv|? dx,
Q

Q#
for 0 < ¢ < 2.

REMARK 1.1. We observe that Talenti’s result immediately gives estimates of the type
lull < C £l

to this aim, let us observe that the solution of (1.4) can be explicitly written as
1 12 r
(1.6) v(x) = —2// r_2+2/”d7‘/ fr(s)ds;
n%}n " wn |z|™ 0

hence,

1 1€ s
esssup |u| = u(0) < v¥(0) = / s_2+2/"ds/ f*(o)do,
0 0

2/n
n2wn/

that gives an optimal estimate in the Lorentz space L™V (Q), or, if n > 3,

1 9] g~ 1+2/n _ ’Q|—1+2/n
esssup |u| = u*#(0) < v*(0) = —2/n/ 7 f*(s)ds <
n2wy’ " Jo n(n — 2)wy
’Q|2/n—1/r TL(T‘ B 1) 1/p
s () Wl

In Talenti’s theorem, the influence of zero—order term c(x)u is disregarded. This is
due to the sign condition on ¢, which allows to get rid of it.

Nevertheless, it is possible to obtain comparison results with problems which “remind”
the zero—order term.

For example, under the hypotheses of Theorem 1.1, if u is a solution of (1.3), and v is
the solution of the problem

—Av+cyv = f* ve Hy(QF),

we have

(1.7) /0 Y (8)ds < /0 N o (9)ds

(see [7], [36], [77]). Actually, we loose pointwise comparison; indeed it is possible to show

that, in general, (1.5) does not hold (see [36] for a counterexample). Nevertheless, we



1. COMPARISON RESULTS 27

have an integral comparison. The quantities involved in (1.7) are sometimes called the
concentrations of u and v.
In the linear case, a very general result, with no sign hypothesis on ¢ and with addi-

tional lower—order terms, was given by Alvino, Lions and Trombetti in [7]:

THEOREM 1.2 (Alvino, Lions & Trombetti). Let
(1.8) — (aj(2)uz,),, + (bi(@)u)s, + d(z) - Du+ c(z)u = f(x),
where a;;(x) are measurable functions in 2, and
ay(2)6E, > vIE]?,  forae. x € QVEER v >0,

b(x) = (bi(x),...,b(x)) and d(x) = (di(x),...,d,(x)) are such that

3" Jbi(e) + dif2)]? < R,
=1

Y (i), + e(x) = eo() in D(Q),

=1

where R is a constant and cy € L>®(Q). If v(z) = v(|z|) is a weak solution of the problem

(1.9)  —vAu+ R% - Dv + (cf)w(x)v — (cg)#(2)v = fF(2) in QOF, v € H (QF),

where cg and ¢y are respectively the positive and negative part of cy, then the problem
(1.8) has a solution u € H} () and we have that:

(1) if co >0 and co Z 0, then

(1.10) u*(s) <v*(s)

for any s € |0, s1], where s; = sup{s: (c)«(s) =0}, and

(1.11) / exp (—%Ul/n) u*(0)do < / exp (—%&/n) v*(0) do
Q VWn Q VWn

holds for any s € [s1, |]];

(2) if co <0, then (1.10) holds for any s € [0, |Q|];

(3) if cd,cg # 0, then (1.10) holds in [0, ss], and (1.11) holds in ]ss, |2|], where
so = inf{s: (¢ )«(s) > 0}.

The nonlinear case, first studied by Talenti in [90], has been treated by several authors
with different conditions on the lower order terms, and recently studied in a series of papers
by Ferone and Messano (see [50], [51], [81]).
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The main aim is to prove a comparison result which allows to estimate a solution of

(1.1) with the solution of the following problem:
{ —Apv+ B[ DvfP~2Du - & = é(a) |2 + f# in QF

|z

1.12
( ) v=0 on ON#

where ¢ denotes the function é(z) = (¢™)#(z) — (¢7) ().
If ¢ and f are bounded, it is possible to prove a comparison result if the positive part
of the function ¢(x) is small enough (see [51], [81]).

More precisely, if one defines the eigenvalue problem:

{ —ABYp = Ae Plel|p[p2)  in QF

1.13
(1.13) =0 on 90O,

where A2 is the operator Ay = div(e ?1*I| Du[P=2Du), it has been proved that if ¢t is
smaller than the first eigenvalue of (1.13), then

(1.14) u*(s) < v*(s), Vs e€|0,s0],

and

S tl/n S tl/n
(1.15) / W (£) exp (—%) dt < / v (1) exp (—%) dt, Vs € [s0, ],
0 Wn 0 Wn

where sp = inf{s € [0, |Q|] : (¢7)«(s) > 0}.
We are interested in studying what happens in the more general case when ¢ € L"(Q),
with 7 > 2, and f € LY(Q), with g > > (see [42]).

2. Some basic tools

Now we recall some basic definitions and properties which will be fundamental tools
in what follows, namely the isoperimetric property of the sphere and the coarea formula

for Sobolev mappings.

DEFINITION 2.1. Let €2 an open subset of R” and E C () measurable. We define the

perimeter of K in () as

(2.16) Po(E) = sup {/ divpdr : o € C7(Q,R"), [[[o]ll o) < 1} :
E
We will denote Pgn(E) with P(E).
The definition for {2 = R™ coincides with the one given by De Giorgi in [39].

THEOREM 2.1 (Isoperimetric inequality). If E is a measurable set of R™, one of the
following inequalities holds:
P(E) > nwlf" |B]' "

or
P(E) > nwt/™|R"\ E|*".
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A proof without particular restrictions of the isoperimetric inequality was given by De
Giorgi in [39].
The following result is a very useful tool in analysis.

THEOREM 2.2 (Fleming & Rishel [56]). Let f € WH(Q), with Q open set in R".
Then

/QIDfI dx=/+ooPQ({er: f(z) > t}) dt.

o0

3. Nonlinear eigenvalue problems

In this section we want to recall some results about the following Dirichlet problem:

{ —Apu+ B|DvP2Dv - & =m(x)|vP 2o+ f  in Q,

|z

3.1
(3:1) v=20 on 02,

where 1 < p < +o00, (# is a nonnegative constant, {2 C R" is a bounded domain, m €
L7(Q), with » > max{n/p, 1}, m > 0, and f € LY(Q), with ¢ > max{n/p, 1}.

We observe that to solve the problem (3.1) is equivalent to solve the following one:

(3.2) —Aby = m(z)e #l|vP=2y + fe=flzl  in Q
v=0 on 0f2

where AP is the operator defined as Abu = div(e /| Du[P=2Du). We want to study
existence and uniqueness of (3.1).

In the linear case, with p = 2 and g = 0, if m(z) € L*>(2), the problem (3.2) can be
approached with the classical Fredholm alternative theory (see [60], for example).

In general, if the coefficient of the zero—order term is bounded, it is possible to relate
the problem (3.1) with the eigenvalue problem
{ — AP = Ae Rl in Q)

(3:3) v=0 on 0f).

It is possible to prove existence and uniqueness results of related to a smallness assumption
on the L* norm of m (see [14], [46],[51]).

We want to focus our attention on the general case with m unbounded. In this case
we have to consider a weighted eigenvalue problem which reminds the coefficients of the

lower—order terms; namely, we consider the problem

{ —APp = dm(z)e Pl pP2p  in Q

(3.4)
Y= 0 on 0f).

We recall that A is an eigenvalue of (3.4) if there exists v € W, 7 (Q) such that v # 0 and
the couple (A, v) satisfies

/ e Pkl Du|P™* Dv - Dy dx = / m(z)e P2 |w|P? vp da +/ e Pl foda,
B B B
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and the function v is called eigenfunction relative to \. We will denote with A(3, m) the
spectrum of (3.4).
We have the following result ([11], [14], [57], [71]):

THEOREM 3.1. If |[{z € Q: m(z) > 0}| > 0, then there exists a sequence Ny (Q) of
positive eigenvalues of (3.2) such that

lim AP (Q) = +oc.
k—4o00

Such eigenvalues can be evaluated by using Lyusternik—Schnirelmann method (see

[78]) as critical values of the functional

/ e Pl DwPdz
Flw) = —2

/ e Pllm(z)|w|Pda
B

on a family of subsets of VVO1 P(Q) with particular topological properties. One of these

eigenvalues is characterized as the minimum of F on W, (€):

/e_ﬁx||Dw|pd5B
(35) M(@Q) = min —2

= min

wegigm)/ﬂe—ﬂzlm(x”Mpdw

Clearly, A7(€2) is such that no other eigenvalue belongs to the interval [0, \7[. We refer
to A?(Q) as the first eigenvalue of (3.2).

Such value enjoys some important properties ([12], [74]):

(1) A

Q) is simple; this means that if v and v are two eigenfunctions relative to

(2) A

(2) is isolated, in the sense that no other eigenvalue is contained in the set

1(Q)
A(Q), then u = aw for some a € R;
1)

IN(Q) — e, X (Q) + ¢ for some & > 0.

In the case § = 0, by symmetrization methods is possible to prove the following result
(see, for example, [40], [4], [1]):

THEOREM 3.2 (Faber-Krahn inequality). Let Q be an open, bounded and connected
subset of R™, 1 < p < n. If \{(%) is the first eigenvalue of the problem

(3.6) —Ayv = dm# (z)|v[P~20  in QF
v=20 on 007,
then
M (%) < X(Q),

and equality holds if and only if Q = Q% and m = m* a.e. in Q, modulo translations.
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As regards the solvability of problem (3.1), it is possible to prove a Fredholm al-
ternative type result related to the spectrum A(3,m) of the operator u +— —Agu —

m(z)e P |uP~% u (see, for example, [14]):

THEOREM 3.3. If A & A(B,m), then the problem (3.1) admits a solution in W, ()
for any f € W17 (Q).

The proof relies on the Leray—Schauder degree theory (see, for example, [99]).

Proor. Let A € A. Applying for example the results of Chapter 2, we get that
—AP is an homeomorphism from Wy (Q) to W= (Q); moreover, Wy (Q) is compactly
embedded in LP(£2), so the operator

(t,u) € [0,1] x WyP(Q) = Ay(u) = (—AD) 7 (Ame M uP~2u + te P f) € Wy P(Q)

is compact. If we prove that A; admits a fixed point, we get the theorem.

By degree theory, it is sufficient to show that the set
(3.7) {u e W;P(Q) : 3t € [0,1] such that (I — A)(u) = 0}

is bounded. This means that the solutions in (3.7) are a priori bounded. By contradiction,
there exists a sequence u; € W, *(Q) and t, € [0,1] such that

Ai(u;) = uj and HujHWOl,p(Q) — 400 as j — +00.
Let v; = u;/ ||uj||WO1,p(Q). Up to a subsequence,

v; — v weakly in W;?(Q),
v; — v strongly in LP(€Q).

Moreover, v; satisfies

t.e— Bzl
0y = (~A) [ Ame g2, 4+ 2T

I

I
hence we deduce that v; — v in Wy (), HUHWOL;D(Q) =1, and v solves the problem
—ABy = dm(z)e v~y in Q
v=20 on 0}
Consequently, A € A and this is a contradiction. O

4. The radial case: existence and uniqueness

Now we want to study the Dirichlet problem (3.1) with radially symmetric data, that

||

—Apv+ B|DvlP2Dv - & = b(z)|vP?v+ f in B
v=20 on 0B
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where ( is a nonnegative constant, B is a ball centered at the origin, and b and f are
radially decreasing symmetric functions, b(x) = b(|z|), f(z) = f(|x|) > 0 with b € L"(B),
r > max{n/p, 1}, and f € LI(B), with ¢ > max{n/p, 1}.

Equivalently, we will study the following problem:

{ —ABv = b(z)e PloP~20 + fe Pl in B

4.2
(42) v=>0 on 0B

where Ag is the operator defined in the previous section.

More precisely, we prove the following result:

THEOREM 4.1. If
(4.3) 1 < \(B),
then the problem (4.1) admits a unique nonnegative solution v(x) such that
(4.4) v(x) = v¥(2).

Moreover, v minimizes the functional
/|Dw|pe Blel gg — /b[w[”e Bll gg — /fwe Alel gz, w € Wy (B).
In order to prove Theorem 4.1, we recall a technical result (see [74]).

LEMMA 4.1. If p > 2, then

[af? > [P+ pl&u 7261 - (G2 — &) + |2§§ T §1|1p
for every £&1,& € R™. If 1 < p < 2, then:
p p pP=2 ¢ _ [$ _§1|2
|£2‘ = |€1‘ +p |£1| él (52 gl) + h(p) <|§1| n |§2|)2—p

for every &1,& € R™, where h(p) is a positive constant depending on p.

PROOF OF THEOREM 4.1. By the hypothesis (4.3), the operator
8 ~Bla| |, [P=2
—Aju — b(x)e ol P2

is coercive with respect to the weighted norm [[ul|;, , = o e~ %=l | Du|? dz; then, by The-
orem 5.1 of Chapter 2, there exists a solution v € Wy”(B) of (4.1). By well-known
regularity results, the summability assumptions on b and f guarantee that the solutions
are bounded (see [61], Theorem 7.5 and Remark 7.6).

Let f =0 in B. Suppose that there exists a function v € W, ?(B) such that v # 0 in
B and

/e—mv’”']Dv]p‘?Dv - Dodx = / e P1p(z) v |Popdr Y € WP (B).
B B
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We have
/eﬁ|x|Dv|de;:/emxb(a:)]v]pdxg
B B
< / e PlEIpt () [u|Pdz < AY(B) / e~ Pely® () |v|Pda;
B B

from the variational characterization (3.5) of A?(B), we have a contradiction. So the
theorem is completely proved when f = 0.

Now let f # 0 in B, and let v be a solution of (4.1). Suppose v~ # 0 in B. We have
v~ € WyP(B), and

e Pl D= IPde = | e Pol(bt () — b~ ()|~ Pde — | e PP fo~dx
[ e e pas = [ et @) v @)l pde = [ e poda <

B

< / e~ Pt (2)|[v~ [Pde < N(B) / e~ Bl (2o~ [Pde
B B

again from (3.5), we have a contradiction. So, we have that any solution of (4.1) is
nonnegative. Furthermore, we observe that v is positive and % is negative, where v is the
exterior normal to B, due to well known maximum principles (see, for example, [61],
Chapter 7, and [86]).

As regards the uniqueness of solution of (4.1), we follow an argument which can be
found in [74] (see also [4], [12], [18], [46], [51]), using suitable test functions in (4.1). If

u and v are solutions of (4.1), we set

uP — P
_ —B|x
¢=0lel

P —uP
p1(z) = = eIl

pa(z) =

up~1 pp—1

Applying I’'Hopital rule, we have that u/v and v/u are bounded. So we can use ¢; in the

equation solved by u and ¢, in the equation solved by v, obtaining

(4.5) /Qe_ﬁx||Du\p_2Du : [Du —p (%)p_l Dv+(p—1) (%)pDu] dr =

and

(%

(4.6) /Qeﬁ”||Du\p2Du : [Du —p (%)p_l Du+ (p—1) (E)p Dv] dr =
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The sum of the right-hand side of (4.5) and (4.6) in less or equal than zero, hence by
adding (4.5) and (4.6) we get

(A7) /Q ¢l [|D(log ) P — p|D(log v) P> D(log u) - D(log v)+
+(p — 1)|D(logv)|P] dx+
+ /Qe_mx'vp [|D(logv)[? — p|D(log u)[P~*D(log u) - D(logv)+
+(p — 1)|D(log u)|P] dz < 0.
From (4.7), using lemma 4.1, we get that if p > 2,

D(l — D(l P
(48) / e—ﬁ\x|<up + Up)| ( 0g ;}3_1 gog U)| dx < 0,
Q _

or, if 1 < p < 2, there exists a positive constant h(p) such that:
Bl |D(log u) — D(logv)|”

o L 07 ) g g 1 <
Consequently, from (4.8) and (4.9) it follows, for p > 1, that |D(logu) — D(logv)| = 0
a.e. in B. Then, there exists a constant a > 0 such that u = av a.e. in B. Thus, being u
and v solutions of (4.1) and [{x € B : f(z) # 0}| > 0, it follows that u = v a.e. in B.

Finally, we have to prove that v = v# in B (see [50], [51], [81]). An immediate
consequence of uniqueness is that v is radially symmetric, v(x) = v(|z|). So let us write
v(x) = O(wy|z|™), and set s = wy|z|". Observing that b(z) = (b")#(z) — (b )4(x), from
(4.1) we get

Sl/ny\ g—(-1/n)p
(4.10) Jo(s) P (5) = exp (5 ) b(s),

wi™ ) ("
where ) e/
v = [ew (f—’j) () + ()" (1) — () () ().
To prove (4.4) it is enough to show that
(4.11) W(s) >0, for any s € (0,|B]).

To this aim, set so = inf{s € [0, |B]] : (b7 )«(s) > 0} (so = |B| if b~ = 0); we have

s _ A4l/n
[ e (520) 0+ 00 ey s € [0, 50l
Y(s) = !

s _ A34l/n
1/)(So)+/ eXp( o )[f*(t) — (07)(B)(@(t))"dt, Vs € [s0,|B]].

50 wy"
The condition (4.11) is obviously true when s < s5. So, let us suppose that there ex-
ists s > s¢ such that ¢ (s) < 0. Therefore, there exists 5§ €]sg, |B|] such that ¥(s) =
Mingepsy, 5] ¥(s) < 0. Clearly 5§ < |B|, otherwise from (4.10) it follows that ¥'(s) > 0
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in some neighborhood of |B|, in contrast with the fact that o(s) > 0 in [0,|B]|] and
0(|B|) = 0. Moreover, let us note that there is an s €]s, | B|[ such that ¥ (s) > 0. Indeed,
if ¥(s) < 0in [s,|B|], from (4.10) it follows that ©(s) is increasing in [8, |B|] from which,
being o(|B|) = 0, v is equal to zero in [, |B|]. So ¥(s) = 0 in [s, |B|], but this is absurd.

Then, we can conclude that there exist s1, so €]so, |B|[ such that s; < 5 < sq, ¥(s9) =
0, ¥(s) <0, Vs € [s1, s2[. In particular we have

v(5) = _min v(s).
5€([s1,52]

As regards 0, we can say that ¢/(s) > 0, Vs € [s1, s3], then the function h(s) = f*(s) —
(b7).(s))P~! is decreasing in [sy, s

Moreover, let us show that h(s) > 0 in [sq, s3]. The assertion is obvious if h(sy) > 0;
otherwise, if h(sy) < 0 there exists ¢ € [s1, s3] such that

YP'(s) <0 and ¥(s) <0, Vs €], sq,

but this is absurd because 1¥(sy) = 0.

Consequently, ¢/(s) = h(s) exp(—Bs/™ Jw'™) is decreasing in [s1,s0]. So, 1(s) is
concave in [sy, So], then 1(s) is constant in [sq, so], in contrast with the fact that ¥(5) <0
and 1(s2) = 0. This concludes the proof of (4.4). O

REMARK 4.1. Remind that v is a solution of (4.1) if and only if it is a solution of
(4.2); so, let us consider k €]0,supv[, and set By = {x € B : v(x) > k}. If v is a solution
of (4.1), then v is solution of the following problem:

—ABy = e PlElppP~20 + fe Pl in By,
v==~k on 0By,

Moreover, v satisfies the condition below:
1 1

—/ e_ﬁ|$||Dv|pdx——/ e_ﬂ|x|b|v|pd$—/ e Pl foda <
L[ B L[ 8l ~Blal

< - [ e DwP—= [ e P*wPde— [ e 7" fwde,

p By, p By, By
for all w € W'?(By) such that w — k € Wy*(By). So, if w = w#, and s = w,|z|", we
have:

1/n P | B | 1/n
(nwn ) / exp (_65 ) S(l—l/n)pl . (U*)/(S)|pd8—|—
0

p w,{/ "

1 (1Bl 531/71 _ . ) | B ﬁsl/” ) )
__/0 exp (_W) b(s)(v*(s)) ds—/o exp (—W> fr(s)v*(s)ds <

n
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1/myp Byl 1/n
< (nCUn ) / exp <_le/n ) S(l—l/n)p| . (U)*)/(S)|pd8+
p 0 Wn

B Iny\ . | Bi| 1/n
[ e (—i—/) o) w (s)ras = [ exp (—i—/) F(s)w(s)ds,

where b(z) = b(w,|z[™).

5. Main result

Consider the problem

(5.1) { — div(a(e,u, Du)) = glz,w) + H(z,u,Du) in Q

u=20 on 0f)

We assume that a(z,s,€) : @ x R x R" — R", H(x,s,§) : @ x R x R" — R, and
g(z,s) : @ xR — R are Carathi’g)%odory functions satisfying for some p €]1, +oo[ the
following conditions:

(5.2) la(z,s,€)| < a(|€P~H + |s|P~ + k(z)), ae. 1 €Q, V(s,6) € R xR",

(5.3) a(z,s,&)- &> &, ae. z€Q, V(s,§) € RxR",

(5.4) g(x,s)s < c(x)|sl]P, ae. z€Q, Vs €R,

(5.5) lg(x,8)] < 0(x)|s|P ae. x€Q, Vs €R,

(5.6) |H(x,5,6)] < BIEP + f(z) ae. 2 €Q, V(s,6) € Rx R,

where a« > 0, k € L{’F’(Q), c,0 € L"(Q), with r > max{n/p, 1}, f € LI(Q), with ¢ >

max{n/p,1}, and [ is a nonnegative constant.

THEOREM 5.1. Let u € WyP(Q) be a solution of the problem (5.1), under the assump-
tions (5.2)—(5.6). If

(5.7) N(a#) > 1

and v € Wy P(Q#) is the solution of (1.12), we have:

(5.8) u*(s) <v'(s), Vs e€|0,s0],
and
(5.9) /0 (1) exp (_it;:> dt < /0 (0 (1)P exp (—i’://:) dt, Vs € [so, |9,

where s = inf{s € [0,|Q] : (¢7)« >0} (If ¢~ =0, then sop = |]).

Before giving the proof of the above theorem, we introduce some notation which will
be used in the following. Let ¢(s) = (¢7)*(s) — (¢7)«(s), s € [0,]€]], and

1/n

U(s) = /0 &) (u*(t))P~texp (—ﬁl/n) dt, Vs e0,]Q[,

Wn
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ﬁtl/n

UA@zllﬂwmmmw%m(mEﬁ)w s € [0, 0],

1/n

Uxﬁzék>wmmmp%m(4%ﬁ)w ¥s € [s0, 9]

where s is defined in Theorem 5.1. Analogously, we define V' (s), V. (s), V_(s), related to

v*. Moreover, let us set:

S 5t1/n
Fo = [ roeo (<250 )@ e ol
0 Wn,
g—(=1/mp »
and ’Y(S) = W, where p/ = Z:

To prove Theorem 5.1 we need some lemmas.

First, we recall the following generalization of well-known Gronwall lemma:

LEMMA 5.1. If ¢ is a bounded function and ¢(t) < ;roo g(s)p(s)ds + (t), for a.e.
t >0, where g > 0 is an integrable function and v is a BV function so that ¥(+00) = 0,

then, for a.e. t > 0, we have

@(t) < /t+°° efts g(r)dT[—d¢<S)].

LEMMA 5.2. Under the hypotheses of Theorem 5.1, we have, a.e. in (0,|S2|), the

following relations:

ﬁsl/n

(.10 o <300 o (G ) o]

ﬁSl/n

1/n
wn/

(5.11) (—0* ()Y = (s) {eXp ( ]1/@—1)

Proor. We will follow [8] and [81].
Let u € W,?(Q) be a weak solution of (5.1); hence,

)@@+V@)

/ a(x,u, Du) - Dpdr = / l9(z,u) + H(z,u, Du) pdz Yo € W,P(Q).
Q Q

Using in (5.1) the truncation functions Ty(u), Ty+n(u), with ¢, h > 0, as test functions,

and subtracting, we get:

/ a(x,u, Du) - Dudr =
{t<|u|<t+h}

= / l9(x,u) + H(z,u, Du)|hsignu dz+
{lul>t}

s [ gt + e D)l — 1) signu ds:
{t<|u|<t+h}
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so, dividing both sides by h, using ellipticity condition (5.3), and the conditions (5.4),
(5.6) we get

1
(5.12) —/ |Dul|” dz <
h J<iul<trny

< ﬁ/ |DuP~" dx +/ [f(x) signu + c(z) [ul’~"]dz.
{lul>t} {lul>t}
On the other hand, by Hardy-Littlewood inequality it follows that
Nu(t)
[ e tdr < [T 6) = o)y ds
{|u|>t} 0

hence, letting h — 0 in (5.12) we get

d
— —/ |Du|” dz <
dt Jijup>1y

-1 ,uu(t) * —+\ * - — * p—1 s
Sﬁ/{lul>t}\Du! dw+/0 {F7(s) + (") () = (€7)u(8)I(u"(s))" "} ds.

(5.13)

Denoting with J(o) the function

J(o) = /Oa{f*(S) ()7 (s) = (¢)uls))(u"(5))P 7" } ds,
we obtain

d
(5.14) ——/ |Dul? dx <
dt J >ty

ﬁ oo d P / —141/n
— 7 - | Dul” d ) (=, () pu(0) do.
nwnn t do lu|>0o

Indeed, using Holder inequality we have that

400 d 1-1/p
(5.15) / | D[P~ §/ (_d_/ |Du|pdx) (= (0))VP do
{lul>t} t T J{lul>0}

and 1y
d/ P d G
4 |Du|pd:c> 2(—— / IDUIdx)(—M’(O)) 3
( do J{ju>o do J{ju>o

d 1-1/p
(5.16) <—%/ |Du|pdx> (—/ (o))P <
{lu|>0}

d -1 d
< (——/ |Du|dac> <——/ |Du|pdx> (=1 ().
do J{ju>o do J{ju>o

< J(pa(t)) +

that is
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On the other hand, the coarea formula implies that

Du|dx = OOP xr€Q: |lu(x ;
J e = [P e 0 @) > &)

hence, by isoperimetric inequality we obtain
d

- |Du|dz = P({x € Q: |u(z)| > o}) > nwl/™p, (o) =1/
{lul>c}

Using the above inequality in (5.16) we get

d 1-1/p
(5.17) (—% / \Du|pdx) (—l (o)) <
{lu[>o}

1 d
< o) (< [ ipupds ) (itlo)),
nwi/™ do J{ju>o}
From (5.13) and (5.17) we deduce (5.14).

Using Gronwall lemma 5.1, and again Fleming—Rishel formula, the isoperimetric in-

equality and the properties of rearrangements, we get (see [8])

1
(nwn>Pl Sp’—p’/n x

x [eXp (%) /OS{[(C+)*(7=) e )P ) exp (—%) dr] 1/(p-1)

a.e. in (0,]9|), that is (5.10).

As regards equality (5.11), we have proved that there exists a unique solution v €

(—u"(s)) <

Wy (Q#) of problem (4.1), and this solution is positive, radially symmetric and coincides
with his Schwarz symmetrization, namely v(z) = v#(x). Hence we can proceed in the
same way we did before, except that the inequalities are replaced by equalities, end we
have the differential equality (5.11). This concludes the proof. O

LEMMA 5.3. Under the hypotheses of Theorem 5.1, the following inequality holds:

(5.18) Ur(s) <Vi(s), s€]0,sq

PROOF. Inequality (5.18) is trivial when ¢t = 0, so, from now on, we suppose ¢* # 0.

If f=01in , we are also in a trivial case. Indeed, it is easy to prove that
u*(s) =v"(s) =0, se€]|0,]Q].
As regards v, we can argue as in Theorem 4.1. As regards u, we can use inequality (5.10).
If w # 0, using (5.7), we have:
—(1-1/n)p 1/n s 2fl/n
e et (e S I O G I
0

(nwy' " )P Wn Wn
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a straightforward calculation allows us to obtain that:

12| 1/n
/ | Du#|Pe= 17l 4y = (nwrll/n)p/ |(—u*(s)) [PsU1/™P exp (_ﬁi/n ) ds <
Q 0 w

n

@) [l | [ aoe ey o (250 a] as-

- [ () es) exp (—ﬂ) ds = n

1/n

= )\f(Q#)/ Ju# P ée Pleldy < )\f(Q#)/ ju#|P c#ePleldr,
Q Q

which gives a contradiction according to the variational characterization of AJ(Q#). It
follows that v =0 in Q.
Now suppose f # 0. We argue as in [51]. Let us distinguish two different cases:

Let us consider the case 1). If (5.18) is not satisfied, then there exists 5 €]0, so[ such that:

Ui (5) = Vi(5) = max (Us(s) — Vi(s)) > 0.

s€[0,s0]
Let us set:
sp =1inf{s € [0,3] : Uy (t) > Vi (t),Vt € [s,3]},
Sy =sup{s € [, so| : Up(t) > V,.(t),Vt € [3, 5]},

and define the following functions:

(UL (s))" = (Vi(s)”

A e
_ W)~ (V)
S VAT T

Observe that, in view of hypothesis made on f, v and v are bounded (see [61], Theorem
7.5 and Remark 7.6); consequently also the functions U, /V, and V, /U, are bounded
in [0, |Q|], and o1, @2 can be used as test functions in (5.10) and (5.11), respectively.

Integrating between s; and s, we have:




5. MAIN RESULT 41

and:

520 [ @) eals)as =
= [ (20 @ - 0o (1) s

Being Ui (s) > Vi(s) in ]s1, sa], we have that the difference of the second members of
(5.19) and (5.20) is less than zero, so:

(5.21) [ 1w s + 0o esslds <0

S1

Integrating by parts the first member of (5.21) and bearing in mind that U, (s1)—Vy(s1) =
Ui (s2) — Vi(s2) = 0, we have:

(5.22) /52 [u”(s)(#1(s))" = v"(5)(ip2(s)) T ds < 0.

S1

After some calculation (see [51] for details), setting x = % and y = %, we have:

[ 1) v 6) et 1ds =

S1
= [ exp(—7 ) (U7 (2" =pay” + (' = 1y" ) +
S1 W,

V) (o =y (¢ = 1)) | ds
According to Lemma 4.1, if p’ > 2:

539 [ W) -G ds 2

S1

52 Bst/m . . oy =zl
> [Mew (B0 ) €@+ 0 B s
S1 n

and, if 1 < p’ < 2, there exists a positive constant h(p') such that:
s2
62 [ W)l — v (s)ea(s)))ds >

82 ﬁsl/n) N , , |y _ I|2
> e —— ) ()" ((UL)P + (V)P )———ds.
—/51 Xp<w;/" (VS + VD e

Consequently, being (5.23) and (5.24) greater than or equal to zero, from (5.22) we have
a contradiction. So, condition (5.18) is verified if U, (sg) < Vi (sp)-

Now, let us consider the case 2). If u*(sg) < v*(sg), set:

s1 = 1inf{s € [0, so] : Uy (t) > V. (), Vt € [s, S0 }-
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Let us observe that U, (s;) = Vi(s1); moreover, being u*(sg) < v*(so) and Ui (sg) >
V. (so), we have:

(YUigﬂl*XmiS%1><W4%W”*““@W>20

Then we can proceed as in case 1). Inserting ¢y and ¢, in the relations (5.10) and (5.11),

respectively, and integrating between s; and sy, we obtain a contradiction.

If u*(s9) > v*(sg), we observe that necessarily sy < [€2| and we set:
5 =inf{s € [so, [Q|] : u*(t) > v*(t),Vt € [s0, 5]}
Let us distinguish the following cases:

2a) U(3) > V(3);
2b) U(3) < V(3).

In the case 2a), being:

Sl/n
E(U(S) —V(s)) = (¢)«(s) exp (_%) (—(u")P~(s) + (v*)P(s)) < 0,

n

a.e. in [sg, 5],
we have that U(s) — V(s) is decreasing in [sg, s]. Thus, being U(5) — V(5) > 0, it follows:
(5.25) U(s) > V(s), Vs € [so, 3.

Now let us consider the following function:

w(s) = max{u*(s),v*(s)}, Vs € [0, 3].

s tl/n _
Set W (s) = / () (w(t))Ptexp (—%) dt, Vs € [0,5], it is easy to show that w(s)
0 Wn

satisfies the following relation:

(5.26) —w'(s) < v(s)[F(s) + W(s)]ril, a.e. in [0, 3].
We also observe that a simple calculation gives:

(5.27) W(s) > U(s), Vs € [s0, 5]

Moreover, because u*(sg) > v*(so), we have that v* #Z w. Then, bearing in mind Remark

4.1, as v is the unique solution of the radial problem (1.12), we have:

1 3 1/n
(5.28) ]_9/ (nw}l/n)ps(lfl/n)ﬂ — (v*(s))'|P exp (_6‘5;/” > ds+
0 Wn

. /0 gé(s)(v*(s))p exp (—iﬁ—f) ds— | F(s)v'(s) exp (—581—1//:) ds <

p n n
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1/n

1 5
< —/ (nwt/mPsU=1mP| 4y (5)[P exp (—%) ds+
0 Wn

p
1[5 . Bt/ S Bs'/"
_5/0 ¢(s)w(s)? exp (—#) dS—/O f*(s)w(s) exp (—#> ds.

On the other hand, from (5.11) and (5.26), respectively, it follows:

529) (=0 ()P =~ () (k") PO [ (53”") (F(5) + V()

1/n
w'n/

530) =W < o)) s o (S () 40

Substituting (5.29) and (5.30) in (5.28) and integrating by parts between 0 and 5, from
(5.25) and (5.27) we obtain:

5 1/n 5 1/n
/ v (s) f*(s) exp (—%) ds > / w(s)f*(s) exp (—%) ds;
0 Wn 0 w

n

so we have a contradiction because v*(s) < w(s) in [0,3].

Finally, let us examine the case 2b). Being u*(s) > v*(s) in [s¢, 5[, we have again
d
ds
then U(s) — V(s) is decreasing in [sg,s]. So, there is § €]sg, s[ such that

(U(s)—V(s)) <0  ae. in [sg,3],

(5.31) U(5) =V(8) and U(s) < V(s), Vs €]3,3].
As 5 €]sg, 5[, thence:
(5.32) u*(8) > v*(8).

On the other hand, integrating (5.10) and (5.11) between § and 5 and using (5.31) we
have:

u*(3) — u*(3) < v*(3) —v*(5),
in contrast with (5.32) because u*(3) = v*(5). So we have a contradiction in the case 2b),

too.
O

LEMMA 5.4. Under the hypotheses of Theorem 5.1, the following inequality holds:
(5.33) U_(s) <V_(s), s € [so,]|Q]

PRroor. If f =0 we are in a trivial case; indeed, as already observed in Lemma 5.3,
u* =v*=01n [0, |]].

Let f # 0. Suppose that U_(s) > V_(s), for some s € [so, |©2]].
Let us set Z(s) = U_(s) —V_(s), s € [0,]82]]. We observe that Z(sy) = 0; moreover, there
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exists 5 €]so, |2|] such that Z(3) = maxp, o Z(s) > 0. Observe that by the hypothesis
made on ¢, the derivative of Z(s) can be not defined in s = |Q2|. We have to distinguish

two cases:
a) s =19,
b) 5 < 9.

Let us consider case a). We put
s1 = inf{s € [s0,|?] : Z(t) > 0,Vt € [s,|2]]}.

Observe that s; > sg, Z(s1) = 0 and Z(s) > 0, Vs €]s1,|Q|]. If s €]sy,|Q]], integrating
(5.10), (5.11) between s and ||, and using Lemma 5.3, we have:

0 1/n 1
w(o < [ a@en (Z2) 1P + U] Har -

Wn

2 1/n 1
= [ atrem (20) (70 + Unton) - U (0] <

Wn/

0] 1/n ) 2|
< [ awen () 0 +veton) v @ = [ o) de =)

So, because s is a generic element of |sy, |€2|], we have, recalling Z(s1) = U_(s1)—V_(s1) =
0,

U =)+ [0 @ e (—%) it <

1/n

<V_.(s1)+ /S(C_)*(t)(v*(t))p_l exp (—%) dt =V_(s), Vs €lsy,|Q],

s1 Wn
but this is absurd because Z(s) > 0, Vs €]sy, []].
Now consider case b). Since Z(5) > 0, and being Z absolutely continuous, we can
choose s1, $3 €]so, |Q2|[ such that s; <3 < sy, and

(5.34) Z(s) >0, Vs €]sy, s3], and Z(s1) = 0;
moreover,
(5.35) Z is differentiable in sy with Z'(s9) < 0.

By (5.34) we have that U_(s1) = V_(s;1) and, moreover,
(5.36) U_(s) > V_(s), Vs €]sy, sa].

Integrating (5.10) and (5.11) between s and s9, and using Lemma 5.3, we have:

tl/n

w0 =) < [ a0es (2 ) 1P+ U] -
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52 1/n 1
= [T a0e (2 ) 1)+ Vo) - U0 <

n

52 1/n )
< [T a0en (T ) )+ Voo - VO = 0(0) - (o)

A
Recalling (5.35) and the fact that Z(s1) = U_(s1) — V_(s1) = 0, it follows
U_(s) <V_(s), Vs €lsi,sa;
so by (5.36), we have again a contradiction. U
PROOF OF THEOREM 5.1. From Lemma 5.4 we have:

[ @y ex (_ﬂtl/n) i< [@hoe oyt (—%) i,

1/n
80 Wn, 80 Wn,

Vs € [so, |€]].

So, according to Lemma 2.1 we have:

(5.37) / (1) exp (—%) it < / (o (1)P exp <—5t11//:> dt, Vs € [s0, 2]

80 S0 Wn

From Lemma 2.2, we have
(5.38) u*(sp) < v*(sp).
On the other hand, from (5.10), (5.11), (5.18), we have:
u*(s) — u*(so) < v*(s) —v*(s0), Vs €0, so]

Then, from (5.38) we obtain (5.8).
Finally, the condition (5.9) easily follows from (5.8) and (5.37). O






CHAPTER 4

Non—uniformly elliptic equations with general growth in the

gradient

1. Statement of the problem
In this chapter we deal with Dirichlet problems of the form
(1.1) —div(a(x,u, Du)) = H(x,u, Du) + f, u € WyP(Q) N L2(Q),

where 1 < p < 400, 2 is a bounded open set of R", n > 2, a: Q2 x R x R* — R" and

H: QxR xR"— R are Carathéodory functions verifying the following assumptions:

(12) (CL(x?Sug) - a(a:, 878)) ’ (f - 5/) > 07
forae. 1€ Q,VseRand V¢ e R, £ #£E,
(1.3) a(z, s,&) > b(]s])[&]",

forae. € QVseR, VEER" and b: [0, +00[—]0, +00[ is a continuous function,
(1.4) la(z, 5,6) < coll§l"~ +Isl"~" + g(2)),

for a.e. € Q,Vs € R,V E R, with g € LP(Q),

(1.5) |H (2,5,8)| < k([s])I€],

for a.e. x € QVs e RV EeR” withp—1< g <p, and the function & : [0, +oo[—

[0, +-00[ is continuous. Moreover, assume

(1.6) fe L (Q), T>max{ﬁ,1}.
p
The prototype equation therefore is
— div(b(|u|) |Dul’~ Du) = k(|u]) |[Dul’ + f, inQ
(1.7)
u=>0 on 0f2,

We look for bounded solutions of (1.1); namely, we say that u € W, ?(Q) N L>(Q) is

a weak solution of (1.1) if

/a(x,u,Du)-Dgpdx:/H(x,mDu)godw%—/fgpd:v, Vo e WyP(Q) N Le(Q).
Q 0 Q

The following example, due to Kazdan and Kramer (see [66]), explains the typical

behaviour of this kind of equations.

47
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EXAMPLE 1.1. Let us consider the Dirichlet problem for the semilinear equation
(1.8) —Au=K|Dul*+ ), u€ H}(Q)NL®Q)

with K and A nonnegative constants. Any solution u of (1.8) is nonnegative: using u~ as

test function, we get that

—/’Du_|2 d:E:K/‘Du_IZU_dqu/u_dsz,
Q Q Q

hence u~ = 0. Performing the change of variable
v=e"—1,

we obtain a nonnegative function v € H}(2) N L>°(Q), whenever u € H}(Q) N L>(Q).
Moreover, v satisfies the linear equation

(1.9) —Av = AK(v+1).

Now let A; be the first eigenvalue of the —A operator, and v; € H(2) N L=(Q) the

associated positive first eigenfunction; therefore

/Dv1~D<pdx:)\1/U1g0d:c, Y € Hy(Q).
Q Q

By Fredholm alternative, if
AK < Ay,

the equation (1.9) (and thus (1.8)) admits a unique solution.
On the other hand, suppose that there exists a solution v of (1.9). Using v; as test

function in (1.9), we get

/ Dv - Dvydx = )\K/ vi(v+1)de =X\ / vv de,
Q Q Q
that is
(M —/\K)/vvlda:: )\/Uldx >0,
Q Q
so we have necessarily that AK < A;. This means that if

)\KZ )\17

the equation (1.9) (and thus (1.8)) has no solution.

REMARK 1.1. Similar examples have been given for b and &k constant and for p — 1 <
q < p (see [52]).

The Example 1.1 shows that, in general, we need some additional hypotheses on the
data of the equation in order to get existence results.

Such kind of problems have been widely studied in literature under various hypotheses.
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The first results for this type of equations are contained in a series of papers of Boc-
cardo, Murat and Puel (see [29, 31, 30, 32]), where the existence of solutions of problems
like (1.1), with p = ¢ and b constant, is proved.

For example, in [29] and [30] the existence of a solution of (1.1) is proved assuming
the existence of a subsolution and a supersolution of (1.1); more precisely, the following
theorem holds:

THEOREM 1.1. Let a(z,s,&), H(z,s,£) and f verify the hypotheses (1.2)—(1.6), with b
constant, p = q and k monotone increasing. If there exist two functions u, w which belong
to WHP(Q) N L>=(Q) such that u < T a.e. in Q, and

—div(a(x,u, Du)) > H(z,u,Du) + f in Q,

u>0 on 052,
and

—div(a(z,u, Du)) < H(xz,u, Du) + f in §,

u<0 on 0,

then there exists a solution u of (1.1) with u < u <7u a.e. in .

The existence of subsolutions and supersolutions can be avoided, for example, assum-
ing a sign condition on the lower order terms (see [31] and [32]).

Similar problems with p-growth in the gradient have been considered, always with
b constant, in [79] (for p = 2) and [62] (see also [7] for the case in which b and k are
constant). The case where b is not necessarily constant is treated, for kK = 0, in [3], [2],
[26], and for k£ # 0 in [94], [34]. Existence of (possibly unbounded) solutions for equations
similar to (1.7) in the case f € L™P(Q), is obtained in [53], with p = 2, and, with an
additional term in the equation, in [54], always with further hypotheses on f. Moreover,
existence results which do not depend on f when ¢ = p are given in [34] (for p = 2) and
in [84].

As far as it concerns with the case of ¢g—growth in the gradient, p—1 < ¢ < p, existence
results with b and k constant are given in [50], and in [33], [63].

The quoted results are of two kinds: the first one establishes existence of solutions
without imposing any additional condition on f (see [34], [84]); the second one requires
conditions on the smallness of some norm of f (see [79], [62], [94], [52], [63], [54], [63]).
More precisely, when it is possible to remove the smallness hypotheses on f, it is needed
appropriate hypotheses on the structure of the equation, like sign conditions or particular
hypotheses on the functions k(s) and b(s).

Our aim is to obtain an existence result for problems like (1.7). Our approach permits
us to treat in a unified way both the cases in which it is required a particular hypothesis
on f and the cases in which such hypothesis it is not necessary.

The standard method to obtain existence results consists in defining approximate

problems, then to obtain a priori estimates for their solutions and then passing to the
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limit in such approximate problems. The main goal is to prove an L*° estimate for
bounded solutions; so we turn the qualitative information u € L>(2) into a quantitative
estimate

HUHLoo(Q) <C.

2. Main result and comments

Let us define the following functions:

s k(y)] =
2.1 Q:se O,+oo->0/ [— dy;
2y e € L)
(2.2) F:se [O,+oo[—>/ eQ(t)b(t)ﬁdt;
0
, F(s)

(23) W:se [0, +OO[—> m,
where -

c_l-pta (@) "

p— 1 Wn

We can state the following existence theorem:

THEOREM 2.1. Under assumptions (1.2)—(1.6), if

(2.4) CoV(0) < sup W(s),
s>0
where Cy is a constant depending only on the data, namely Cy = e%(p_Q)(‘Ql/w")%, and
e N 5
(2.5) V() = (nwl™) / (=3 ( / f*(r)dr) dt
wn |z|™ 0

15 the solution of the equation

(2.6) { SV =S

V=0 on O0F,

then there ezists a weak solution of (1.1).

REMARK 2.1. If p < n the condition (2.4) is a smallness assumption on the norm of
f in the Lorentz space L/P7'/)(Q)). Indeed, in view of (2.5), the hypothesis (2.4) can be

rewritten in the form

COnip/w;pl/n HfHL(n/p,p’/p)(Q) < Sgg W(S);
S

as recalled in chapter 1, L/P?'/?)(Q) contains L"(Q), for any r > n/p.



2. MAIN RESULT AND COMMENTS 51

REMARK 2.2. We observe that if p = ¢ and b and k are respectively monotone decreas-
ing and monotone increasing, the hypothesis (2.4) coincides with the existence condition

given in [94].

REMARK 2.3. We explicitly note that if

(2.7) sup W (s) = +oo,
>0

no smallness assumption on f is needed, therefore a solution exists for any f € L"(2),
r > max{n/p, 1}. In this case the hypothesis (2.7) also weakens, when ¢ = p, the existence
condition given in [84] (see also [34]), in which it is required that lims_, . W(s) = +oc.

As a matter of fact, if b = 1, a simple condition which verifies (2.7) is, for example,
the following:

lim k(s) = 0.

S§——+00
In this case, sup,., W (s) = lims_ ;- W(s) = +o00. The condition (2.7) is obviously more
general, as we explicitly see in the following example.
Let b=1, and p = g = 2. Let us define k in the following way:
5 tan s, if0<s<1;
k(s) =

3ﬁ72[\/§sin(log s+%)+178l2]
2s[sin(log s)+1+s%]

, if s > 1.

We have that k is continuous in [0, +00[ and positive for any s > 0, and

lim sup k(s) = +o00, lim inf £(s) = 0.

s—+400 s—+oo

If we compute W (s), we have that for s > 1,
W(s) = —s |sin(logs) + 1+ —
s) = —s |sin(lo =15
5,5 [sin(logs =z

so we easily find that
lim sup W (s) = +o0,

S$——+00

and
liminf W(s) = 0.

s§—+00

REMARK 2.4. As regards the problem of uniqueness of solutions for equations like
(1.1), we recall some known results. In the semilinear case, it is possible to prove that
the problem

—Au = k(|u|)|Dul]® + f, u € Hy(Q) N L2(R),
for suitable hypotheses on k£ and f, has at most an unique solution. More precisely, the
following result holds (see [17]): suppose that ui,us belong to H'(2) N L>=(2) and are
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respectively a subsolution and a supersolution of the Dirichlet problem
(2.8) —Au+ H(z,u,Du) =0, u € Hy(2) N L>(Q),

where 2 is a bounded domain (connected open set) in R", H is a Carathéodory function
on 2 x R x R” such that (u,&) € R x R* — H(x,u,£) is continuously differentiable,

%—?‘ < ky(Ju])(1+1€]) and |H(x,u,0)| < kao(|u|), where ki and ko are continuous functions

of |ul, and 2% (z,u,&) > ap, where ayg is a nonnegative constant, and f € H~*(Q). If

(ug —ug)™ € HY(Q), then

Uq < (%) in €.
In particular, the equation (2.8) admits at most one solution in Hj(2) N L>(L).

The uniqueness property does not hold for unbounded solutions, as shown by some

counterexamples (see [70], [54], [52], [63]). For instance, if we consider the problem

(2.9) { —Ayu = |Dul? in B,

u=20 on 0B,
where 0 < 2 +p—1 < ¢ <p<nand B is the ball of R centered at the origin with

radius R, it obviously admits the solution u = 0. Moreover, the function

u(gj) = c(|m|_1g;4qrq — R_lf;qrq),

where c is a suitable positive constant which depends on ¢, p and n, belongs to I/Vo1 ?(B)
and solves (2.9). However, the solution u = 0 is the unique bounded solution of (2.9).

In the case p = ¢, with p < n, it is possible to show that the function

|x’_(n_p)/(p_l) —m

U(ﬂ?) = (p - 1) lOg ( R—(n—p)/(p—l) _ m) )

where m is any constant such that mR™P/®=1) < 1 is a solution of the equation

(2.10) { ~Ayu=|Duf in B,

u=">0 on 0B,

(see [54]), but (2.10) admits the unique bounded solution u = 0.

3. A priori estimates

The aim of this section is to prove a priori estimates of the solutions of (1.1). We

prove a L™ estimate of u in terms of the function W.

THEOREM 3.1. Let V' be the solution of (2.6). Under assumptions (1.2) — (1.6), if u
is a weak solution of (1.1), then

(3.1) W(u*(0)) < CoV(0),

where Cy is the constant defined in Theorem 2.1.
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PROOF. Let u be a solution of (1.1). Using in (1.1) the test functions T3(u), Ti4n(u),
with ¢, A > 0, and subtracting, we have:

/ a(x,u, Du) - Dudx =
{t<|u|<t+h}

:/ H(z,u, Du)(|u| — 1) signudx—i—/ f(|lu| —t)signudz+
{t<|u|<t+h} {t<|u|<t-+h}
—l—h/ H(z,u, Du) signudx—l—h/ fsignu dx;
{Ju|>t+h} {lu|>t+h}

so, dividing both sides by h and using (1.3) and (1.5), we get:

1
(3.2) —/ b(|ul)|DulPdx < / E(|u])|Du|%dx +/ | f|dx.

h Jti<tul<t+h) (ul>t} {ul>t}

We note that from (3.2) and from the fact that u is a solution of (1.1), it follows that the

function
(1) = / b(|u))| Dul?dz
{Ju|>t}

is Lipschitz continuous. If h — 0, being b continuous, and using Hardy - Littlewood
inequality, from (3.2) we get

d w(t)
(3.3) —b(t)—/ |Du|pdx§/ k(|u|)|Du|qd:v+/ fr(s)ds

At J(ju>ty {lul>1) 0

By the continuity of k£ we have

+oo d
/ k(|u|)|Du|?dx :/ k(s) <——/ ]Du\qu) ds;
{lul>t} ¢ ds J{jup>sy

moreover, by Holder inequality we have

d

d % 1,2
- |Dulldx < (——/ |Du|pdm) (—p'(s)) " »,
ds J{ju>sy ds J{ju>sy

S

and therefore

(3.4) /{u|>t}k:(u)|Du|q < /:OO k(s) (—%/{lu|>s}|Du|pdx)p (=1 (s))* Fds.

Now, using again Holder inequality, we get

b—gq

(—i/ |Du|pdx)p > {(—i/ |Du|dm) (—u’(t))1+ll’]pq
dt Jjups1y B AN Ft ’
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a

d p q
(—a / |Durpdx) (—() 4 <
{Ju|>t}

q—p 1 4
< <_i/ ]Du|d:z:) (_i/ \Du]pda:> (_M/(t))(lf;)(pfq)ﬂl*;).
dt J{ju>1y dt J{ju)>1)

Using Fleming and Rishel formula and isoperimetric inequality, and observing that p—q =
(1—=1/p)(p—q) + (1 —q/p), we get

55 (-4 /{ - Dupde)” (-1i6) <

< (neh/" ity

S}

3=
~—
[}
X
/?\
Sl
-
=
Vv
=t
o
]
)
QL
5]
~_
0
t\
=
i
_Q

So, from (3.4) and (3.5) we have

(3.6) / (u)| Duldz <
{lul>t}

< (nwiim)* /t +OO k(s) (—% /{ - | Du|pdg;> (;(gfi)pq ds.

From (3.3) and (3.6) we obtain

d
— b(t)—/ |DuPdz <
dt Sty

<ot [0 () (753) e [

The previous inequality and Gronwall lemma imply:

d
_ L / DulPdz <
At a1y

e PR (=@ N
s/t p{( 1) /tb(y) <u<y>1—i> dy}f ((s)) [ —dp(s)].
(3.7) —b(t)% /{ | |>t}]Du\pdx <

u(t) q-p win) ky) [ —1'(y) o %
ex nw/™ r)dr.
S/0 p{( ") /t b(y) (u(y)15> dy}f e

and then
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On the other hand, if p — 1 < g < p, using Holder inequality we have

CO k) =)\

[ ey

(Observe that last inequality is trivial if ¢ = p). Furthermore, by the properties of the

1-p+q

distribution function p of u, we have
w*(r) +oo 7 L
3.9 [ty s [T gy < i
e p(y)te o ply) e
Using (3.8) and (3.9) in (3.7), we get

(3.10) —b(n)L / |\ DuPdz <
dt J{juj>0)
t B4 u*(r T 1=pte
<[ e ()G ] o
Now we recall that if x > 0, and 0 < a < 1, we have
(3.11) ¢ < ar+ (1 —a);
so applying (3.11) to (3.10), we have

d
_ L / \DulPdz <
dt J >y

< /O#(t) exp{(%)p"q [(p—Q) +(l=p+q) /tu*(m (%)_udy] }f*(r)dr,

that is

p—q (t)
(3.12) b(t)( i / |Du|pdx) < =0 I9l/wn) / ' P~V EN=QON £ (1) dy.,
{|u|>t} 0

ot
ao- ()" 5 f (i)™

On the other hand, we have by Holder inequality that
d | DulPdx > < d / |Du|dx)p( w(t)”
At Jiui>1y T\ A sy

Applying again the coarea formula and the isoperimetric inequality, we have
d
dt J(ju >ty

with

e

|Du|dz > nw}/”,u(t)l_%,
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» p_q [1(t) i
b(t) (nwl/™)? p(t)P =5 (—p/ ()7 < elpmD(@/wn) / P DR (M) =] £+ (1) gy,
0

that is

_ o\
b(t)e DR < p=(Ql/wn) T (nwl/™) ™" (ﬂ) / " -nQ () F*(r)dr.
0

recalling that u* is a decreasing function, we have

4

1/(p—1 / = b t

w < e om0 en) (g 1y iAUN ( / " f*(r)dr) ,,

TR < n o '
pd)r == \Jo

Integrating between 0 and o,

I3 g - e () v
Q((i’(g)) < B D) (1) / ) / Fydr | d,

e o u(tP~w \Jo

where F(s) and Q(s) is the function defined in (2.1), (2.2). If 0 = wu*(s), using the

properties of the rearrangements, we have

F(u* » g [ / t /
(3.13) g—*((i)))) < el POl en) T (g yL/m) 7P / = (1=)r < / f*(r)dr) dt.
et s 0

that is

s [,

p—aq

W (u*(0)) < o5 (P=a)(I92]/wn) V().

From the proof of Theorem 3.1 we get easily a WP estimate of u:

PROPOSITION 3.1. Let V' be the solution of (2.6). Under assumptions (1.2) — (1.6), if
u is a solution of (1.1), then
(3.14

)
fipuae < =2 e (%[/() <%> dyrw [ ro

where m = mingeg = (0) b(t).

PRrROOF. By (3.10) it follows that

d
_ L / DulPdz <
dt J >y
—pt+q 12|

< exp (%)n [/Ou*([)) (%)I;Md@/r i fr(r)dr;

so integrating between 0 and u*(0) we obtain the estimate (3.14). O
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4. Proof of Theorem 2.1

In order to prove Theorem 2.1, we need to define some auxiliary functions and to
study their behaviour. For any A > 0, we put

ka(s) = k(Ta(s)),  ba(s) = b(Tx(s)).

Furthermore, we set

s kx(y)] Tt
4.1 1S € O,—l—oo—>C’/{ dy;
(11) Quiselrocloc [ |20 gy
(4.2) Fy:s¢e]0,4+00[— / eQA(t)b,\(t)p%ldt;
0

. (s),
(43) W/\ s e [0, +OO[—> m,
where

0:—1_p+q(@> "
p_l Wn

We observe that W is continuously differentiable, W (0) = 0 and

W) = )7 - W) (5 f;) o

It follows that W’(0) > 0. When s > 0, we have

(4.4) W'(s) > 01if k(s) =0,

while if k(s) # 0 then

O

4.5 W'(s) >0 W(s) <O~ -
(4. ()20 = W(s) < O

Clearly we have:
Wi(s) = W(s) if 0 <s <A,
while for s > A, it holds:

WA(S):/OS clrla

s r =r¥a
e\ vl B iy +/ CIRB] Ty, )ty =
A

] T—p+q p+qdy

b,\(r)rildr

1

_ W(/\)e C(A— s)(%) T-p+q —|—b(/\)1”/ (r— S)<((7)17p+qd7”.
A



58 4. GENERAL GROWTH IN THE GRADIENT

It follows that, for s > A,

(4.6) Wi(s) =
W(A) + (s — \)b(A) 7T if k(\) = 0;

’

W\ — C*l@ (CO-)(33) 77 + C*1M if k(\) > 0.

R TP k() TP
Thus from (4.4), (4.5) and (4.6) it follows that W'(\) > 0 implies
(4.7) Wi(s) > W(N), Vs>

Inequality (4.7) is immediate for k(A) = 0, while for k() > 0 we have to observe that, in
view of (4.5), W (s) is increasing with respect to s.

For any fixed A > 0, we consider the truncated problem:
(4.8) — div(ay(x, ux, Duy)) = Hy(z,uy, Duy) + f,  uy € WyP(Q) N L®(Q),

where ay(z,n, &) and Hy(x,n,§) are defined in the following way:

;

a(xz,s, &) if |s| < A,
ax(z,s,&) =< a(z, N\ &) if s>\,
a(z,—X\€) if s <=\
and
H(z,s,§) if [s] <A,

Hy(z,s,§) =< H(z,\E&) if s>\

| H(z,—)\¢) ifs <=\

The functions ay(x,s,§) and Hy(z, s, ) verify the assumptions (1.2)—(1.5) with by and
ky instead of b and k. So by Theorem 3.1 it follows that if u, is a solution of (4.8), then

(4.9) Wi(u3(0)) < GoV(0),

where W), is the function defined in (4.3), V'(0) is given by (2.5) and Cj is the constant
of the Theorem 3.1.

REMARK 4.1. We observe that if there exists A > 0 such that
uy (0) < A,

then wuy also solves the problem (1.1).

Now we obtain an uniform estimate for the solutions of the approximate problems
(4.8):
PROPOSITION 4.1. Under assumptions (1.2) — (1.6), if

(4.10) CoV(0) < sup W (s),

s>0



4. PROOF OF THEOREM 2.1 59

where Cy = Cy(p, q,n, |]) is given in Theorem 3.1, then there exists X > 0 such that if

uy is a solution of (4.8), it results

(4.11) wL(0) < A

PROOF. We define
(4.12) T =sup{s € [0, +oo[: W(o) < CyV(0), Vo € [0, s]};

because of assumption (4.10), we have 0 < 7 < +o0, and obviously W(7) = CyV (0);
moreover, there exists A > 7 such that W(7) < W(X) and W’/(\) > 0. By (4.7), we get

CoV(0) = W(r) < W(A) < Wa(s), Vs> A\

On the other hand, if u, is a solution of the approximate equation (4.8) at the truncation
value A, by (4.9) we have Wy (u5}(0)) < CoV(0), so it follows that

uy(0) < A

O

REMARK 4.2. As a matter of fact, we can choose A in order to get a better estimate

of the solutions. The following two facts can happen:

a) there exists A > 7 such that W(s) > W(r) for any s €]7, \[; then if uy is a
solution of (4.8) at the truncation value A, by Proposition 4.1 we get u}(0) < A.
On the other hand, W5(s) = W(s) for any s < A, so being W5 (u3(0)) < CoV(0)
we obtain

uz(0) <7

b) such value A\ does not exist; in this case, for any ¢ > 0 small, we can choose A
in the proof of Proposition 4.1 such that 7 < A < 7+ ¢ and W(\) > W(r),
obtaining (4.11).

REMARK 4.3. We observe that in the proof of Proposition 4.1 only the functions W
and W), are involved. Thus we deduce that if the condition (4.10) is satisfied, there exists
A > 0 such that every solution v of problem like (1.1) satisfying, for a.e. x € €2, for every
(n,€) € R x R", instead of (1.3) and (1.5) the assumptions:

a(z, s,§)§ = ba(ls])[E)”
[H (z,5,&)] < ka(ls)[E]”

verifies

v (0) < A\

It is clear that in order to prove Theorem 2.1, we need only to prove existence for the
problem (4.8), and then use Remark 4.1.
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PrROOF OF THE THEOREM 2.1. Given A > 0 and € > 0, we consider the approximate

problem

(4.13)  —div(ax(z, ure, Dune)) = Hye(,ure, Dure) + f,  une € WyP(Q) N L2(Q),

where Hy(z,5.€)
A e ]
We have
[Hye(z,5,6)| < [Ha(z,5,8)|
and .
|Hye(z,8,8)] < -

It is well known (see [76]) that problem (4.13) admit a solution uy . for every € > 0. Let

us observe that
ax(z,s,£)€ = ba(ls])[€]",
|Hxe(, 5,6 < a(ls])[E]"-
By Proposition 4.1 and Remark 4.3 it follows that there exists A > 0 such that
(4.14) u (0) <A

for every € > 0. Thus {uy . }e>0 is bounded in L>(2). By (3.14) and (4.14) it follows that

p—g 1 1-p+q
QI\ = A T—pta 1€2]
/ |Duy [Pdx < A exp (M) / </€,\(3/)> ! dy fr(r)dr,
a my Wn o \0(y) 0

where my = mingep y ba(t). So {uy}eso is bounded in WP(Q2), and weakly converges to
a function uy € W'?(Q). Using standard techniques (see [29, 31, 30, 32]), it is possible
to extract a subsequence which strongly converges in W1P(Q) to a function uy € W1P(Q)
which solves (4.8). Being u5(0) < A, this is a solution of (1.1). O




CHAPTER 5

Nonlinear elliptic equations with unbounded coefficients

1. Statement of the problem and definitions of solutions
Let b:[0,m) — (0, +00), with m > 0, be a continuous function such that

(1.1) lim b(s) = +o0.

s—=m—

We deal with Dirichlet problem of the form

(12) { —div(a(w,u,Du)) = f in O,
u=0 on 012,

where (2 is a bounded open set in R", n > 2, 1 <p<n,and a:Qx (—m,m)x R" — R"

is a Carathéodory function verifying the following assumptions:
(1.3) b([s)IEl” < alw,s,€) - &,
forae. z€Q,Vse (—m,m)and V £ € R",

(1.4) la(w,5,6)] < C(h(x) +b(|s])|g")
forae. z€Q,Vse (—m,m)and V £ € R”,

(1.5) (a(z,s,8) —alx,5,£)) - (€= ¢) >0,

for ae. € Q Vs e (—m,m)and V £ € R", £ # £. Moreover, f is a measurable
function on whose summability we will make different assumptions.

In this context we deal with some classes of solutions.

DEFINITION 1.1. We say that u € W, () is a weak solution to problem (1.2) if
(1.6) /a(m,u, Du) - Dpdx = / fodr, YoeW,P(Q).
Q Q

We emphasize that, in general, our assumptions on problem (1.2) do not assure the
existence of a weak solution (see the counterexample 4.1 in Section 4). For this reason, we
need to introduce a special class of entropy solutions. In this way, we will obtain existence

results for solutions which can achieve the critical values +m.

DEFINITION 1.2. A measurable function u € VVO1 (1) is an entropy solution to problem
(1.2) if

(1.7) lul] <m a.e. in §2
61
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and u satisfies, for all 0 < k < m,
(1.8) / a(x,u, Du) - DTi(u — @) dx < / fTe(u — p)dx
Q Q

for any ¢ € W, P(Q) N L®(9) s.t. [l ooy < m — k.

2. A priori estimates

Let us define .
B(s):/ b(t)7idt, s € [0,m).
0

We consider, for any € > 0 sufficiently small, the following problem:

{ —div(as(z,ue, Du.)) = fo  in

(2.1)
u: =0 on 0f,

where a.(z, s,€) = a(x, T—o(5),§), with x € Q, s € R and £ € R" and f. € L>®(Q2). We
observe that classical results (see, for example, [73], [76]) assure that problem 2.1 has at

least one solution u. € Wy"(Q) N L>(). Moreover, we define
t
be(t) = b(Tp_c(t)), Vte[0,+00), and B.(t) = / b.(s)71ds.
0
First of all, we prove an integral inequality for weak solutions of problem (2.1).

PROPOSITION 2.1. Let u. be a weak solution of (2.1). Then the following inequality
holds:

22 mwe) <o) [CeE ([ o) " sepia)

PROOF. Let be t,h > 0. Using as test function ¢ = Tj,(u. — T3(u.)), by hypothesis
(1.2), we get

1
(2.3 O A
t<|uec|<t+h |ue|>t

Applying Hardy-Littlewood inequality and letting h — 0, we obtain

d Mus(t)
(2.4) ba(t)—/ | Du.|[Pdx §/ fr(s)ds.
At Jyu. i<t 0

By Holder inequality we have

b0 (4 /. Dulds) (-4t (0)F <

From isoperimetric inequality and Fleming—Rishel formula, it follows that

"d\‘»d
AN
O\
=
<
@
=
"%
—~
VA
~—
QU
VA

P

p . b [Hue(®)
ba(t) < (no™) ™ (s, ()% (—l, ()7 / £ (0)do.
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Finally, raising to the power 1/(p — 1) and using the properties of rearrangements, we
casily get (2.2). O

PROPOSITION 2.2. Let u. be a solution of (2.1). The following inequalities hold:
(a) if 1 <r <n/p, then

/

(2.5) 1Be(fue )l 11 () < el ]

where ¢ = nr(p —1)/(n — rp);
(b) if r =1, then

Ty
Lr(Q)

/

(2.6) 1Be(lueDll nov < ell fell fa(g-

M =P (Q)

PROOF. Let us first observe that, being B. monotone, by (2.2) and properties of
rearrangements, we get

/ q

—ap’ ‘Q| ‘Q| p/ t
1Bl o < (st [ [ ([ s0ra) ") as
0 S 0

applying the inequalities (3.7) and (3.8), we obtain

<[

‘Q| qap qap_
H&WHWMQSCA % (5) % ds,

so, recalling that, in particular, f. € M"(Q), we get (a).
Now let be r = 1. The inequality (2.2) implies

nIHf&”[?jl(Q)
(o — ') (" s/

This proves part (b). O

B (ul(s)) <

Now we use estimates of Proposition 2.2 to obtain some gradient estimates of the

solutions of (2.1) with respect to some L"™norm of f..

PROPOSITION 2.3. Let u. be a weak solution of (2.1). The following estimates hold:

(1) if r is such that
np n
L S P
np—n-+p P
then

(2.7) H|DBE(|U8|)H|LP(Q) < ¢,

where the constant ¢ continuously depends on the norm of f. in L"(Q);
(2) if r is such that

n np
maxql, ——r <r < ——m8,
{ np—n+1} np —n+p
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then
(2.8) DB (|u)l sy < 2

where = nr(p—1)/(n —r) and the constant ¢y continuously depends on the
norm of f. in L"(2);
(3) if r is such that
1 grgmax{l,L},
np—n-+1
then

(2.9) DB ([uc))llars0) < css

with B = nr(p — 1)/(n — r) where the constant c3 continuously depends on the
norm of f. in L"(Q).

PROOF. If u, is a solution of the equation (2.1), by the definition of B. we can use as
test function v = T} (B.(u.) — T3 (B:(u.))) and obtain

1
(2.10) —/ | D(B.(Jue|)[Pdx < / | feld.
h i< B (uc))<t+h Be(|uc|)>t
Let us prove part (1). Passing to the limit in (2.10), we get
d

Hs(t)
(2.11) \DBE(|u€|)|”dx§/ F£(s)ds,
0

dt Be(Jue|)<t

where we have denoted with p.(t) the distribution function of B.(|u.|). Integrating (2.11)

between 0 and 400 and using Holder inequality, we have

(2.12) / DB (Ju.))|de <

+o0 P«a(t 12
/ dt/ ds—/ B.(w () f*(s)ds <
0
< Nl prey 1B=(luDll 1 0

We observe that if 7 is such that np/(np —n+p) <r <n/p, by (2.5) the right hand side
of last inequality is controlled by a constant depending on the norm of f. in L"(2); so by
(2.12), the inequality (2.7) follows.

As regards part (2), applying Holder inequality in (2.10) and reasoning as before, we
get

+o0 pe(2) Alr
(2.13) / DB (Juc])|’dz < / (/ f;<s>ds) (—pl ()Pt <
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< ([ asorcoa) o ( [ ( / - f;"(S)dS> dt) v

where ¢ = nr(p — 1/(n — rp)). Using the properties of rearrangements, we can write the
first integral of the right hand side of (2.13) as

400 1]
/0 (1 03 (— (1)) dt = / (1+ Bo(u2(s)))"ds,

and by (2.5) this quantity is bounded by a constant depending on the norm of f. in L"(€2).
On the other hand, integrating by parts the second integral of the right hand side of (2.13)

we have

+oo pe(t)
/ (1 + t)20=#/8) / fr(s)ds | dt <
0 0

]
<c [ f2(s) [(L4 Be(ui(s) ") — 1] ds <
0

9| 1-1/r
< i@ { JARCER NN ds} -

Applying again (2.5), by (2.13) it follows the estimate (2.8).
Finally, we prove part (3). Integrating between 0 and k the inequality (2.11), we
obtain

k pe(t)
(2.14) / |DB.(|u.|)Pdz < / d / £ (r)dr.
B (Jue|)<k 0 0

If r =1, from (2.14) we get

/ DB.(Jucl)Pdz < & | fll e -
Be(|ue|)<k

By (2.6) and lemma 3.2 we get the assertion.
If 1 <r <max{1l,n/(np —n+ 1)}, then by (2.5) it follows that B.(Ju.|) € M9(Q2),

with ¢ = nr(p — 1)/(n — rp) as in Proposition 2.2; so we obtain

k k
1 1
/ |DB.(|ue|)|Pdx < c/ pe(t) 7 dt < c/ —dt,
B5(|u5|)§k 0 0 t’r’

where the constant ¢ depends on the norm of f. in L"(€2). Applying Lemma 3.2, the
inequality (2.9) follows. O

REMARK 2.1. We observe that the achieved estimates hold also replacing D B.(|u.|)
by Du,; furthermore it follows that

/ |Du.|"dx < ¢,
Q
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with v < n(p —1)/(n — 1), c is a constant depending on the L' norm of f.. Using (2.4),
Ty (ue) are uniformly bounded in W,*(Q) for any k > 0. Hence, there exists a function
u € Wy (Q) such that

(2.15) ue — u a.e. in €,

and, for any k£ > 0,
Ti(ue) — Ti(u) weakly in WyP(Q).

Now let us suppose f € L'(Q). Using T (Juc]) — Thn(|ue|) as test function in (2.1) and

by Poincaré’s inequality, we deduce that

b(m — ) /Q(sz(lual) — Tn((ue]))Pde <m |l fell pr o -
Letting ¢ — 0, from the condition (1.1) we conclude that, for almost all z € €,
Ju(x)] < m.
Moreover, choosing k£ > m, we get

(2.16) u. — u weakly in W,P(Q).

3. Almost everywhere convergence of the gradients

In this section we will prove the almost everywhere convergence of the gradients.

THEOREM 3.1. Let u. be a weak solution to (2.1). Suppose f € L'(Q), and let f. €
L>(Q) be such that f. — f in L'(Y). Then

Du. — Du a.e. in {|u] < m}.
In order to prove Theorem 3.1, we need the following result (see [27]):

LEMMA 3.1. Let (X, T,m) a measurable space, such that m(X) < +oo. Let 7y be a
measurable function v : X — [0,400) such that m({z € X : v(x) = 0}) = 0. Then for
any o > 0 there exists 0 > 0 such that:

/7dm§5:>m(A)§a.
A
PrROOF OF THEOREM 3.1. We will follow the proof contained in [27] (see also [41]).
By Remark 2.1, we get that
Uz — U 1N measure.
We will prove that

(3.1) Du. — Du in measure on {|u| < m}.
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In order to prove (3.1), given A > 0 and n > 0, we set for some r < m, and M, k > 0,

By = {|u| < m} N ({|Du.| > M} U{|Du| > M} U{|uc| > k} U {|u] > k}),
By = {Jul <m} 0 {jue —u| > n},
By = {|ul <mjn{lue —u| <, |Duc| < M, |Du| < M, uc| <k, [u| <k, |D(ue —u)] = A}

We remark that
{Ju| <m} N A{|D(u. —u)| > A} C Ey N EyN Es.

Since u. and Du, are bounded in L*(Q), for any o > 0 we can fix M and k < m such that
o
|Eq| < 3

independently of €.
As regards the measure of E3, the monotonicity assumption (1.5) assures that there

exists a real-valued function «y(x) such that
{zeQ: y(z)=0}[=0

and

(a(z,s,8) —a(x,s,£)) - (= &) = (),
for any s € (—m,m), £, € R", |s| <k, [£],[¢'] < M, and [ —&'| > A. Then, denoting

with x, the characteristic function of [0, 7], we get
/ y(z)dz < / lac(z, ue, Du.) — ac(x,u., Du)] - D(ue — u)dz <
Es Es
< / [a5<x7ua> Dua) - ag(:L‘, U, DTk(u))] . D(ua - Tk(u))Xﬂ(|u€ - Tk(u)Dd‘r <
{luc|<k, lu|<k}
< /[ag(:ﬁ,ug, Du) — a-(z, ue, DTy (w))] - D(ue — Tho(w))xy(Jue — Ti(u)])dz <
Q

§/ag(a:,ua,Dua)-DTn(ua—Tk(u))dx—/ ac(x, ue, DTy(w))-DT,) (ue—Ty(u))dx = I, —1I5.
Q Q

As regards I3, using as test function T (u. — Tk (u)), we have that

[ 5= Tt

In order to evaluate the term I, we observe that

L] = <0l fllzq) -

{z: Jue = Th(w)| <n} C{z: Jul <k +n};
therefore choosing > 0 such that k& +n < m, there exists ¢y > 0 such that for all ¢ < gg

ac(z,ue, DT (u)) = a(x, ue, DT (u)) in {z : |u. — T (u)| < n}k;
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hence
I — / o, ue, DTy(u)) - DT (u. — Ty(u))dz =
Q

= /Q@(x, Tygn(ue), DTy (w)) - D(Thin(ue) = Ti(w))xn(lue = Tr(u)]) de.
By Remark 2.1 it follows that
Thopon (1) = Thopon () weakly in WyP(9);
moreover, being
|a (2, Ty (ue), DTo(w))| < O(| Ty (ue) )| DT (w) P
by Vitali’'s theorem we have that
a(z, Ty (uz), DT (u)) — a(x, Ty (u), DTi(u)) strongly in L¥ ().

Passing to the limit in 5, we get

1irr(1) a(z,ue, DTy (uw)) - DT, (u. — Ti(w))dx =
=V Ja

= /Q a(@, Tin (), DTy (u)) - D(Thiy(w) — Ti(w)) Xy ([u — Ti(w)]) de,
and

lim [ a(e, Ty (), DT(w)) - D(Tig(0) — Ti(w)) X ([ — T (w)]) dar = 0.

n—0 [¢)
Choosing 7 such that
4}
1 ey < 5

where ¢ is given from Lemma 3.1, we have

/ y(z)dx <0,
E3

and we can deduce that |E3| < o independently of .
Finally, we fix n and thanks to the fact that u. — w in measure, we can choose ¢; such
that
|Es| <n, fore<e.

This implies that Du. — Du in measure in {|u| < m}, consequently

Du. — Du a.e. in {|u| < m}.
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4. Existence results

Now we can apply the results of the previous sections in order to obtain existence
results, which depend on the behaviour of b near m. First of all, we emphasize that a

prevalent role is played by the set
{z € Q: |u(x)| =m}

where u is the limit function of the solutions u. of approximated problems (2.1). In this

direction, we observe that, being u. — w a.e. in €2 (see Remark 2.1),

|ue ()] m
@) {reQ: |u@) =m) = {:c € Q: lim b (t)dt > / b(t)dt} |
=Y Jo 0
4.1. The case bY/®=1) & L1(0,m).

THEOREM 4.1. Let f be a function in L"(S2), with r > %. Assume that (1.2) — (1.5)
hold, with b*/®=V & LY(0,m). Then there exists a weak solution u € Wol’p(Q) of problem
(1.1) such that

(4.2) [ull ooy < .

PROOF. Obviously, the estimate (2.2) holds for f. = f for any ¢ > 0. Since a. is
bounded from above, by classical results (see [73], [76]) there exists a solution u. €
Wy (Q) of the approximated problem (2.1). Estimate (2.2) implies

43)  Bullellymey) < COUF) = (nastf™) ™ /'Qt— ( [ re do—)idt.

Being B(s) unbounded in [0,m), we can take A = B~!(C(f)) and then we choose gy > 0
such that b(s) < b(m — g¢) for any s € [0, A]. By definition of b. and B. we have, for any

€ < &g,
B.(s) = B(s), s€]0,A].

Moreover, being B, increasing, it follows that, for any € < &,
Be(s) <C(f) <= s€0,4],
so by (4.3) we get
(4.4) [t ooy < A <.
Then there exists €; < gg such that for any € < ¢,
ae(z, ue, (x), Dug, (2)) = a(z, ue, (x), Due, ())
for a.e. x € Q; this implies that u., is a solution of (1.1), which obviously verifies (4.2). O

REMARK 4.1. We want to emphasize that in the case b/~ & L'(0,m) we can obtain
directly the same result of Remark 2.1. Indeed, if we consider f € L'(Q) and f. € L>()
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such that f. — fin L'(Q), by Theorem 4.1, there exists a weak solution u. of the problem
(4.5) —div(a(z,ue, Du.)) = fo, u € WyP(Q),

such that |u.| < ¢(g) < m; consequently we can integrate between 0 and m the inequality

d M’U«E(t)
b(())—/ |Du.|Pdx < / fr(s)ds

At Jju|<t 0
in order to obtain that
(4.6) / | Du.[Pdx < C.

Q

Last estimate gives that
(4.7) u. — wae inQ, |ul <mae inQ, wu. — uweakly in Wy"*(Q),
as in Remark 2.1.

THEOREM 4.2. Let f € L"(2), with np/(np—n+p) <r <n/p. Under the hypotheses
(1.2) — (1.5), with bY/®=D & LY(0,m), there ezists a weak solution u € Wy (Q) of problem
(1.1), such that

{lul = m}|=0.

PROOF. Let u. € W,7(Q) be a weak solution to the approximated problem (2.1).
Recalling Remark 2.1, u. — u a.e. in ); being B(m) = +o0, (4.1) allows to obtain
that

(4.8) B.(Juc|) = B(|u|) a.e. in Q.
By estimate (2.7) and (4.8), it follows that
(49) B (|ue]) — B(Jul) weakly in W#(2),
hence B(|u|) is bounded in L'(Q) and
(4.10) {lul = m}| = 0.
Combining (4.10) with Theorem 3.1 we get

a.(x,ue, Du.) — a(x,u, Du) a.e. in €.
Moreover, by (2.7) we get that

|ae (2, ue, Du.)| is bounded in L (Q);

these conditions allow to pass to the limit in the weak formulation of approximated
problems,

/ a-(z,u., Du.) - Dp = / fepdr, € Wol’p(Q),
Q Q

obtaining that w is a weak solution of (1.1). O
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THEOREM 4.3. Let f € L"(Q2), with 1 < r < np/(np —n + p). Under the hypotheses
(1.2) — (1.5), with b®=D & LY(0,m), there exists a solution u € W,*(Q), in the sense of
Definition 1.2, of problem (1.1), and

[{lul = m}|=0.

PROOF. As before, we consider a weak solution u. to the approximated problem (2.1).
By Remark 2.1, the limit function u satisfies (1.7). The argument used in the proof of
Theorem 4.2 allows to claim that © < m a.e. in €.

If we choose T (ue — @), @ € WyP(Q) N L®(Q), as test function, we get

(4.11) / a(x, Ty—c(ue), Du.) - Du. dx — / a(x, Tpp_c(u:), Du.) - Do dx =
lue —p|<k

lue—p|<k
= / faTk(ua - 90) dz.
Q

First of all, being f. strongly convergent in L' to f, we can pass to the limit in the
right-hand side of the above equality.

We observe that {|u.—¢| < k} C {[u-| < k+|¢|l (o) = M}, hence taking 0 < k <m
and ||| ey < m — k, we get M < m and then |a(z, Tar(u:), DTh(u:)| is bounded in
LP (). As before, we can pass to the limit in the second integral of (4.11).

As regard the first integral, being the integrand non—negative (by the ellipticity con-
dition) and almost everywhere convergent, we can apply Fatou’s lemma. Putting all the
terms together, we obtain

(4.12) / a(x,u, Du) - DTi(u — @) dx < / fTi(u— @)dx,
Q Q
and the Theorem is proved. O

4.2. The case b'/P=1) € L1(0,m). The case B bounded is completely different from
the previous one. In order to obtain existence of weak solutions, it is necessary to require

a smallness assumption on the datum.

THEOREM 4.4. Let f be a function in L"(2), with r > n/p. Assume that (1.2) — (1.5)
hold, with b*/®=1) ¢ LY(0,m). If

(4.13) (nw}/”)"" /0 . t—%? ( /0 t f*(a)da) g dt < B(m),

then there exists a weak solution u € Wy *(Q) of problem (1.1) such that
[ull oo ) < -

PROOF. We can proceed as in the proof of Theorem 4.1. By the estimate

ol 2
Bu(|ltell o) < (ne?) / e (/ f*<a>df’) a
0 0
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and using the smallness assumption (4.13), we get a solution u € WyP(Q) such that
lul < e < m.
0

REMARK 4.2. We emphasize that the condition (4.13) is a smallness assumption on
the norm of f in the Lorentz space L/P?/P)(Q). Indeed (4.13) can be rewritten in the

form
n_p/W;p//n ||f||L(n/pﬂp’/p>(Q) < B(m);

it is well-known that L™/P?/P)(Q) contains L"(2), for any r > n/p.
REMARK 4.3. We observe that the (4.13) means also that
V(0) < B(m),

where

/

(4.14) V(z) = (nwt/") ™" /w . (=) ( /0 t f*(r)dr) dt

nlz|™

S [

is the solution of the Dirichlet problem

{ —AV = f* inQF

4.15
( ) V=0 on ON#.

THEOREM 4.5. Let f € L"(Q2), with 1 <r <n/p. Under the hypotheses (1.2) — (1.5),
with b1 € LY(0,m), there exists a solution u € WyP(2), in the sense of Definition
1.2, of problem (1.1).

PROOF. The proof follows using similar arguments contained in the proof of Theorem
4.3, with the only difference that the limit function u can be equal to +m on a set of

positive measure, and then a.(x,u., Du.) converges to a(z,u, Du) in {|u| < m}. O
In the following result we analyse the limit case in condition (4.13).
THEOREM 4.6. Let f be a function in L"(QQ), with r > n/p. Assume that (1.2) — (1.5)
hold, with b"/®=1) ¢ L*(0,m). If

(4.16) (nw/m) ™ /0 Y ( /0 t f*(o)da) : dt = B(m),

then there exists a weak solution u € WyP(Q) of problem (1.1) such that

~|

(4.17) [{lul = m}|=0.

PROOF. Let u. € W,7(Q) be a weak solution to the approximated problem (2.1).
Reasoning as in the proof of Theorem 4.5, we obtain that u satisfies the conditions of
Definition 1.2.
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If we show that (4.17) holds, the summability hypothesis on f allows to get that
B.(Ju.|) — B(|u|]) a.e. in Q

and
B.(Ju.) — B(lul) weakly in W, #(Q);

so we can proceed analogously to the proof of Theorem 4.2 and get that w is a weak
solution of (1.1).

In order to prove (4.17), let h be such that 0 < h < m; we can use as test function
¢ =Ti(u) in (1.1), with 0 < ¢t < m — h, obtaining

(4.18) /Qa(x,u, Du) - DTy (u — Ti(u))dx < /QfTh(u — Ty(u))dx.

From (4.18), it follows that

1
3 Ly i
b Jectui<t+n ful>t

for t < m — h, similarly to (2.3). Therefore, arguing as in the proof of Proposition 2.1,
we get that

o’

p

419 B <V = () [ ([ riomo)"

for any s > 0 such that u*(s) < m. We observe that being u*(0) < m, we can suppose
u*(0) = m, otherwise (4.17) is trivially satisfied. Now take sy = inf{s > 0: u*(s) < m}.
If we show that sy = 0, by equimeasurability of u and u* we can conclude that (4.17)

holds. To this aim, let sy be positive. By (4.19) and the monotonicity of V (s) we have
B(m) = B(u"(s0)) < V(so) < V(0);

but this contradicts the hypothesis (4.16). O

REMARK 4.4. We emphasize that if b/®~Y € L1(0,m) and f does not verify the
smallness hypotheses (4.13) or (4.16), we cannot have existence of weak solutions. This is
due to the fact that the limit function u can be equal to £m on a set of positive measure,
and then a.(z,u., Du.) does not converge to a(z,u, Du) in €2, as shown by the following

example (see [83] in the case p = 2).

EXAMPLE 4.1. Let us consider the following problem:

, |DulP™>Du '\ | |
—div ((1 ~ e =\ in €,

(4.20)
u=>0 on 0f),
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where 2 = {z € R": |z| < 1}, A\ is a positive constant and 1 < p < +oo. We can
approximate problem (4.20) with
—div (be, (Jue, |) | Due, [P"2Du., ) = A in Q,

(4.21)
U, =0 on 02,

where ¢, = k~2/®=1 and

(1—|s|)~"7 if|s] <1 -,

b€k(8) = )
k if |s] > 1 —¢y.

Hence,

n 2(1 — (1 — |s|)"/?) sign s if [s| <1 — e,
B, (s) =
' (24 skM/@=D — /=D — =/@=D) sign s if |s| > 1 — g
Performing the change of variable v = B, (u.,), we get that (4.21) is equivalent to the
problem

—Aypuy =X in Q,

v=20 on 0,
solved by the function

A ,
v(z) = W(l — [z]”).
If we choose A > n(2p/)P/P'| then
(4.22) {z € Q: v(x) > 2}| > 0.

Being u., = B-!'(v), it follows that

V()

v(x) —

if 0 < v(z) <2(1—e/?),
Ug, () = » < () <2( K)

5,16/2(1)(@ —24+&/"+ 5,;1/2) if v(z) >2(1— 511/2)7

and for £ — +o00, u,, converges to the function

vi(z) .
u(w) = v(x) — 0 if 0 <w(z) <2,

1 if v(x) > 2.

By (4.22), the function u is equal to the critical value 1 on a set of positive Lebesgue
measure. This means that u cannot be a weak solution of problem (4.20). Nevertheless,
u is an entropy solution in the sense of Definition 1.2.

Observe that in the case A < n(2p')?/? then u = v —v?/4 is the weak solution of (4.20)
and esssup |u| < 1.

Finally, in the limit case A = n(2p/)"/?, the function u = v — v?/4 is such that
|{u = 1}| = 0, and by Theorem 4.6, u is a weak solution of (4.20).
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