University of Rome ”La Sapienza’
Faculty of Mathematical, Physical and Natural Sciences

Department of Mathematics ”G. Castelnuovo”

WELL-POSEDNESS OF DEGENERATE
ELLIPTIC AND PARABOLIC PROBLEMS

Ph.D. Thesis in Mathematics

Fabio Punzo

Advisor: Prof. Alberto Tesei






Contents

Introduction
1.1. The problems
[.2. A survey of the literature
1.3.  Outline of results

Chapter 1. Uniqueness of solutions to degenerate elliptic problems with unbounded
coefficients
1.1. Introduction
1.2. Mathematical framework and results
1.3. Existence and nonuniqueness results: Proofs
1.4. Comparison and uniqueness results: Proofs
1.5. Examples and remarks

Chapter 2. Uniqueness and nonuniqueness of solutions to parabolic problems with
singular coefficients
2.1. Introduction
2.2. Mathematical framework and results
2.3.  Proof of comparison and uniqueness results
2.4. Proof of nonuniqueness results
2.5. Examples

Chapter 3. Criteria for well-posedness of degenerate elliptic and parabolic problems
3.1. Introduction
3.2. Elliptic problems
3.3. Parabolic problems
3.4. Singular manifolds of low dimension: Proofs
3.5.  Singular manifolds of high dimension: Proofs
3.6. Examples

Chapter 4. On the refined maximum principle for degenerate elliptic and parabolic
problems
4.1. Introduction
4.2. The refined maximum principle
4.3. Existence results
4.4. Proofs
4.5. Further remarks

Chapter 5. On the Cauchy problem for nonlinear parabolic equations with variable
density
5.1. Introduction
5.2. Mathematical background and results
5.3. Proof of uniqueness result
5.4. Proof of nonuniqueness results

iii
iii
iii
ix

= =
© U O = = =

25
25
27
32
38
49

55
55
59
65
68
83
88

91
91
92
95
96
98

103
103
104
106
111



ii CONTENTS

Chapter 6. Uniqueness and nonuniqueness of bounded solutions to singular nonlinear
parabolic equations
6.1. Introduction
6.2. Uniqueness and nonuniqueness results
6.3. Mathematical background and proofs

Chapter 7. Phragmen-Lindel6f principles for fully nonlinear elliptic equations with
unbounded coefficients
7.1. Introduction
7.2. Mathematical framework and auxiliary results
7.3. Results
7.4. Proofs
7.5. Examples

Bibliography

117
117
118
120

137
137
138
141
145
152

155



Introduction

I.1. The problems

In this thesis we investigate uniqueness and nonuniqueness of solutions to degenerate
elliptic and parabolic equations with possibly unbounded coefficients. Specifically, we address
equations of the following types:

(I.1.1) Lu—cu=¢ in 2,
(I1.1.2) Lu—cu—0w=f(x,t,u) inQAx(0,T]=:Qr (T >0),
(I.1.3) pOu=A[G(w)] in Qr.

In the last chapter, also fully nonlinear elliptic equations will be considered.

Here Q C IR™ is an open connected, possibly unbounded set with boundary 02 and
¢, o, f,p, G are given functions. The function ¢ is supposed to be nonnegative when dealing
with equation (I.1.1), f € C(Qr x IR) is Lipschitz continuous with respect to u € IR,
uniformly for (x,t) € Qr. The coefficient p is positive and depends only on the space variables;
a typical choice for the function G is G(u) = |u|™ 'u, m > 1. Finally, the operator £ is
formally defined as follows:

we always assume
n
(I1.1.4) Z a;j(x)& >0  for any x € Q, (&1,..,&,) € R".
i,j=1

A great deal of work has been devoted to investigate uniqueness of solutions, both of the
Dirichlet boundary value problem associated to equation (I.1.1) and to Cauchy or Cauchy-
Dirichlet problems for equations (I.1.2)-(I1.1.3). Also probabilistic methods have been exten-
sively employed to study linear degenerate equations. In the following section we give a short
overview of such known results. In the last section of this Introduction the results of the
thesis are outlined.

1.2. A survey of the literature

1.2.1. Degenerate elliptic equations. As is well-known, to formulate a well-posed
Dirichlet problem associated to equation (I.1.1) it is natural, in view of the loss of ellipticity,
not to prescribe boundary conditions on some portion of the boundary. In fact, early in [46]
(see also [57]), equations degenerating only at the boundary were treated and uniqueness of
solutions to this problem was proved, without giving boundary conditions on a certain region
of the boundary, where the coefficients of the operator £ converge to zero exponentially. Later
on, a general formulation of the Dirichlet problem, when the operator £ possibly degenerates

iii



iv INTRODUCTION

also in the interior of 2, was given in the pioneering work [26]. In this context, when the
domain is bounded and regular and the coefficients of the operator sufficiently smooth, the
points of the boundary 02 were classified in characteristic and non-characteristic points for
the operator £. In addition, at characteristic points the drift vector-field can point either
outward or inward, or it can vanish. Then the Dirichlet problem for equation (I.1.1) was
investigated, prescribing boundary data only at non-characteristic points and at characteristic
points where drift points outward. By the so-called Gauss-Green formula for the operator £
and integration by parts, a convenient IP— estimate was derived for any classical solution to
this Dirichlet problem, ensuring uniqueness of smooth and bounded solutions.

The above formulation of the Dirichlet problem attracted much attention and many re-
lated existence, uniqueness and regularity results were proven (see [56]). In particular, in [56]
uniqueness results were obtained, by an approach different from that of [26], which makes
use of suitable supersolutions to equation (I.1.1) with ¢ = 0. Assuming that the operator
coefficients are sufficiently smooth and bounded, it was proved that if a nonnegative super-
solution to equation (I.1.1) with ¢ = 0, diverging at some region ¥ of the boundary, exists,
then the Dirichlet problem for equation (I.1.1) admits at most one classical bounded solution,
without specifying boundary conditions at ¥. In [56] also the relationship between these
two different methods is pointed out. In fact, consider a smooth portion ¥ of the boundary
made of characteristic points where the drift vector-field does not point outward. Then by
the results in [26] the Dirichlet problem has at most one smooth bounded solution, without
giving data at ¥.. The same conclusion can be reached by the uniqueness criterion of [56].
In fact, in the proof of Theorem 2.7.1 of [56] a nonnegative supersolution to equation (I.1.1)
diverging at X is explicitly constructed, mainly using the distance function from 3, hence
uniqueness follows.

Furthermore, in Lemma 2.7.1 and Theorem 2.7.1 of [56] the existence of classical solutions
to the Dirichlet problem for equation (I.1.1) is addressed, under suitable regularity hypotheses
on the domain and on the operator. Here the construction of a barrier at any point where
boundary conditions are specified plays an important role. It turns out that, under appropri-
ate assumptions, such barriers can be constructed both at non-characteristic points and at
characteristic points where the drift points outward, in agreement with the above uniqueness
results.

It is informative to observe that in [61] similar uniqueness results are given. Here unique-
ness classes larger than L*°(2) are considered and the function ¢ may change sign, yet the
operator is supposed to be uniformly elliptic. Such results have been obtained in consequence
of the Phragmen-Lindel6f principle, a well-known generalization of the maximum principle.
Loosely speaking, the Phragmen-Lindelof principle states that if there exists a positive su-
persolution to equation (I.1.1) with ¢ = 0, diverging at a portion ¥ of the boundary, then
any subsolution to equation (I.1.1), nonpositive in 9 \ ¥, is necessarily nonpositive in €2,
provided that it possibly diverges at ¥ with an order lower than that of the mentioned super-
solution. In [61] similar results are established for unbounded domains under suitable growth
conditions at infinity on the subsolution.

In recent years also elliptic equations with unbounded coefficients have been widely inves-
tigated - mostly in the case 2 = IR™ - both by analytical methods and stochastic calculus (see
[17], [52] and references therein). Also the corresponding parabolic equations have attracted
much interest, particularly concerning the uniqueness of solutions to the relative Cauchy prob-
lem (e.g., see [20], [34], [52], [71], [44], [60]). We outline, for further purposes, the results
of [60], which are in the same spirit of those described before for elliptic equations, although
unbounded coefficients are considered.
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In [60] operators of the form
~ 1
Lo = ;{div[A(az)Vv] + (b(z), Vv)}

are considered. The boundary 0f) is expressed as the disjoint union of the regular boundary
R, where the coefficients of £ are well-behaved (in particular, bounded), and the singular
boundary S, where the coefficients can diverge, vanish or need not to have a limit; the condition
RNS =0 is always assumed.

A key role to establish uniqueness or nonuniqueness of (very weak) bounded solutions to
the parabolic problem

L[G(u)] — O = f(z,u) in Qr
(I1.2.1) u=20 on R x (0,7

u = up in Qx {0}
with ug € L>®(Q) is played by the so-called first exit time problem:

LU=-1 inQ
(1.2.2)
U =0 on R.

It was proved that if there exists a supersolution V' to problem (I1.2.2), bounded from
below such that
inf V <infV,
QUR R
then problem (I.2.1) admits infinitely many bounded solutions. On the contrary, if there
exists a subsolution Z to problem (I.2.2) such that

lim Z(z)=-o00,
dist(z,S)—0

then problem (I.2.1) with G(u) = u admits at most one bounded solution.

Another interesting contribution to study uniqueness for the Dirichlet problem associated
to equation (I.1.1) is given in [7], using methods different from those introduced above. Here
uniformly elliptic operators in bounded domains are considered with coefficients which might
not be regular approaching the boundary. Relying on the uniform ellipticity of £ and the
boundedness of the coefficients, the minimal positive solution Uy to the first exit time equation
(e.g., see [35]) is constructed. Then the so-called refined mazimum principle is proven -namely,
any subsolution to equation (I.1.1) with ¢ = 0 bounded from above, nonpositive only at those
points of the boundary where the function Uy can be prolonged to zero in a suitable sense,
is necessarily nonpositive in €2. Notice that, in particular, Uy can be prolonged to zero at
xg € 00 if oy has a barrier. As a consequence of the refined maximum principle, we can
infer uniqueness of bounded solutions to the Dirichlet problem in which boundary conditions
are imposed only on the portion of the boundary where the function Uy vanishes in a proper
sense. For, the uniqueness result given in [7] is in its very nature of the same kind of those
described above.

Not surprisingly, the uniqueness results introduced above are connected with the strong
maximum principle for linear degenerate elliptic equations (see [10], [19], [67], [70]). In
particular, in [19] (see also [67]) the propagation set of any point xy € Q is defined; it is
the collection of all points of 2 which can be connected to g, running diffusion and/or drift
trajectories. Then it is proved that if a subsolution u to equation (I.1.1) with ¢ = 0 attains at
some xg € ) the maximum of u restricted to the propagation set of xg, then w is identically
equal to u(xg) in the whole propagation set of ¢, provided that the coefficients of the operator
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are smooth enough. Using this characterization of the propagation set of local maxima, it is
also shown that, if every point lying in 2 and every characteristic point where drift is zero, or
is directed inward can be joined, by a finite number of diffusion or drift trajectories, either to
some non-characteristic point, or to some characteristic point where drift is directed outward,
then uniqueness for the Dirichlet problem formulated in [26] holds true.

Analogously, in [70], Theorem 7.2.1, it is established that global maxima propagate along
both subunit trajectories and drift trajectories. Then it is proved that this propagation set
indeed is the same as that considered in [19].

Let us finally mention that similar strong maximum principles have been proven also for
fully nonlinear equations in [3]-[4].

1.2.2. Connections with probabilistic methods. In this Subsection, we discuss briefly
the relationship between stochastic calculus and the results recalled in Subsection 1.2.1, whose
proof was obtained solely by analytical methods.

In [48] (see also [29]), the general question is addressed, whether boundary data are
needed on some region of the boundary to get uniqueness of solutions to linear elliptic de-
generate problems. In the light of the probabilistic representation of the solution of elliptic
equations, uniqueness holds without prescribing boundary data at some region > C 0%, if
> is unattainable by the Markov process generated by the operator. On the contrary, if the
Markov process can reach X, then at > boundary data must be imposed.

Interestingly to decide whether the Markov process does attain or not some region ¥ of
the boundary, sub— and supersolutions of the same type considered in Subsection 1.2.1 are
expedient. More precisely, if a supersolution to equation (I.1.1) with ¢ = 0, diverging at X,
exists, then X is unattainable. On the contrary, if near some point xg € 92 a barrier exists,
then the Markov process reaches zy. In this case the point zg is said to be a regular point for
the stochastic process.

In [48] the notion of attracting regions of the boundary is also introduced. In general
terms, the set X is attracting if there exists a barrier for the whole ¥ (see Definition 1.5.1).
It turns out that constant data can always be specified at attracting regions 3 C 0. In
addition, if the coefficients of the operator are bounded, it is possible to construct a barrier
at any point zo € X; hence continuous data can be prescribed at X, too (see [48], Theorem
3.1).

Many of the results collected in [31] can be regarded form the same viewpoint. In par-
ticular, in [31], the actual construction of the mentioned sub— supersolutions is investigated,
always supposing that the operator £ has bounded coeflicients.

In Chapter 11, Theorem 4.1 of [31] it is proved that, if ¥ is a smooth submanifold of IR"
of codimension 1, containing solely characteristic points where drift does not point outward,
then it is unattainable by the Markov process. To prove this property, a supersolution W to
the problem

LU=pU inQ
(I.2.1)
U=0 on 0N\ X

(for some p > 0) diverging at X is explicitly constructed.

Moreover, it is proved that the manifold 3 is always unattainable, if dim Y is small
enough (roughly speaking, in this case ¥ is "too thin” to be reached by the process). More
precisely, if X2 is a k-dimensional smooth submanifold of IR™ with k£ < n — 3, and the diffusion
matrix does not degenerate too much along orthogonal directions to X at any xg € 3-namely,
the orthogonal rank of A at g is greater or equal to 3 (see Definition 3.2.11)- then ¥ is
unattainable (see [31], Chapter 11, Theorem 3.1). The argument goes by contradiction. In
fact, first it is supposed that the Markov process associated to the operator, starting in 2,
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touches a point zg € X, after a certain finite time. Then it is proved that this is impossible,
using a suitable nonnegative supersolution W of the equation

(1.2.2) LU=pU inWs\K (u>0)

such that

lim  W(x)=+o0
dist(xz,K)—0

(here W is a neighborhood of K := ¥ N Bs(xg); d > 0).

Also the already mentioned strong maximum principle for degenerate equations (see [19],
[70]) has a deep probabilistic interpretation. In fact, in the first part of [69] it is proved that
the set of propagation of maxima of subsolution to elliptic degenerate equations coincides
with the closure of the support of the Markov process generated by the operator, provided
that the coefficients are sufficiently regular and, in particular, bounded. This support -by
definition, the closure of trajectories of a Markovian particle starting in §2- actually coincides
with the propagation set defined in [70]. Relying on this characterization, in the second part
of [69] solutions to the Dirichlet problem introduced in [26] are proven to be unique.

I.2.3. Nonlinear equations. Equation (I.1.3) (which arises in several physical prob-
lems; e.g., see [45]) has raised much interest. In particular, several papers have been devoted
to the Cauchy problem associated with equation (I.1.3), namely

pOu=A[G(u)] in R"x (0,T]=: St
(1.2.1)
u = ug in IR™ x {0},

assuming p € C(IR"), up € L>*(IR"™). It is well-known that problem (I.2.1) is well-posed in
the class of bounded solutions when n < 2 and p is sufficiently smooth, or when n > 3 and
p is constant (see [6], [37], [42]; see also [11]). On the contrary, when n > 3 and p — 0
sufficiently fast as || — oo, some conditions at infinity are needed to restore well-posedness
(see [21]-[23], [43], [45], [68]). In the above references conditions at infinity are of Dirichlet
type and homogeneous. Moreover, it can be proven that when G(u) = v and T'xp € L>®(IR")
(T being the fundamental solution to the Laplace equation in IR™) problem (I.2.1) is well-
posed in the class of bounded solutions, even if non-homogeneous conditions of Dirichlet type
or homogeneous condition of Neumann type are prescribed at infinity (see [44]).

For n =1, in [43], the following generalization of problem (I.2.1) was investigated:

pOowu = {a|lG(u)]|,}, in Sp
(1.2.2)
u = g in IR x {0};

here a € C*(IR),a > 0. Conditions for the well-posedness were given, which depend on the
behaviour as || — oo of solutions to the associated first ezit time equation to problem (1.2.2).
In this one-dimensional case, this becomes the ordinary differential equation

(1.2.3) (ay) = —p in R.

It turns out that, if any solution of equation (1.2.3) is bounded in IR, then there exists a
unique nonnegative bounded solution to problem (I1.2.2) satisfying an extra constraint at
infinity, hence the solution to problem (I1.2.2) in the class L*°(S7) is not unique. Instead, if
there exists a solution y to equation (I1.2.3) such that |y| — oo as |z| — oo, then there exist
at most one bounded nonnegative solution to problem (1.2.2).

Since the solution to equation (I.2.3) can be written explicitly, the above conditions for
uniqueness or nonuniqueness can be also formulated in terms of the behaviour of p and a at
infinity.
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Moreover, from such uniqueness criteria, conditions for uniqueness of bounded radial
nonnegative solutions to problem (I.2.1) are deduced, in case p and ug are radial. According
to them, problem (I.1.3) admits at most one bounded nonnegative radial solution, when p at
infinity diverges not too fast; in the opposite case, nonuniqueness holds true.

In [47] results similar to the previous ones are obtained for the initial-boundary value
problem:

pOu={a[G(u)le}e in (0,R) x (0,T] = Qr
(1.2.4) u =0 in {R} x (0, ]
U = Ug in (O,R)X{O};

here p € C((0, R]),a € C*((0,R]), a > 0,p > 0 in (0, R]. Observe that the coefficients p,a
can either vanish or diverge, or else they need not to have a limit as |z| — 0. In this case,
the point 0 can be regarded as the counterpart of the point at infinity in the Cauchy problem
(I.2.2). Then it is natural to expect that uniqueness or nonuniqueness criteria for problem
(I.2.4) depend on the behaviour of p and @ near 0. In fact, in [47] it is proved that if any
solution of problem

(ay’) = —p in (0, R)
(1.2.5)

is bounded, then there exists a unique nonnegative bounded solution to problem (I1.2.4) satis-
fying an extra condition at 0, hence the solution to problem (I.2.4) is not unique in the class
L>(Qr) . Instead, if there exists a solution to problem (I.2.5) which diverges as z — 0, then
problem (I1.2.5) is well-posed in L>=(Qr) .

Furthermore, since n = 1, such conditions for uniqueness or nonuniqueness of solutions
are reformulated in dependence of the behaviour of p and a at 0. Hence, in the linear case
G(u) = u, they reduce to classical results proven in [25] by probabilistic methods.

Finally, results in the same spirit as those above have been established for fully nonlinear
elliptic equations of the type:

(1.2.6) F(x,u, Du,D*u) =0 in Q;

here F' is a real-valued continuous function defined in 2 x IR x IR"™ x X", ¥" being the linear
space of n X n symmetric matrices with real entries.

For F fulfilling natural structural conditions, Phragmen-Lindelof principles for the Dirich-
let problems associated to equation (I.2.6) have been proved in [15]-[16], when  is un-
bounded and satisfies specific geometric conditions; roughly speaking, it is necessary that
there is ”enough boundary” near any point of 2. In [15]-[16] at first a boundary weak Har-
nack inequality is shown, then Alexandrov-Bakelman-Pucci estimates and Phragmen-Lindel6f
principles are obtained.

On the other hand, in case of bounded domains and F € C(Q x IR x IR™ x X"), in
[2] comparison principles for the Dirichlet problem for equation (I1.2.6) are given, without
imposing boundary conditions on some regions of the boundary where F' satisfies suitable
conditions, which extend to the nonlinear case those introduced in [26].
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I.3. Outline of results

In Chapter 1 (where [65] is reproduced) we address the degenerate elliptic equation (I.1.1),
allowing the coefficients a;j, b;, ¢ and the function ¢ to be unbounded. As in [60] (see Section
1.2.1), we always express the boundary 02 as the disjoint union of the regular boundary R
and the singular boundary S. The portion R is called "regular”, for the coefficients a;;,b;, c
are well-behaved and the operator is elliptic in the set 2 U7R; on the contrary, the coefficients
can vanish or diverge or need not to have a limit, or ellipticity can be lost when dist(z,S) — 0
and/or |z| — oo, if 2 is unbounded (see assumptions (H;)—(Hz) in Chapter 1). Consequently,
we study the problem

Lu—cu=¢ in
(I1.3.1)
U =g on R,

where Dirichlet boundary conditions are specified only at R. Let us notice that the case
0Q # 09 is allowed, thus S can be a submanifold of IR™ of dimension less then n — 1.

We state sufficient criteria for uniqueness or nonuniqueness of solutions to problem (I1.3.1);
whereas our nonuniqueness results require that £ does not have points of degeneracy in €2,
the uniqueness results are also valid when ellipticity is lost in the interior of 2.

Assuming the existence of suitable supersolutions to the first exit time problem

LU = —1 in Q
(1.3.2)
U=0 on R,

we prove nonuniqueness of solution to problem (I1.3.1) (in particular, see Theorem 1.2.5). Such
supersolutions can be regarded as a sort of barriers for the whole S; in fact, nonuniqueness
prevails if it is possible to prescribe, in a proper sense, the value of the solution of problem
(I.3.1) at some point of the singular boundary S, or at infinity if 2 is unbounded. This
suggests that, if uniqueness does not hold, it might be restored by assigning boundary data
on some subset §; C S and/or a condition at infinity, if 2 is unbounded. Hence we study the
problems:

(1.3.3)
U =g on RUSy,
respectively
Lu—cu=¢ in Q
(1.3.4) U =g on RUS;

lim w(z) =1L (LeR).
|| —o0

At first we extend the classical Phragmen-Lindelof principle (see [61]; see also Section
1.2.1) to the present case of degenerate operators with unbounded coefficients (see Propositions
1.2.10, 1.2.11). We prove that the sign of a generic subsolution u to problem (I1.3.3) is preserved
in the whole €, if it is prescribed both in R and in &1, provided that u satisfies a suitable
growth condition at S := S\ §1. More precisely, at Sy, u could diverge, yet with an order
lower than that of a certain subsolution to the homogeneous problem:

LU =cU in Q
(1.3.5)
U=0 on R,
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which is assumed to exist (e.g., see Theorem 1.2.13). Observe that in the corresponding
results mentioned in Subsection 1.2.1 we had S; = 0.

Further interesting considerations arise when studying existence of solutions to problem
(I.3.3). In fact, when £ has bounded coefficients in a neighbourhood of & and S; is attracting
in the sense of [48] (see Section 1.2.2), it is shown, using standard tools, that the solution
of problem (I.3.3) can take any continuous function g at S;. In general, this is not the case
when the coefficients of £ can become unbounded at &;. Indeed, we show by an example
that general Dirichlet boundary data cannot be prescribed on an attracting portion S; of
the boundary (see Example (¢) in Section 1.5). However, it is always possible to prescribe
constant data on an attracting portion S; of the boundary.

Similar uniqueness and nonuniqueness results are proved in Chapter 2 (where [59] is
reproduced) for semilinear degenerate parabolic equations

Lu —cu —u= f(zx,t, u) in Qr
(1.3.6) u=g in (RUS1) % (0,T]
u = 1up in (QURUS:) x{0};

here f € C(Qr x IR) is Lipschitz continuous with respect to u € IR, uniformly for (z,t) €
Qr. Such results extend in several respects those given in [60], recalled in Section 1.2.1 (in
particular, the assumptions S; = (), R NS = () considered in [60] are not made).

Concerning existence of solutions to problem (I1.3.6), we show as in the elliptic case that
general Dirichlet boundary data cannot be prescribed on an attracting portion &7 of the
boundary (see Example (¢) in Section 2.5). However, on any attracting region S; of the
boundary it is possible to prescribe a function which depends on the time variable.

So far, the question of the existence of sub- and supersolutions of auxiliary problems used
to prove uniqueness and nonuniqueness has not been addressed. To address this question,
the concrete construction of such sub— supersolutions is made in Chapter 3 (where [58] is
reproduced), under the following main hypotheses: 2 is bounded and S is a sufficiently
smooth submanifold of IR™ satisfying SN R = (). Once this construction is made, explicit
uniqueness and nonuniqueness results both for elliptic and parabolic problems can be derived
from the results proved in [59], [65].

In the construction of such sub— supersolutions, a key role is played by the dimension
of the manifold S; in particular, the value dimS = n — 2 is critical to recognize whether
boundary data has to be given or not at S.

In fact, if n > 2, dimS < n — 2 and the orthogonal rank of the diffusion matrix A is
at least 2 on S, there exists at most one bounded solution of problem (I.3.1) (actually, the
uniqueness class is larger; see Definition 3.2.11 and Theorem 3.2.12), without giving data on
S. This result extends Theorem 4.1, Ch.11 in [31], which was proved under more restrictive
assumptions by stochastic methods (see Subsection 1.2.2). It also extends the results in [40],
where A was uniformly elliptic.

If dimS = n — 1, the portions of the boundary where we cannot impose data depend on
the behaviour of the coefficients of £ near §. In general terms, if ”diffusion and drift near S
are low” (see Theorem 3.2.16, in particular conditions (3.2.16) - (3.2.17)), no extra conditions
at S are needed to ensure uniqueness of problem (1.3.1). Instead, when ”diffusion and drift
near S are high”, boundary conditions on § are necessary to make the problem well-posed
(see Theorem 3.2.18 and conditions (3.2.20) - (3.2.21)). Connections with analogous results
stated in [26], [31], [56] (see also Section 1.2.1) are discussed (see Chapter 3, Subsection
3.2.1.3 and Section 3.6).
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In Chapter 4 (whose main results are contained in [66]), the refined maximum principle
of [7] we recalled in Section 1.2.1 is extended to degenerate linear elliptic and semilinear
parabolic equations, with possibly unbounded coefficients. In this framework we also discuss
the existence of solutions to the Dirichlet problem. In particular, we show that we do not
necessarily have existence of solutions, without a particular choice of the boundary data (see
Theorem 4.3.1 and condition (4.3.1); here use of some results of Chapters 1-2 is made). This
implies that the refined maximum principle is in general inaccurate, for it suggests to impose
boundary conditions on a larger subset of the boundary than it is necessary to make the
problem well-posed.

Equation (I.1.3) is studied in Chapters 5-6, where the uniqueness and nonuniqueness
results given in [43] and [47] and already described in Section 1.2.3, are generalized to the
case of several space dimensions.

In Chapter 5 (where [62] is reproduced) we prove uniqueness of bounded solutions to
problem (I.2.1), not satisfying any additional condition at infinity, when p(z) — 0 slowly,
or p does not go to zero, as |x| — oo (see Theorem 5.2.3). Moreover, we prove existence of
bounded solutions to problem (I.2.1), satisfying at infinity possibly inhomogeneous conditions
of Dirichlet type, when p(z) — 0 sufficiently fast as |x| — oo (see Theorems 5.2.8, 5.2.11 and
5.2.15) . Observe that these existence results, in particular, imply nonuniqueness of bounded
solutions to problem (1.2.1).

Equation (I.1.3) is studied in bounded domains in Chapter 6 (whose main results are
contained in [63]). Inspired by [47], we allow the density p either to vanish or to diverge, or
not to have a limit as the distance d(x,S) goes to zero, S being a subset of the boundary 02
referred to as the singular boundary. On the other hand, p is supposed to be well-behaved
both in © and on the regular boundary R := 0\ S (see assumptions (Hp) — (H;) in Chapter
6). Throughout Chapter 6 we always assume that R and S are compact smooth disjoint
submanifolds of IR" of dimension n — 1.

As in the linear case, we consider the following initial-boundary value problem associated
to equation (I.1.3):

p@tu = A[G(u)] in QT
(1.3.7) u =0 in R x (0,7T)
u = up in 2 x {0}.

We prove uniqueness of bounded solutions to problem (1.3.7), not satisfying any addi-
tional condition at S, when p(x) — oo sufficiently fast as d(z,S) — 0 (see Theorem 6.2.2).
Moreover, we prove existence of bounded solutions to problem (1.3.7), satisfying at S possibly
inhomogeneous conditions of Dirichlet type, when p(x) — oo sufficiently slow as d(z,S) — 0,
or p does not diverge as d(x,S) — 0 (see Theorems 6.2.5 and 6.2.9) .

In Chapter 7, regarding again the boundary 92 as the disjoint union of the regular bound-
ary R and the singular boundary S (see assumptions (F;) — (F3) in Chapter 7), we study the
following problem:

F(x,u,Du,D*u) =0 in Q
(1.3.8)
U =g in R.

We establish Phragmen-Lindelof type results, when F' need not to be bounded or to have
a limit as dist(x,S) — 0. Beside problem (1.3.8), as in the linear case (see (1.3.3)-(1.3.4)) and
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for the same reason, we also consider the problems:
F(x,u,Du,D*u) =0 in Q

(1.3.9)
and

F(z,u,Du,D?*u) =0 in Q
(I.3.10) u=g in RUS;

limy| oo u(x) = L (L € R).

As in Chapters 1 and 3, under suitable hypotheses on F, (in particular requiring the
existence of suitable supersolutions to a companion problem to problem (I.3.8)), we prove
that the sign of v at R U &1 propagates in the whole €2, even if we do not require a sign
condition on u on the portion Sy of the singular boundary S (see Theorem 7.3.1).

The actual construction of such supersolutions is made for special classes of equations, such
as semilinear degenerate equations (see Theorem 7.3.4) or fully nonlinear equations related
to extremal Pucci operators (see Theorem 7.3.6). We also discuss some generalizations of the
previous results to singular fully nonlinear operators, which need not to be defined where the
gradient vanishes .

Remark. As already mentioned, in every chapter (except Chapter 7) a paper submitted for
publication, or in press, is reproduced. However, some minor variations have been made in
this thesis, to avoid repetitions.

Acknowledgments. I am grateful to professor Alberto Tesei for having introduced me to
the topics of this thesis and having given me many valuable suggestions. Moreover, I would
like to thank professor Maria Assunta Pozio, for several interesting and helpful discussions.



CHAPTER 1

Uniqueness of solutions to degenerate elliptic problems with
unbounded coefficients

1.1. Introduction

In this paper we address linear degenerate elliptic equations of the form
(1.1.1) Lu—cu=f inQ.

Here 2 C IR™ is an open connected, possibly unbounded set with boundary 9f) and ¢, f are
given functions, ¢ > 0 in (2; the operator £ is formally defined as follows:

- 0%u " Ou
Lu= ”221 i s ; b g

We assume
n

> aij(@)€i& >0 forany z € Q, (&1,..,&) € R";

ij=1
in particular, for equations degenerating at the boundary we have

n
> ai(2)&8 >0 forany x € Q, (&1,..,6) £0.

ij=1
The coefficients a;;,b;, ¢ and the function f may be unbounded (see assumptions (Hs)-(Hs)
below).

We study existence and uniqueness of solutions to the Dirichlet boundary value problem
for equation (1.1.1). Special attention will be paid to the case of bounded solutions.

(7) In the case of bounded coefficients much work has been devoted to this classical problem,
using both analytical methods and stochastic calculus. For equations degenerating at the
boundary, it was early recognized that the Dirichlet problem may be well posed prescribing
boundary data only on a portion of the boundary, which depends on the behaviour of the
coefficients of the operator £ ([46]; see also [57]). Introducing a classification of the boundary
points based on such behaviour, a general formulation of the Dirichlet problem for equation
(1.1.1) was given in the pioneering paper [26]; existence, uniqueness and a priori estimates
of solutions to the problem were also proved under suitable assumptions. A comprehensive
account of such results can be found in [56] (see also [27], [55]).

Clearly, uniqueness of solutions to the Dirichlet problem for equation (1.1.1) is related to
the validity of the maximum principle for degenerate elliptic operators. Assume a;; € C?(9Q),
bi € C1(Q), D%y; € L>(Q) for |a| < 2, DY%; € L™=(Q) for |a| < 1; let u € C%(Q) satisfy
Lu > cu in Q. For any xy € Q such that u(xg) = supgu > 0 consider the propagation
set P(zo) == {z € Q|u(z) = u(xg)}. As proved in [70], P(xg) contains the closure (in the
relative topology) of the set P’(z() consisting of points, which can be joined to z by a finite
number of subunitary and/or drift trajectories (see [10], [19], [56], [67] for the proof in
particular cases; see also [1]). By a local version of the same result a sufficient condition for
the uniqueness of solutions to the Dirichlet problem, as formulated in [26], can be derived
(see [19]).
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Remarkably, the above mechanism for propagation of maxima of subsolutions is closely
related to the Markov process corresponding to the operator £. In fact, the set P’(zg)
coincides with the support of this process, namely with the closure of the collection of all
trajectories of a Markovian particle, starting at o, with generator £ (see [69], [70]). Hence,
roughly speaking, the above uniqueness criterion for the Dirichlet problem can be rephrased
by saying that the boundary data have to be specified only at attainable boundary points (see
[29], [31]).

The same idea underlies the so-called refined maximum principle in [7]. Consider the
minimal positive solution Uy of the first exit time equation

(1.1.2) LU =-1 in Q

(e.g., see [35]); consider those point of 02 where Uy can be prolonged to zero. It was proved
in [7] that a sub- and a supersolution of equation (1.1.1) degenerating at the boundary are
ordered in €2, if they are ordered at these points; as a consequence, prescribing the boundary
data at such points is sufficient for the uniqueness of the Dirichlet problem. Observe that
prolonging Uy to zero is possible at any point of 9Q where a local barrier for equation (1.1.2)
exists, or, equivalently, at any attracting point of 992 (see [48]; see also Definition 1.5.1 and
Proposition 1.5.3 below).

Before discussing the results of the present paper, it is worth recalling the main assump-
tions made in the above literature:

e boundedness of the coefficients a;j, b;, ¢ is always assumed,;

e in [26], [27], [55], [56]  is bounded; Q = 9N is a finite union of smooth manifolds;
aij € CQ(Q), b; € Cl(ﬁ), ceE C(ﬁ), minﬁc > 0;

e in [70] a;; € C%(Q), b € CH(Q), DY;y; € L®(Q) for |a| < 2, D, € L>®(Q) for
|a] < 1. Moreover, subsolutions are meant in the classical sense;

e in [7] uniform ellipticity of the operator £ is assumed.

(#7) In the present study the above assumptions are relaxed in several respects. In particular,
as already remarked, we allow the coefficients of equation (1.1.1) to be unbounded (motivations
for this hypothesis come from many problems; e.g., think of the Ornstein-Uhlenbeck process).
Elliptic equations with unbounded coefficients have been widely investigated in recent years
- mostly in the case Q = IR™ - both by analytical and by probabilistic methods (see [17],
[52] and references therein). Also the corresponding parabolic equations have attracted much
attention, particularly studying uniqueness of solutions to the Cauchy problem (e.g., see
[20], [34], [71] and references therein; see also [44], [60] for different initial-boundary value
problems).

We always think of the boundary 90 as the disjoint union of the reqular boundary R and
the singular boundary S (see assumption (Hp)). In view of assumptions (Hz)-(H3) below, it
is natural to prescribe the Dirichlet boundary condition on R. This leads to the problem

Lu—cu=f in
(1.1.3)
U =g on R,

where the coeflicients of £ and the function ¢ can either vanish or diverge, or need not have
a limit, when dist(xz,S) — 0 and/or |x| — oo, if  is unbounded. In addition, ellipticity is
possibly lost in €2 and/or when dist(z,S) — 0, and/or when |z| — oo, if Q is unbounded.

The assumptions concerning the regular boundary R and the singular boundary S are
summarized as follows:

() (i) =RUS,RNS=0,S#0;
! (i) R C 09 is open, () satisfies the outer sphere condition at R .
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It is natural to choose R as the largest subset of 92 where ellipticity of the operator £ holds
(see assumptions (Ha) — (ii), (Hs) — (iii) below), as we do in the following. Observe that no
regularity assumption concerning S is made (see (Hi) — (it)).

Our nonuniqueness results only address the case of degeneracy at the boundary (see
Subsection 1.2.1). To prove these results, we always assume the following about the coefficients
ai;, b; and the functions c, f, g:

(1) Qi = Gj; € Cl’l(Q UR), b; € Co’l(Q UR) (i,j=1,... ,n) ;

(1) 327 =1 aij(2)&€; > 0 for anyz € QUR and (&1, .., 6n) # 0;
(Ho) (73t) c €e C(QUR), ¢ >0;

(iw) f € C(Q);

(v) g €C(R).

On the other hand, the uniqueness results in Subsection 1.2.2 hold for the general degen-
erate equation (1.1.1). In this case we replace assumption (Hj3) by the following:
(Z) Qi = Gj; € Cl’l(Q UR), 0ij € CI(Q),

b € COYQUR) (i,j=1,...,n);

(1) 327 =1 aij(2)&€; > 0 for any z € Q and (&1, ..,&,) € R™;

(#11) D7 =1 aij(2)&&; > 0 for anyx € R and (&1, .., 6n) # 0;

(tv) either ¢ >0in QUR, or ¢ >0, c—i—Z?:lajzi >0in QUR
forsome j=1,...,nand c € C(QUR);

(v) f €CQ);

[ (vi) g €C(R);

here o = (0;;) denotes the square root of the matrix A = (a;;) (namely, A(z) = o(x)o(z)7T;

x € QUR). Assumption (H3) (in particular, (H3) — (iv)) enables us to use comparison
results for viscosity sub- and supersolutions to second order degenerate elliptic equations, via
an equivalence result proved in [38] (see Propositions 1.2.3-1.2.4).

(7i7) The results of the paper can be described as follows. First we prove sufficient conditions
for nonuniqueness of solutions to problem (1.1.3), which require the existence of suitable
supersolutions to the first exit time problem:

LU = —1 in Q
(1.1.4)
U=0 on R

(in particular, see Theorem 1.2.5 below). Nonuniqueness depends on the need of prescribing
the value of the solution of problem (1.1.3) at some point of the singular boundary S, or at
infinity if 2 is unbounded. Therefore, if uniqueness fails, it is natural to try and recover it
by assigning boundary data on some subset S; C S and/or a condition at infinity, if Q is
unbounded. Hence we study the problems:

Lu—cu=f in

(1.1.5)
u=gq on RUS:,
respectively
Lu—cu=f in
(1.1.6) u =g on RUS;

lim w(z) =1L (LeR)
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(where possibly &1 = 0; see (1.2.9)). The following assumption will be made:
(1)) S=& USQ, S1NSy =0;
(Hy) (i1) S5 = Uk ISk where evelrij"-f is connected and, if k; > 2,
S]’?HSJI- =0 foranyk,l=1,. kj, k#1 (kje IN;j=1,2).

We prove sufficient conditions for uniqueness of solutions to problems (1.1.5) and (1.1.6),
extending the classical Phragmen-Lindelof principle to the present degenerate case (see Propo-
sitions 1.2.10, 1.2.11). Such conditions depend on the existence of subsolutions to the homo-
geneous problem:

LU =cU in
(1.1.7)
U=0 on R

and on their behaviour as dist(z,Sz) — 0 (e.g., see Theorem 1.2.13).

Let us mention that the main step in the nonuniqueness proof concerning problem (1.1.3) is
to prove existence of nontrivial solutions to the homogeneous problem (1.1.7) (see Subsection
1.2.1). Also observe that existence for problem (1.1.5) implies nonuniqueness for problem
(1.1.3), if 81 # 0; similarly for problems (1.1.6) and (1.2.9) below.

In Section 5 we apply our general results to some examples. The applicability of these
results relies on the actual construction of suitable super- and subsolutions to problems (1.1.4),
respectively (1.1.7) (or (1.2.22) below; see Subsection 1.2.2); in turn, this depends both on
the behaviour of the coefficients of the operator £ at the boundary and on properties of the
boundary itself (e.g., the Hausdorff dimension of the subset S3). Concerning this point, we
refer the reader to the paper [58].

1.2. Mathematical framework and results

Let us first make precise the definition of solution to the problems introduced above.
Denote by L* the formal adjoint of the operator L, namely:

a’L
Z O:Bﬁ]ac j Z 8332

7]7

DEFINITION 1.2.1. By a subsolution to equation (1.1.1) we mean any function u € C(2)
such that

(1.2.1) /Qu{ﬁ*w—cw}dac > /wadx

for any ¢ € C§°(2), v > 0. Supersolutions of (1.1.1) are defined replacing ”> " by <7 in
(1.2.1). A function u is a solution of (1.1.1) if it is both a sub- and a supersolution.

DEFINITION 1.2.2. Let R C € C 99, g € C(£). By a subsolution to the problem

Lu—cu=f in
(1.2.2)
u=gq on &

we mean any function u € C(QUE) such that:

(1) u is a subsolution of equation (1.1.1);

(1) u<g oné.

Supersolutions and solutions of (1.2.2) are defined similarly.
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Let us mention the following result (for the definition of viscosity subsolution of equation
(1.1.1), see e.g. [18], [38]).

PROPOSITION 1.2.3. Let either assumption (Hs) or (Hs) hold; let w € C(2). Then the
following statements are equivalent:
(i) u is a subsolution of equation (1.1.1);
(ii) u is a viscosity subsolution of equation (1.1.1).

Proof. (i) = (ii): Under the present regularity assumptions the square root o of the matrix
Ais in CY(Q) (actually, assumptions (Hz) — (i) and (Hs) — (ii) imply 0;; € C11(Q); see [31],
Ch. 6, Lemma 1.1). Hence the claim follows by Theorem 2 in [38].

(74) = (i): Follows by Theorem 1 in [38], due to the present regularity assumptions. O

In view of the above proposition, we obtain the following comparison result (see [50],[51]
for a related maximum principle).

PROPOSITION 1.2.4. Let either assumption (Ha) or (Hs) hold; let Qy be any open bounded
subset of Q such that Q1 € QUR. Letu € C(Q4) be a subsolution, uw € C(1) a supersolution
of the equation

(1.2.3) Lu—cu=f 1inQ.
If u <@ on 00y, then u < on Q.

Proof. By Proposition 1.2.3 u is a viscosity subsolution, @ a viscosity supersolution of equation
(1.2.3). Then the claim follows:

(a) by the comparison results in Subsection V.1 of [39], if (Hz) holds;
(b) by Theorem I1.2 in [39], if (H3) holds and ¢ > 0in QUR ;

(¢) by a slight refinement of Theorem 3.3 in [5], if (H3) holds and ¢ >0, c+ > ", 0]2-2» >0 in
QUR for some j=1,...,n. O

1.2.1. Existence and nonuniqueness results. Concerning problem (1.1.3), we shall
prove the following

THEOREM 1.2.5. Let assumptions (Hy) — (Hz) be satisfied; suppose ¢ € L>°(Q)). Let there
exist a supersolution V' of problem (1.1.4) such that

(1.2.4) inf V=0<infV.
QUR R

Then either no solutions, or infinitely many solutions of problem (1.1.3) exist.

The assumption ¢ € L>(2) is necessary for the above theorem to hold (see Example (c)
in Subsection 1.5.2). Let us also observe the following:
(a) if ¢ =0, in Theorem 1.2.5 we can assume V' to be a supersolution of problem (1.1.7);
(b) if V is a supersolution of problem (1.1.4) bounded from below, then V := V —infgur V
is a supersolution of the same problem with infouz V = 0.

It is informative to outline the proof of Theorem 1.2.5. Suppose first €2 bounded. The
existence of a supersolution V' of problem (1.1.4) satisfying (1.2.4) implies

(1.2.5) liminf V(z)= inf V =0
dist(z,8)—0 QUR

(see Lemma 1.3.1). Then there exists a sequence {x,,} C €2 such that
(1.2.6) lim dist(x,,S) =0,

m—0o0
with the following property: for any 3 € IR there exists a bounded solution Ug of the homo-
geneous problem (1.1.7) such that
(1.2.7) lim Ug(zm) = B.

m—00
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This gives the existence of infinitely many bounded solutions of the homogeneous problem
(1.1.7) (see Proposition 1.3.4). Plainly, the existence of infinitely many nontrivial bounded
solutions of (1.1.7) implies a corresponding nonuniqueness result for problem (1.1.3), if at
least one solution of the latter exists (in this respect, see Proposition 1.2.7 below).

If Q is unbounded, condition (1.2.4) implies either equality (1.2.5), or
(1.2.8) liminf V(z) = inf V =0
QUR

|z|—o0

(see Lemma 1.3.2). In the latter case the limit (1.2.7) is attained along a diverging sequence
{zmm} C Q, thus nonuniqueness depends on the absence of a ”condition at infinity”.
To rule out this possibility, it is natural to consider the problem:

Lu—cu=Ff in
(1.2.9) u=g on R
lim w(z) =1L (LeR).
|z|—00
The following nonuniqueness result can be proved.

THEOREM 1.2.6. Let Q be unbounded and assumptions (H1) — (Hz) be satisfied; suppose
c € L>®(Q). Let there exist a supersolution V' of problem (1.1.4) such that

(1.2.10) inf V =0 < min { inf V,limian(:r)}.

QUR R || —00
Moreover, let there exist a positive supersolution F' of the equation
(1.2.11) Lu—cu=0 1in

such that lim, o F'(z) = 0. Then either no solutions, or infinitely many solutions of problem
(1.2.9) exist.

The proof of Theorem 1.2.6 is analogous to that of Theorem 1.2.5. In this case the
stricter inequality (1.2.10) implies the existence of a bounded sequence {z,,} C Q satisfying
(1.2.6), such that for any € IR equality (1.2.7) holds. Now the bounded solution Ug of the
homogeneous problem (1.1.7) satisfies the additional condition

(1.2.12) lim Ug(z) =0;

|z|—o0

this follows from the properties of the function F', which plays the réle of a barrier at infinity.
This entails the existence of infinitely many bounded solutions to problem (1.2.9) with f =
g = L =0 (see Proposition 1.3.5), whence Theorem 1.2.6 follows.

Theorems 1.2.5 and 1.2.6 show that infinitely many solutions to problems (1.1.3), respec-
tively (1.2.9) exist, if one does. Therefore the following existence results, combined with the
above theorems, imply nonuniqueness for such problems.

PROPOSITION 1.2.7. Let assumptions (Hy) — (Ha) be satisfied; suppose f € L*(Q), g €
L>®(R). Let there exist a positive supersolution F € C(QQUR) of the equation

(1.2.13) Lu—cu=—-1 1in Q.
Then there exists a solution of problem (1.1.3).

REMARK 1.2.8. In connection with Proposition 1.2.7 observe that, if c(x) > ¢ > 0 for
any © € QUR, F :=1/cy is a bounded supersolution of equation (1.2.13).

Concerning problem (1.2.9), we have the following
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PROPOSITION 1.2.9. Let 2 be unbounded and assumptions (H1) — (Hz) be satisfied. Let
feL>®), ge L>®(R), ce L>®(Q\ By) for some M > 0; if R is unbounded, suppose
‘ llim g(x)=1L.
Let there exist a positive supersolution F' € C(QUR) of equation (1.2.13) such that lim |, F(x) =
0. Then there exists a solution of problem (1.2.9).

The proofs of Propositions 1.2.7 , 1.2.9 make use of a local barrier at the points of R
(which exists by assumptions (Hi) — (ii), (Hz2) — (ii); e.g., see [32]).

It is immediately seen that, if the supersolution F' in the above statements is bounded,
the solution u is bounded, too. Then by Propositions 1.3.4, 1.3.5 we obtain nonuniqueness in
L*>(Q) for problems (1.1.3), respectively (1.2.9).

Existence results analogous to Propositions 1.2.7, 1.2.9 hold for problems (1.1.5) and
(1.1.6), respectively (however, see Proposition 1.5.2 and Example (c¢) in Subsection 1.5.1).

1.2.2. Comparison and uniqueness results. In this subsection we address uniqueness
of solutions to problem (1.1.5). In the particular case S; = (), Sy = S we recover uniqueness
criteria for problem (1.1.3).

Set By(z) := {|lr —z| < r} (z € R"), B;(0) = B,. We shall prove the following
Phragmen-Lindel6f principle (e.g., see [61] for the classical case, where ellipticity of the op-
erator, smoothness of the coefficients and a classical notion of supersolution are assumed).

PROPOSITION 1.2.10. Let assumptions (Hy) and (Hy) hold, and either (Hs) or (Hs) be
satisfied; suppose Sg # (). Let there exist a subsolution Z < H < 0 of problem (1.1.7). Let u
be a subsolution of problem (1.1.5) with f = g =0, such that

o u(x)
1.2.14 1 f > 0.
(1.2.14) gaminf ooy 2

If Q is unbounded, assume also

(1.2.15) liminf 2 > ¢
EERAC)

Then u <0 in €.

If © is unbounded and condition (1.2.14) is satisfied, the same conclusion of Proposition
1.2.10 holds true if we ”prescribe the sign at infinity”. In fact, the following result can be
proved.

PROPOSITION 1.2.11. Let 2 be unbounded, assumptions (Hy) and (Hy) hold, and either
(H2) or (H3) be satisfied; suppose Sy # (). Let there exist a subsolution Z < H < 0 of problem
(1.1.7) Let u be a subsolution of problem (1.1.5) with f = g =0 such that

o u(x) .
1.2.16 1 f >0, 1 <0.
(1.2.16) samint 7 = imsupu(r) <

Then u <0 in .

REMARK 1.2.12. In the above propositions we can replace condition (1.2.14) by the weaker
assumption

u
1.2.17 lim su { inf f} >0,
( ) 8—>0p Ag\s A4

where

5:={r € Q| dist(z,S2) = ¢}
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(¢ € (0,e0), o > 0 suitably small). Similarly, condition (1.2.15) can be replaced by the
weaker assumption

u
1.2.18 li { inf 7} >0,
( ) l?fél P [Qu%lnaBl Z) =
and the second inequality in (1.2.16) by
(1.2.19) liminf{ sup u} < 0.
=0 LiQURINGB,

In fact, the proof of Propositions 1.2.10-1.2.11 will be given using assumptions (1.2.17)-(1.2.19)
instead of (1.2.14)-(1.2.16).

Observe that, if Z is a subsolution of problem (1.1.7) bounded from above with Hy :=
supgur 4 > 0and M > Hy, then Z := Z — M < Hy — M < 0 is a subsolution of the same
problem. The same remark holds for problems (1.1.4) and (1.2.22) below.

The following uniqueness result is an immediate consequence of Proposition 1.2.10.

THEOREM 1.2.13. Let assumptions (Hy) and (Hy) hold, and either (Hz) or (Hs) be sat-
isfied. Suppose So # 0, g € C(RUS1). Let there exist a subsolution Z < H < 0 of problem
(1.1.7). Then:

(1) if Q is bounded, there exists at most one solution u of problem (1.1.5) such that
@)
dist(xz,S2)—0 Z(J?)

(1.2.20) =0;

(13) if Q@ is unbounded, there exists at most one solution w of problem (1.1.5) such that

. u(z) M€
1.2.21 = 1 =0.
( ) dist(zlglg)—ﬂ Z(IE) |x|—+o00 Z(IE)

REMARK 1.2.14. (i) It is easily seen that in the proof of Proposition 1.2.10 (thus in
Theorem 1.2.13) the homogeneous problem (1.1.7) can be replaced by the eigenvalue problem:

LU = pU in
(1.2.22)
U=0 on R

with u € [0,infqur ¢].

(1) If ¢(z) > co > 0 for any z € QU R, we can replace problem (1.2.22) by (1.1.4), obtaining
uniqueness results analogous to Theorem 1.2.13. In fact, let Z be a subsolution of problem
(1.1.4); it is not restrictive to assume

Zg—l mOQUR.
o

Then by Definition 1.2.2 we have

/QZE*wdx > —/dea: > CO/Q Zydr > /chwx

for any ¢ € C5°(€2), ¥» > 0; moreover, Z < 0 on R. Hence Z is a subsolution of problem
(1.1.7); thus by Theorem 1.2.13 and the above remark (i) the claim follows.

Concerning problem (1.1.6), from Proposition 1.2.11 we obtain the following uniqueness
result. The elementary proof is omitted.

THEOREM 1.2.15. Let Q be unbounded, assumptions (Hy) and (Hy) hold, and either (Hs)
or (Hs) be satisfied; suppose So # 0, g € C(RUSy). Let there exist a subsolution Z < H <0
of problem (1.1.7). Then there exists at most one solution u of problem (1.1.6) such that
condition (1.2.20) is satisfied.
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Uniqueness results in L>(€2) for problems (1.1.5), (1.1.6) follow immediately from those
above, if the subsolution Z diverges as dist(z,S2) — 0. We state below such consequences of
Theorems 1.2.13 and 1.2.15.

PROPOSITION 1.2.16. Let assumptions (Hy) and (Hy) hold, and either (Hs) or (Hs) be
satisfied. Suppose Sy # 0, g € C(RUSy). Let there exist a subsolution Z < H < 0 of problem
(1.1.7) such that

1.2.23 li Z = —

( ) dist(a:lglz)—@ () >

if Q is bounded, or

(1.2.24) lim Z(z) = lim Z(z) = —o0

dist(z,S2)—0 || —00
if Q is unbounded. Then there exists at most one solution w € L*°(2) of problem (1.1.5).

PROPOSITION 1.2.17. Let 2 be unbounded, assumptions (Hi) and (Hy) hold, and either
(H) or (Hs) be satisfied; suppose Sa # 0, g € C(R U S1). Let there exist a subsolution
Z < H < 0 of problem (1.1.7), satisfying condition (1.2.23). Then for any L € IR there
exists at most one solution uw € L*°(Q2) of problem (1.1.6).

1.3. Existence and nonuniqueness results: Proofs

To prove Theorem 1.2.5 we need a few preliminary results; the proofs are adapted from
[60].

LEMMA 1.3.1. Let Q be bounded and assumptions (Hy) — (H2) be satisfied. Let V' be a
supersolution of problem (1.1.7) with ¢ = 0 satisfying condition (1.2.4). Then equality (1.2.5)
holds.

Proof. By absurd, suppose

liminf V(z)=:v>0;
gimint V(@) =y

then V(x) > ~/2 for any x € 8¢ := {z € Q| dist(z,S) < e} (¢ € (0,ep) sufficiently small). It
follows that

inf V= inf V =0.
O\S® QUR

On the other hand, V' is a supersolution of the problem
LU =0 in Q\&°

U=« on 9[Q\ &
where a := min{%, 7;1\1% V'}, while V; := « is a solution of the same problem. By Proposition
1.2.4 we obtain V' > a > 0 in Q \ 8¢, a contradiction. Hence the conclusion follows. d
If © is unbounded, a slight modification of the previous proof gives the following'
LEMMA 1.3.2. Let Q be unbounded and assumptions (Hy) — (H2) be satisfied. Let V be a

supersolution of problem (1.1.7) with ¢ = 0 satisfying condition (1.2.4). Then either equality
(1.2.5), or equality (1.2.8) holds.

1 emmas 1.3.1-1.3.2 can be proved using the strong maximum principle in [50], if more regularity of the
coefficients is assumed.
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COROLLARY 1.3.3. Let Q be unbounded and assumptions (Hy) — (H2) be satisfied. Let V
be a supersolution of problem (1.1.7) with ¢ = 0 satisfying condition (1.2.10). Then equality
(1.2.5) holds.

Now we can prove the following result.

PROPOSITION 1.3.4. Let the assumptions of Theorem 1.2.5 be satisfied. Then there exist
infinitely many bounded solutions of the homogeneous problem (1.1.7).

Proof. (i) If ¢ = 0 and R = () any constant is a solution of problem (1.1.7), thus the conclusion
follows in this case. Otherwise define

infr V itc=0,
l:=
min{infr V, m} if c#0;
then condition (1.2.4) implies [ € (0, c0).
Set
Rj :={z € R|dist(z,S) > 1/j} (jeIN).
Consider a sequence of bounded domains {H,} e satisfying an exterior sphere condition at
each point of the boundary 0H;, such that
ﬁngUﬁj, ngHj+1, U?ilHj:QUR,
(1.3.1)
8Hj=RjU7} 'Rjﬂ']}:@;
observe that by assumption (Hz) — (4i) the operator L is strictly elliptic in H; (j € IN).
It is easily seen that W := max{l — V,0} is a subsolution of the problem

Lu=cu in Hj
(1.3.2)
u=W on 0H;

for any j € IN. In fact, for any ¢ € C§°(H;), ¢ > 0 there holds:

[ a-view - coyds -

Hy
= —l/ cwda:—/ VA{LY —cp}dx > / (I1—=le)ypdr > 0.
Hj Hj Hj
Since u = 0 is also a (classical) subsolution, the claim follows. It is also immediately seen
that W := supq g W =l is a classical supersolution of problem (1.3.2).

(i) By usual arguments (e.g., see [32]) for any j € IV there exists a solution W; € C(H))
(v € (0,1)) of problem (1.3.2), such that
(1.3.3) 0<W<W;<W=1 inHj;

observe that W = 0, thus W; = 0 on R;.
By compactness arguments there exists a subsequence {W;, } C {W;}, which converges
uniformly in any compact subset of 2. Set

(1.3.4) W= lim W,

We shall prove the following

Claim: The function W is a bounded solution of the homogeneous problem (1.1.7). Moreover,
W is nontrivial, for there exists a sequence {z,,} C € such that

(1.3.5) lim W(zm) =1 > 0.

m—0o0
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The above Claim leads easily to the conclusion. In fact, define

(1.3.6) Us = ?W.

Then Ug solves (1.1.7) and by (1.3.3)-(1.3.4)
Usl <8l  inQUR;
moreover, along the sequence {z,,} there holds
lim Ug(zm) = 3.

m—0o0
Since [ is arbitrary the result follows.
(7i7) Let us now prove the Claim. Clearly, by its very definition W is a solution of equation
(1.2.11). We use a local barrier argument to prove that W € C(QUR) and W =0 on R.
Let 9 € R; take jo € IV so large that o9 € R; for any j > jo. Choose dp > 0 so small
that

Ns(zo) C Fj CQUR
for any j > jo, where Ns(xg) := Bs(xg) N Q; observe that

AN () = [835(900) nQu R]] U [35@0) N R] (6 € (0,5)) .

Since the operator L is strictly elliptic in Ns(xg) and an exterior sphere condition is satisfied
at z9 € R by assumption (H;) — (i), there exists a local barrier at xy - namely, a function
h € C?(Ns(xg)) N C(Ns(xo)) such that

(1.3.7) Lh —ch < —1in N(xp),

(1.3.8) h > 0in Ns(zo) \ {zo}, h(xzg)=0

(e.g., see [32]). Set

= min h > 0.
OBs(z0)N[QUR]

Plainly, from inequality (1.3.3) we obtain

m:

l
(1.3.9) 0<W; < - h on ONs(zo)

for any j > jo (recall that W; = 0 on R; for any j € IN, thus W; = 0 on Bs(zo) "R if j > jo).
In view of inequality (1.3.9), it is easily seen that

l . .
Fj = *Wfrgh (4 > jo)

is a supersolution of the problem

Lu=cu in Nj(xo)
(1.3.10)
u=0 on ONs(xp);

then by Proposition 1.2.4 we obtain
l
0<W; < —h in Ns(zo)
m
for any j > jg. Rewriting the above inequality with j = j; and letting £ — oo, we obtain
l
0 <W(z) < —h(x) for any z € Ns(xo),
m

whence lim,_,,, W(z) = 0; then the Claim follows.
It remains to prove equality (1.3.5). Let {z,,} C Q be a sequence such that

1.3.11 li ) = inf V=0:
(1.3.11) im V() S%IL}’RV 0

m—0o0
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such a sequence exists by Lemmas 1.3.1-1.3.2. By inequality (1.3.3) we have:
(1.3.12) [-V<W<W<W=Il inQUR,
thus equality (1.3.11) implies (1.3.5). This completes the proof. O

Proof of Theorem 1.2.5. Let Ug € L>(Q) be the solution of problem (1.1.7) satisfying (1.2.7)
constructed in the above proof (5 € IR). Since U; is nontrivial and Ug = SU; (see (1.3.6)),
there exist T € Q such that Uy (T) # 0, thus Ug, (T) # U, (T) for any p1, B2 € IR, 1 # [a.
Let there exist a solution @ of problem (1.1.3). Then ug := u + Ug is a solution of problem
(1.1.3) for any 8 € IR; moreover, ug, (T) # ug,(T) for any 31,52 € IR, 1 # (2. Hence the
conclusion follows. O

The proof of Theorem 1.2.6 is the same of Theorem 1.2.5, using the following proposition
instead of Proposition 1.3.4.

PROPOSITION 1.3.5. Let the assumptions of Theorem 1.2.6 be satisfied. Then there exist
infinitely many bounded solutions of problem (1.2.9) with f =g = L = 0.

Proof. Define
loo = min{i%f V, iminf V(2)} ifc=0,

|z|—o0

loo := min{i%f V, liminf V(x), } otherwise;

a0 lleffoo
then condition (1.2.10) implies loc > 0.

Fix | € (0,lo); consider the family of problems (1.3.2) with H;, W defined as above.
Arguing as in the proof of Proposition 1.3.4 (using Corollary 1.3.3 instead of Lemmas 1.3.1-
1.3.2), we prove the following: there exists a sequence {z,,} C  satisfying (1.2.6) and a
bounded solution W > 0 of problem (1.1.7), defined by (1.3.4), such that equality (1.3.5)
holds. We prove below the additional property:

(1.3.13) lim W(z)=0;

|z|—o00
then defining the family Ug (8 € IR) as in (1.3.6) the conclusion follows.
To prove equality (1.3.13), observe preliminarly that

(1.3.14) limsupW(z) = lim W(z) =0

(this follows from the above definition of I, since W := max{l — V,0}). Then for any o > 0
there exists M > 0 such that

(1.3.15) 0<W(r)<o in[QUR]\ By -
Consider the subsequence {j;} C IN such that (1.3.4) holds. Fix k so large that
Ny = Hj, N [[QUR] \m] £0;
observe that
DN}, = [aij N [[Q UR] \mﬂ U [Hjm aBM] (ke IN).
By (1.3.15) there holds
0<SWwW;,, =W«xo,

on 0Hj, N [[Q UR] \m} (see (1.3.2)). Besides, for any k sufficiently large in H;, N OBy
there holds (see inequality (1.3.3)):
l

0<W,, <l < —F,
m
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where

m = minF > 0.
OBy

From the above inequalities we get
l
(1.3.16) 0< ij <o+ —F ond Ny,
m
for any k sufficiently large.
It is easily seen that for such values of k the function
l

Zy=W; —o—-—F
m

is a subsolution of the problem

Lu=cu in N

u =0 on ONj.
In fact, for any ¢ € C§°(Ng), ¥ > 0 we have:
* l *
/ Zk{ﬁw—cw}dazza/ cpdr — — F{L —cp}dx > 0;
Ny, N, m Jn,
moreover, Z; < 0 on 0N by (1.3.16), thus the claim follows.

In view of Proposition 1.2.4, this implies
l
(1.3.17) 0<W;, <o+ —F in Ny
m
for any k € IN sufficiently large. As kK — oo we obtain
l
0<W(z) <o+ — F(x)
m
for any x € [QUR]\ Bys. This obtains
0 <limsupW(z) < o;
|z|—o00
since o > 0 is arbitrary, equality (1.3.13) follows. This completes the proof. O

Let us now prove Proposition 1.2.7.
Proof of Proposition 1.2.7. (i) f RNS # 0, let {; € C(R;), 0< ¢ <1, ¢ =1in R4
(j € IN; Rp:=0). If RNS =0, we have that R; = R, for any j > jo, for some jo € IN; in
this case we set (; =1 on R; = R, for any j > jo.
For any j > jo consider the problem
Lu—cu=f in H;
(1.3.18)
u = @; on 0Hj;
here {H;} is the sequence of domains used in the proof of Proposition 1.3.4 and the boundary
data
Gg+ (1 —=GF  on R;
(1.3.19) ¢ =
F in 7;
are continuous on 0H; (j > jo).
It is easily seen that the function

(1.3.20) F = max{[| f]|oo, 1} (F +|9]]o0)
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is a supersolution of problem (1.3.18)-(1.3.19) for any j > jo. In fact, for any ¢ € C§°(H;), ¢ >
0 we have:

| F{ew - copds = max{(| ] 1}{/}qf{£*¢—o¢}dm—

“lolls [ evidr} < —maxlfl 1} [ wdo < [ foda

moreover, F > F + ||g||oc > ¢; on OH;. Hence the claim follows. It is similarly checked that
—F' is a subsolution of the same problem.

(i4) In view of (i) above, there exists a solution u; € C(H; ) (o € (0,1)) of problem (1.3.18)-
(1.3.19), such that

(1.3.21) luj| < F in H,

for any j > jo. By standard compactness arguments there exists a subsequence {u;, } C {u;},
which converges uniformly in any compact subset of 2. Clearly, u := limy_,, u;, is a solution
of equation (1.1.1); moreover, |u| < F in Q.

(#31) It remains to prove that u € C(QUR) and u = g on R. To this purpose, we use a local
barrier argument as in the proof of Proposition 1.3.4.

Let zp € R be arbitrarily fixed; take jo € IN so large that xg € Rj,—1. Since each R; is
open and Rj,—1 € R, for j > jo, there exists dp > 0 such that:

(1.3.22) uj =g in Bsy(zg) N R

for any j > jo (see (1.3.19)). Moreover, we can choose dy > 0 so small that

(1.3.23) Ns(z0) CH; CQUR
for any j > jo, where Nj(xg) := Bjs(xg) N 2. Observe that
ON;s(x0) = |8Bs(a0) N [Q U R]] U [35(@«0) N R] (6 € (0,6)).

Since g € C(R) (see (Hz) — (v)), in view of (1.3.22) for any o > 0 there exists 6 € (0, dp)
such that

(1.3.24) luj(x) — g(zo)| < o for any x € Bs,(zo) "R, j > Jo-

Let h € C%(Ns(z0)) N C(Ns(zo)) satisfy (1.3.7)-(1.3.8). For any x € 0Bs(zo) N [Q U R]
(0 € (0,dp)) and j > jo there holds
(1.3.25) luj(x) — g(xo)| < max F +|g(xo)] < mM < Mh(z),
Ns(zo)
where
m = min h >0,
OBs(z0)N[QUR]
2 .
M = = max { max 7, |lglloc, m]l flloc mlglloc max c}.
m Ns(zo) Ns(zo

(see (1.3.21), (1.3.23)).
In view of inequalities (1.3.24)-(1.3.25), we conclude that for any o > 0 there exists
d € (0,0p) such that
luj(z) — g(@o)| <o+ Mh(z) for any x € ONs(xo), j = jo-
Then it is easily seen that for such values of j
Ej = Uy —i—g(.%'o) —oc—Mh

is a subsolution,
Fj = —uj+g(xo) + o+ Mh
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a supersolution of problem (1.3.10). By Proposition 1.2.4 this implies E; < 0 < F} in Njs(xo),
namely

(1.3.26) luj(x) — g(xo)| < 0+ Mh(x) for any x € Ns(xo), j > jo-

Set j = jk in inequality (1.3.26), then let & — oo. This obtains the following: for any
o > 0 there exists § € (0,dp) such that

lu(z) — g(xo)| < 0 + Mh(z) for any x € Ns(xg),

whence
limsup [u(z) - g(x0)| < o
r—x0
for any ¢ > 0. Then the conclusion follows. O

To prove Proposition 1.2.9, first a solution w of problem (1.1.3) is constructed as for
Proposition 1.2.7. Then, arguing as in the proof of Proposition 1.3.5, it is proved that
lim, oo u(x) = L. We leave the details to the reader.

1.4. Comparison and uniqueness results: Proofs

Let us first introduce some notations. Set for any ¢ € (0,e), § € (0
small):

,5) (€0 > 0 suitably

Si1c = {x € S |dist(z,S2) > ¢},
S :={x € Q| dist(z,S) < e},
S5 = {z € Q] dist(z,S2) < e},
A5 = {z € Q| dist(x,S;) = €} .
R .= {x € R| dist(x,S1) > 6, dist(z,S) > ¢} .
If S1 # 0, we also define:
170 = {z € Q|dist(z,S1,) < 6},
FoO = {x € Q| dist(x,81.) = 6, dist(z,S) > e},
50 = {z € 8 | dist(z, 81 2) > 6},
Fo¥ = {x € A5 | dist(z,81.) > 8} ;
otherwise we set If’a = ]-'15’5 =0, I;’a = S5, ]:25’5 := A§. Finally, define:

70 =0Ty, FO = FOUFYY

The above sets are depicted in Figure 1 for the case of bounded €. Observe that S; C Z¢9.

LEMMA 1.4.1. For any € € (0,&0), 0 € (0,5):
(i) there holds

(1.4.1) Q\T9 CQUR,

(142) a[Q \ﬁ] — Ra,d U 7:5,5 :

(1) for any open subset Q1 C Q\ Z&9 there holds
(1.4.3) I\ [RUS] =001 \ R =00 \ R°.
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Py

FiGURE 1. Bounded €.

Proof. We only check (1.4.1), since equalities (1.4.2)-(1.4.3) are clear. In fact, there holds:

(1.4.4) Q\Z0 C[Q\TH|UFP COQ\S=QUR,
since S Qﬁ, Fed CQ\S. O

When 2 is unbounded, we also use the following family of subsets of 2 (see Figure 2):
Q=98 .= (Q\ Z=%) N By

(e €(0,20), 0 €(0,5), 8> 0 ); observe that by (1.4.2)

9008 — [3[9 \ Z59] N ulQ\Z=n 83%] =

1
B

= {[RE"S UFn } U [Q \ Z&9 maBé] :

1
]
Now we can prove Proposition 1.2.10.
Proof of Proposition 1.2.10. Let us distinguish two cases: (a) £ bounded, and (b) Q un-

bounded.

(a) € bounded: (i) In view of inequality (1.2.17), there exists a sequence {er} C (0,eo),
er — 0 as k — oo, such that

u
145 lim { inf ~}>0.
( ) k:—1>r—&{loo Algrkl\g Z)
Then for any o > 0 there exists k = k(a) € IN such that for any k > k there holds
u

(1.4.6) ~

>—a in AF\S.

(77) Define for any a > 0

(1.4.7) Va(z) = —aZ(z) = a|Z(z)| (x € QUR).
Observe that
(1.4.8) alH| <V, in QUR.

In view of (1.4.1)-(1.4.2) and (1.4.8), the following claim is easily seen to hold.
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1
3

F1GURE 2. Unbounded €.

Claim 1: For any a > 0,¢ € (0,0), 6 € (0,5) the function V, defined in (1.4.7) is a
supersolution of the problem

Lu—cu=0 in Q\7Z9
(1.4.9) w =0 on RED

u =V, on Fe9 .

(7i7) We shall prove the following

Claim 2: For any a > 0 there exists k = k(a) € IN with the following property: for any
k > k there exists &, € (0,%) such that the function u is a subsolution of problem (1.4.9)
with € = e, d = g, where {ex} is the infinitesimal sequence of inequality (1.4.6).

From Claims 1 and 2 the conclusion follows immediately. In fact, by Proposition 1.2.4 we
obtain for any o > 0, k > k

u <V, in Q\ Zex:%%

Letting o — 0 in the latter inequality we obtain u < 0 in any compact subset of Q2 (observe
that £k — oo, thus € — 0 as @ — 0); hence the result follows.

To prove Claim 2 we use the following facts:

e for any a > 0, € € (0,&) there exists § € (0,5) such that for any 6 € (0,0) there
holds

(1.4.10) uw < alH|  in FO,

e for any a > 0 there exists & = k(a) € IN such that for any k¥ > k and for any
6 € (0, %) the function V,, satisfies

(1.4.11) uw< Vo o in Fok0.

Let us put off the proof of (1.4.10)-(1.4.11) and complete the proof of Claim 2. Plainly, from
(1.4.8) and (1.4.10)-(1.4.11) we obtain

(1.4.12) u<V, in FekOk
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for any @ > 0, k > k and some &, € (0,%). On the other hand, the function u is by
assumption a subsolution of the problem

Lu=cu in
(1.4.13)
u =0 on RUGS,

thus in particular © < 0 on Rew9% C R. Hence Claim 2 follows.

It remains to prove inequalities (1.4.10)-(1.4.11). Concerning (1.4.10), observe that u < 0
on S and u € C(S1), thus in particular v < 0 on S and u € C(S1¢) (recall that u is a
subsolution of (1.4.13), hence u € C(Q2 UR U S;) by Definition 1.2.2). As a consequence, for
any T € S1 and any o > 0 there exists § = §(Z,0) > 0 such that

u(z) <o for any = € [QUR|N Bs(T).
It is immediately seen that Sy . is closed, thus compact. Hence from the covering { Bs(Z)}zes, .
we can extract a finite covering {B;, (%) }n=1,..n (7 € IV), namely
81,6 - UZ:1B($n (jn) = Bs,a .

Set
€

§ := min{éy, ..., s, g}a
then

{r € QUR |dist(x,S81.) <6} C[QURINB.s,
thus in particular
ff’é C[QUR]NB., for any ¢ € (0,9).
This shows that for any o > 0, € € (0,£¢) and ¢ € (0,0) there holds

u<o in}"f’é;

choosing o = a|H| we obtain (1.4.10).
Inequality (1.4.11) follows immediately from (1.4.6), since f;’“’é C A\ S for any § €
(0,5¢). This completes the proof when € is bounded.

(b) _Q unbounded: (i) In view of inequalities (1.2.17) and (1.2.18), there exist two sequences
{erx} € (0,e0), ex — 0 as k — oo and {f;} C (0,00), Br — 0 as k — oo, such that

(1.4.14) lim { inf 3} >0, lim { inf 3} > 0.
k—-+o00 A;k\g Z k—-+o0 [QUR]W‘)B% 7
k
Then for any o > 0 there exists k = k(a) € IN such that for any k > k
(1.4.15) s _ain AF\S, = >-aon [QUR|NIBL.
Z Z Bk
(77) As in the above case of bounded 2, it is easily seen that the function V, := —aZ is a

supersolution of the problem
(

Lu—cu=0 in Q%0
_ RN
(1.4.16) u =0 on RE OB%
u ="V, on [.7:575HB7%}U[Q\I&5083%]
\

for any a > 0, ¢ € (0,20), 6 € (0,5),8 > 0.

Arguing as in (a) above the conclusion follows from the B
Claim 3: For any o > 0 there exists k = k(a) € IN with the following property: for any k > k
there exists d € (0, 5) such that the function u is a subsolution of problem (1.4.16) with
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€ = ¢ep,0 = 0, 3 = Bk, where {ex} and {0k} are the infinitesimal sequences of inequalities
(1.4.15).

To prove Claim 3, it suffices to prove that
(1.4.17) w < Vy on [Forden Bﬁ] U [Q \ Zek0k N 83%]
k k

with «, k, eg, 0, O as above. Notice that (1.4.8) and (1.4.11) are still valid. Moreover, in
view of the compactness of &1 N B% (e € (0,e9), B > 0), arguing as in the proof of (1.4.10),
we get that
e for any a > 0, £ € (0,20), B > 0 there exists § € (0, 5) such that for any § € (0,6)
there holds

(1.4.18) uw< olH| i Fn

1.
B
Then by (1.4.8), (1.4.11), (1.4.18), the inequality

(1.4.19) w<V, in Fo%N B
k

follows. Concerning the inequality

(1.4.20) w<Va in Q\T%HN0B,
k

it follows immediately from (1.4.15) since Q \ Z¢+% C QU R for any ¢ € (0, <) (see (1.4.1)).
Then inequality (1.4.17) and the conclusion for unbounded € follow. This completes the
proof. O

Proof of Proposition 1.2.11. The proof is the same of Proposition 1.2.10 in the case of
unbounded €2, the only difference being that to prove (1.4.20) we use (1.4.8) and the following
inequality:

(1.4.21) u < olH| in Q\ Z=9% NOB 1 .
Bk

As for the latter, by the second inequality in (1.2.16) there exists a sequence {3k} C (0,00),
B, — 0 as k — oo, such that

lim { sup u} <0.
k—+o0 [QuR]maBﬁi
k

Then for any o > 0 there exists k = k(a) € IN such that for any k > k there holds
u< «o|H| in [QUR]OBBBL,
k

which implies (1.4.21). Then the conclusion follows. O

Proof of Theorem 1.2.13. Let uy, uz solve problem (1.1.5); then both u; — ug and ug — uy
are solutions of the same problem with f = g = 0. In view of Proposition 1.2.10 and Remark
1.2.12, conditions (1.2.14), (1.2.15) with u = u; — ug, u = ug — uy yields u; < ug, respectively
uy < uq. Then the conclusion follows. O

1.5. Examples and remarks

In this section we discuss some applications of the above general results.
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1.5.1. Nonuniqueness and existence. According to the assumptions made in Subsec-
tion 1.2.1, only degeneracy at the boundary is allowed in the examples of this subsection.

(a) Consider the problem

22Uy + Y2 uyy —uy —u=f  in (0,00) x (0,1) = Q

(1.5.1)
u=g on(0,00) x {1} =R

with f € C(Q)NL>*(Q), g € C(R) N L>*(R). The function V(z,y) = y satisfies
LV =—-1 in Q, inf V=0<infV =1;
QUR R
moreover,
LV - V=-1-y<-1 inQ.
By Theorem 1.2.5 and Proposition 1.2.7 (applied with F' = V') problem (1.5.1) has infinitely

many solutions in L>°(2).

(b) Consider the problem
(1.5.2)
322Uz + (2 — 1)2y2uyy + 20%u, — (222 + Duy —u=f  in (1,00) x (0,1) = Q

u=g on(l,00) x {1} =R

T u(e,y) = L (v (0,1)
with f € C(Q) N L>®(R), g € C(R) N L®(R), L € R and
lim g(x) = L.
The function V(z,y) = x + y — 1 satisfies
LV =-1 inQ, S%B%V =0< mln{l%f V,mlinoloV(x,y)} =1 (ye(0,1)).

1
Moreover, the function F' € L*>°(Q), F(z,y) = — satisfies
x
LF—-—F<-1 inQ, lim F(z) =0.
r—00

In view of Theorem 1.2.6 and Proposition 1.2.9, problem (1.5.2) has infinitely many solutions
in L*>(Q).

Let us show by an example that general Dirichlet boundary data cannot be prescribed
on a portion of the boundary, which is attracting in the sense of the following definition (see
[48]).

Let 3 C 09; for any € € (0,e9) (g0 > 0 suitably small) set

X i={r e Q| dist(z,X) < e}.
DEFINITION 1.5.1. A subset ¥ C 0 is attracting if there exist ¢ € (0,€9) and a superso-
lution V' € C(X#) of the equation:
(1.5.3) LV —cV=-1 in X°,
such that
V>0 inX\3, V=0 onX.

Sufficient conditions for the attractivity of ¥ can be given adapting results in [31], [56].
The proof of the following result is very similar to that of Proposition 1.2.7, thus we omit it.
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PROPOSITION 1.5.2. Let §; C 0. Let assumptions (Hy), (H2) and (Hy) be satisfied;
suppose f € L>®(Q), g € C(RUS1)NL®(RUS), ¢ € L™(S5) for some e € (0,e¢). Let there
exist a positive supersolution F' € C(QUR)NL>®(S) of equation (1.2.13). If S; is attracting
and bounded, there exists a solution u € C(QURUS1) of problem (1.1.5), provided that

(1.5.4) g = constant on Si.

Condition (1.5.4) and the boundedness of Sy are unnecessary, if a local barrier exists at any
point g € Sy.

In view of the above proposition, the function V can be regarded as a barrier for the
whole of Sy, if the latter is bounded (clearly, V' is a local barrier at some point zy € ¥ if and
only if z( is isolated in the relative topology of 0€2). In such case constant Dirichlet data can
be prescribed on &;. However, this need not be the case for general Dirichlet data, as the
following example shows.

(c¢) Consider the problem
itz (Waw + YPuyy) = f 0 (5,5F) x (0,1) = €
(1.5.5)
u=g onag\({g,%{]xm})zn
with f € C(Q) N L®(Q), g € C(R) N L®(R). Here we take S; = S = [%, 27] x {0}, S = 0.
It is easily checked that the function Z(z,y) := 2? + logy — 72 satisfies

Z<0inQ, LZ=

— >0 in Q, lim Z(z,y) = —o0.
ysinx y—0

Then by Proposition 1.2.16 there exists at most one solution u € L*(2) of problem (1.5.5).

On the other hand, the function V' € C(Q2), V(x,y) := ysinx satisfies
V>0 in QUR, V=0 on &, LV =-1 in Q,
thus S is attracting (see Definition 1.5.1). By Proposition 1.5.2 there exists a solution
ug € L>®(9) of the problem

Ugy + y2uyy) =f inQ

1
yﬂnm(

u =20 on O0f).

In view of the above uniqueness result, this implies that there exists no solution uy € L>(2)
of the problem

e (Uae + YPuyy) = f 0 Q

u =g on 0f)
with g € C(092), g =0 on R, g(z) # 0 at some point = € S;.

Let us add some remarks concerning Proposition 1.5.2. If some subset ¥ C 9Q is attracting
and the coefficients a; j, b; are bounded in 3¢ for some € > 0, for any x¢ € ¥ a local barrier
does exist, thus general Dirichlet data g can be assigned on Y. This is the content of the
following proposition (see [48]).

PROPOSITION 1.5.3. Let assumptions (Hy), (Ha) and (Hy) be satisfied. Let X C 0 be
attracting; suppose a; j, by € L>°(X°) for some € € (0,e9) (4,5 = 1,...n). Then for any xo € ¥
there exists a local barrier.

Finally, let us mention a nonuniqueness result for problem (1.1.3), which immediately
follows from Proposition 1.5.2.
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COROLLARY 1.5.4. Let the assumptions of Proposition 1.5.2 be satisfied; suppose RN Sy =
(). Then there exist infinitely many solutions of problem (1.1.3).

1.5.2. Uniqueness. (a) Consider the problem
Ugy + y2uyy +yuy = f in (07 1) X (07 1) =0
(1.5.6)
u=g on@Q\([O,l]x{O}):R
with f € C(Q)NL>®(Q), g € C(R)N L>®(R). Here we take S; =0, So =S = [0,1] x {0}.
It is easily checked that the function Z(x,y) := 2% + logy — 2 satisfies
Z <—11in Q, LZ =0 in Q, lirr(l)Z(:r,y):—oo.
y—)
Then by Proposition 1.2.16 there exists at most one solution u € L*°(2) of problem (1.5.6).
Moreover, observe that the function F(z,y) = —z? + 1 satisfies
F>0in Q, LF < -1 inQ.

Then by Proposition 1.2.7 and the above uniqueness result problem (1.5.6) is well posed in
L>(Q).

(b) Consider the problem
(= 3) [uge + ¥2(1 — Y)uyy] —u=f in (0,1) x (0,1) =Q

(1.5.7)
u =4g on RU 81
with f € C(R), g € C(RUS1); here R = [{0} x (0,1)] U [{1} x (0,1)], S1 = [0,1] x {1},
Sy = [0,1] x {0}. Observe that the operator £ degenerates on {3} x (0,1) C €.
The function Z(z,y) := 22 + logy — 2 satisfies
Z < —11in Q, LZ > 7 in Q, lim Z(z,y) = —o0.

y—0
Then by Proposition 1.2.16 there exists at most one solution u € L>(2) of problem (1.5.7).
(c) Consider the problem

Upy + yzuyy — Uy — yﬁiglylu =f in (0,1) x (0,1) =Q

(1.5.8)
w=yg on8(2\<[0,1]><{0}>:R

with f € C(Q)NL®(Q), g € C(R) N L>®(R). Here we take S; =0, So = S = [0,1] x {0}.
Observe that the coefficient ¢ does not belong to L*°(2).
The function Z(z,y) = logy — 1 satisfies

Z<—-1inQUR, LZ —cZ =c>0in, lirr(l)Z(m,y):—oo;
y—)

hence by Proposition 1.2.16 there exists at most one bounded solution u of problem (1.5.8).
Further observe that the function V(z,y) = (z — %)2 + 3y is a positive supersolution of
equation (1.2.13). Then, in view of Proposition 1.2.7 and the above uniqueness result, problem
(1.5.8) is well posed in L>°(92).
It is worth observing that

ian:0<ian:1, LV =—-11in Q;

QUR R 4
however, Theorem 1.2.5 does not apply since the coefficient ¢ is unbounded.
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(d) Consider the problem

Uggy + 92(1 - y)Quyy - prux = f in (Oa OO) X (07 1) =Q
(1.5.9)
u=g on {0} x (0,1) =&
with f € C(2), g € C(S1); here we take R = 0, S = 99, §; = {0} x(0,1), So = [0, 00) x {0, 1}.
The function
Z(x,y) = —(2* +y*) +logly(1 — )] — 1
satisfies
Z < —1in Q, LZ >0 in Q,
lim Z(z,y) = lim Z(x,y) = lim Z(z,y) = —oc0.
y—0 y—1 T—00
In view of Proposition 1.2.16, there exists at most one solution in L% () of problem
(1.5.9).

(e) Consider the problem?
T Uy + Uyy + 32Uy = f in (0,00) x R =

(1.5.10)
lim  wu(x,y) =1L
|z|+|y|—o0

with f € C(Q), L € IR. In this case R =81 =0, S = S, = {0} x IR. Consider the function

Z(z,y) = L 1=l @y en).

 dist((2,y), S) z
It is easily seen that
Z < -—11in Q, LZ >0 in Q, lir%Z(:z:,y):—oo.

In view of Proposition 1.2.17, for any L € IR problem (1.5.10) admits at most one bounded
solution. Observe that the ”condition at infinity” is necessary to ensure uniqueness: in fact,
any constant is a bounded solution of the differential equation in (1.5.10) with f = 0.

The sub- and supersolutions constructed in the above examples are smooth in €2; however,
less regularity is needed for the general results to hold (see Definition 1.2.2). This is expedient
in several respects; for instance, the subsolution used to prove uniqueness is often a function
of the distance from the boundary, thus its smoothness depends on that of the latter. A
simple example is given below.

(f) Consider the problem

11Uz + A22Uyy + 2TU4 + 2Yuy — ‘ log |1 — m2H u=f in Q
(1.5.11)
u=g on RUS,

where
Q= ((_17 1) X [07 1)) U ((_170) X (_170))7
R = ([-1,0] x {-1}) U ([-1,1] x {1}),
S1=({—1} x (=1,1)) U ({1} x (0,1)),
Sy = ({0} x (=1,0)) U ([0,1] x {0});
?+y?  if xe(-1,1),y€]0,1)

all(xay) =
2 if z€(-1,0),y¢€(-1,0),

2This example was suggested by X. Cabré.
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22 4 92 if xe(-1,0),ye(-1,1)
a22(x7y) =
y>  if z€[0,1),y€(0,1)

and f € C(2), g € C(RUS:). Since
y if zel0,1),y€(0,1)

dist((z,y),S2) = ¢ Va2+y? if 2€(-1,0),y€(0,1)

-z if xe€(-1,0),y € (—1,0]
for any (z,y) € Q), it is easily seen that the function
Z(z,y) = 2log[dist((z,y),S2)] —log3  ((z,y) € Q)

belongs to C*(Q)NC(QUR), but not to C?(2). However, Z € C?(2\ [{0} x (0,1)U(—1,0) x
{0}]) and there holds

Zgloggin Q, LZ >0 ae. in Q;
hence we have
/ Z{L Y —cp}dx :/{EZ—CZ}¢dx >0
Q Q

for any ¢ € C§°(Q), ¢ > 0. Clearly, condition (1.2.23) is satisfied; hence by Proposition
1.2.16 problem (1.5.11) admits at most one bounded solution.



CHAPTER 2

Uniqueness and nonuniqueness of solutions to parabolic
problems with singular coefficients

2.1. Introduction

We investigate uniqueness and nonuniqueness of solutions to semilinear degenerate para-
bolic problems, with possibly unbounded coefficients, of the following form:

Lu —cu— 0= f(z,t,u) in Qx(0,7) =:Qr
(2.1.1) u=g in R x (0,7

u = ug in (QUR) x {0}.

Here 2 C IR™ is an open connected set with boundary 9€), R is a subset of the boundary
which we call the reqular boundary, and the operator L is formally defined as follows:

- 0%u - ou
ij=1 =1 !

Special attention will be paid to bounded solutions of problem (2.1.1).

The portion R of the boundary is called "regular”, since we address situations in which
the coefficients a;;, b;, ¢ are well-behaved and the operator £ is elliptic only in the set QUR
(see assumptions (Hyp), (Hz)). In such case it is natural to prescribe the Dirichlet boundary
condition u = g only on R x (0,T], as assumed in problem (2.1.1). The complementary set
S = 00\ R is called the singular boundary, for the coefficients can vanish (or diverge, or
possibly do not have a limit), or ellipticity is possibly lost when dist(z,S) — 0 (and/or as
|z| — oo, if 2 is unbounded). Let us notice that the case 9Q # 9Q is allowed, thus S can be
a manifold of dimension less than n — 1, while R C 99 (see (Hp)).

If uniqueness of problem (2.1.1) fails, in typical cases additional conditions are needed on
some part of S x (0,7] to obtain a well-posed problem. Hence it is natural to address the
following generalization of problem (2.1.1):

Lu —cu —u= f(zx,t, u) in Qr
(2.1.2) u=g in (RUSy) x (0,77

u = in (QURUS:) x {0},
S1 being a suitable subset of the singular boundary S.

We give sufficient conditions for uniqueness of solutions to problem (2.1.2) (see Subsection
2.2.1 and Section 2.3). Such conditions depend on the existence for some p > 0 of subsolutions
to the elliptic problem

LU —cU=puU in Q
(2.1.3)
U=0 in R,

25
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and on their behaviour as dist(x,S \ S;) — 0 (see Theorem 2.2.5). In the particular case
81 = 0 we recover uniqueness criteria for problem (2.1.1).

We also provide sufficient conditions for nonuniqueness of bounded solutions to problem
(2.1.1) (see Subsection 2.2.2 and Section 2.4). These conditions involve suitable supersolutions
to the first exit time problem

LU = -1 in Q
(2.1.4)
U=0 in R

(see Theorem 2.2.16; for the probabilistic interpretation of problem (2.1.4), see e.g. [35]).
Both uniqueness and nonuniqueness results are used in Section 2.5 to discuss some selected
examples, which exhibit singularities of different kinds.

Analogous results hold for the Cauchy problem

Lu —cu — o= f(x,t, u) in IR™ x (0,7
(2.1.5)
u = ug in IR™ x {0},

although the latter does not fit formally within the present framework. We leave their formu-
lation to the reader (however, see Proposition 2.2.13; here the ”point at infinity” plays the
role of the singular boundary).

The present work extends in several respects the results proved in [60] for parabolic, and
in [65] for elliptic problems. The applicability of the present results, and of those in [65],
relies on the actual construction of sub- and supersolutions to problems (2.1.3), (2.1.4) with
suitable properties. This point is addressed in the paper [58]; the construction depends both
on the dimension of the singular boundary & and on the behaviour of the coefficients of L as
dist(xz,S) — 0.

Let us add some comments on the wide literature concerning degenerate elliptic and
parabolic equations, and its relationship with the present approach.

The case of bounded coefficients was first investigated. Since the Dirichlet problem for
degenerate second-order equations may be well-posed prescribing boundary data only on a
subset of the boundary, much work was devoted to the general characterization of such subset,
using both analytical methods and stochastic calculus (in particular, see [7], [26], [31], [56],
[69], [70]). A typical result is the elliptic refined mazimum principle (see [7]), which implies
uniqueness with boundary data prescribed at those points of 9€2, where the minimal positive
solution of the equation LU = —1 in ) can be extended to zero. On the other hand, the
relationship between the propagation set of subsolutions of the equation Lu = cu in §2, and
the support of the Markov process associated with £, implies that uniqueness holds for the
Dirichlet problem, if the boundary data are specified at the attainable boundary points (see
[31], [69], [70]). Similar ideas underly our distinction between the regular and the singular
boundary, although the present approach is purely analytical in nature.

More recently, parabolic equations with unbounded coefficients - mostly nondegenerate,
and considered either in 2 = IR™ or in unbounded domains - have been widely investigated
by an approach using Markov semigroups and related stochastic methods (see [17], [52] and
references therein). In this approach sub- and supersolutions of the resolvent equation (often
called Lyapunov functions) are used as barriers, as we do in the following with sub- and
supersolutions of problems (2.1.3), (2.1.4). Since the Cauchy problem can be treated like
problem (2.1.1), our uniqueness and nonuniqueness criteria generalize those mentioned in
[43] —[53].
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2.2. Mathematical framework and results

Our assumptions concerning the regular boundary R and the singular boundary S are
stated as follows:

(Ho) (i) =RUS, RNS=10,S8+#0;

0 (11) R C 0N is open, ( satisfies the outer sphere condition at R ;
(H) (Z) S=85USo, SlﬂSQZQ;

! (7i) &1 and Sy have a finite number of connected components.

Denote by C%'(Q U R) the space of functions which are locally Lipschitz continuous in
QUR, and by CH1(2 UR) the subspace of those with locally Lipschitz continuous first
derivatives. Concerning the coefficients of the operator £ and the function ¢, we assume the
following;:

(i) aiyj =aj € Cl’l(Q UR), b; € Co’l(Q UR) (i,j=1,...,n);
(Hs) (1) D07 =1 aij(2)&&; > 0 for any 2 € QUR and (&1, ., &n) # 0
(1i1) c e C(QAUR).
It is natural to choose R as the largest subset of 02 where the operator L is elliptic (see
(Hsy) — (i7)). We shall always do so in the following.
Concerning the functions f, g and ug, we make the following assumption:
(i) f € C(Qr x IR) is Lipschitz continuous B
(Hs) with respect to u € IR, uniformly for (z,t) € Qr;
3 (1) g € C(R % [0,T]), ug € C(QUR);
(131) g(x,0) = up(x) for any x € R.
Let us observe that the assumption of global Lipschitz continuity for f can be replaced by
local Lipschitz continuity (uniformly in Q7), if bounded solutions are considered.

The uniqueness results in Subsection 2.2.1 hold true, if (Hs) is replaced by the following
weaker assumption:

(1) Qi = Gj; € Cl(Q UR), oij € Cl(Q), b; € Co’l(Q UR) (i,j=1,...,n);
(HY) (1) 227 =y aij(7)§:€; > 0 for any x € Q and (&1, .., &) € R";

(#11) D07 =y aij(2)&&; > 0 for anyx € R and (&1,..,&n) # 0.
Here ¥ = (0y;) denotes the square root of the matrix A = (a;;), namely A(x) = X (x)E(x

(x € QUR). Observe that assumption (Hj) — (i7) is more general than (Ha) — (i), for it
allows the operator £ to degenerate in €.

)T

Before going on, let us make precise the definition of solution, sub- and supersolution to
problems (2.1.1)-(2.1.4). Denote by £* the formal adjoint of the operator £, namely:

e OPaiv) = O(biv)
LU:Z axzaxj _Z,Z; 8% '

1,j=1
Sub- supersolutions and solutions to elliptic equations or problems are meant in the sense
of Definition 1.2.1, respectively Definition 1.2.2; moreover, we have the following definitions.

DEFINITION 2.2.1. By a subsolution to the equation

(2.2.1) Lu —cu — 0= f(zx,t,u) inQr

we mean any function u € C(Qr) such that

(2.2.2) / u{L*Y — ctp + O} daedt > flz,t, u)yp dzdt
T Qr
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for any ¢ € C§°(Qr), ¥ > 0. Supersolutions of (2.2.1) are defined reversng the inequality
sign in (2.2.2). A function u is a solution of (2.2.1) if it is both a sub- and a supersolution.

DEFINITION 2.2.2. Let R C £ C 99Q, g € C(€ x [0,T])),up € C(QUE), g(z,0) = up(x)
for any x € £. By a subsolution to the problem

Lu —cu —ou= f(z,t,u) in Qr
(2.2.3) u=g in € x(0,T]

u =g in (QUE) x {0}

we mean any function u € C((QUE) x [0,T]) such that:

(1) uw is a subsolution of equation (2.2.1);

(17) u < g in & x (0,T];

(131) u < wug in (QUE) x {0}.

Supersolutions and solutions of (2.2.3) are defined similarly.

2.2.1. Comparison and uniqueness results. The following comparison result gener-
alizes the classical Phragmen-Lindel6f principle (e.g., see [61]).

PROPOSITION 2.2.3. Assume Sy # 0, (Hp), (H1), (H3) and either (Ha) or (H)). Let there
exist a subsolution Z < H < 0 of problem (2.1.3) for some p > 0. If  is bounded, then any
subsolution u of problem (2.1.2) with f = g = up =0 such that

sup u(z,t)

(2.2.4) lim sup L) B

dist(x,S2)—0 |Z($)‘ N

satisfies u < 0 in Q.
If Q is unbounded, the same conclusion holds true under the additional condition

sup u(x,t)
. te(0,7]
(2.2.5) limsup ————— < 0.

In the above proposition the sign condition on the portion Sy of the singular boundary,
where the subsolution u need not be defined, is replaced by a growth rate condition with
respect to a suitable subsolution of the elliptic problem (2.1.3). Then the result follows by
standard arguments. Observe that condition (2.2.4) reduces to a sign condition for u at So
whenever Z is bounded in a neighbourhood of Ss.

REMARK 2.2.4. Proposition 2.2.3 holds true also in the following cases:
(i) if condition (2.2.5) is replaced by the sign condition

(2.2.6) limsup< sup u(w,t)) < 0;
|z|—o0 te(0,T]

(ii) if condition (2.2.4), respectively (2.2.5), is replaced by the weaker assumption

sup u(z,t)
.. t€(0,T
(2.2.7) liminf ¢ sup —————; <0,
e=0 {xeAg\s 1Z ()] }
respectively
sup u(x,t)
.. t€(0,77]
(2.2.8) lim inf sup ——— < 0.
e—0 {(ze[QuR}ﬂaBl) | Z ()] }
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In the above inequalities and hereafter we set B,.(Z) := {|z — Z| < r} C IR", B,(0) = B, and
5= {r € Q| dist(z,S) = ¢}
for any € € (0,e9) (g0 > 0 suitably small).

In view of Proposition 2.2.3, we have the following uniqueness result.

THEOREM 2.2.5. Let Sy # 0, g € C((RUS) x[0,T]), up € C(QURUSy), g(x,0) = ug(x)
for any x € RUS;. Assume (Hy), (H1), (Hs) and either (Hz) or (H}). Let there exist a
subsolution Z < H < 0 of problem (2.1.3) for some u > 0. If Q is bounded, then any two
solutions uy, uy of problem (2.1.2) such that

sup [1n(, 1) — 1 (2, )
t€(0,7T]

2.29 li =0
( ) dz’st(;g;)ao Z(x)

coincide i Q.
If Q is unbounded, the same conclusion holds true under the additional condition

S(up ] |u2(x>t) - U1($,t)|
te(0,T

2.2.10 lim : =0.
( ) | —+00 Z(x)

REMARK 2.2.6. Theorem 2.2.5 holds true, if (2.2.10) is replaced by the stronger condition

(2.2.11) lim sup |ua(z,t) —ui(z,t)] = 0.
|z|—00 ¢te(0,1)
REMARK 2.2.7. If ¢ > ¢; > —o0 in Q UR, in Proposition 2.2.3 and in Theorem 2.2.5
problem (2.1.3) can be replaced either by the eigenvalue problem

LU =pU in Q
(2.2.12)
U=0 in R

with g € [0, +00), or by problem (2.1.4).

REMARK 2.2.8. In connection with the above remark observe that, if ¢ > ¢; > —o0 in
QUR, in Proposition 2.2.3 and Theorem 2.2.5 the function Z may be any subsolution bounded
from above of problem (2.2.12). In fact, if Z is a subsolution of problem (2.2.12) bounded
from above and M > Hy := supgur Z > 0,then Z :=Z - M < Hy— M = H < 0is a
subsolution of the same problem satisfying the required sign condition (see Definition 1.2.2).
The same holds for problem (2.1.4).

REMARK 2.2.9. By compactness arguments, it is easily seen that in Theorem 2.2.5 con-
dition (2.2.9) can be replaced by

(2.2.13) fim 2@t — (b))
dist(xz,S2)—0 Z(aj‘)

=0 (t €(0,77).

Uniqueness results concerning bounded solutions of problem (2.1.2) follow immediately
from the above, if the subsolution Z diverges as dist(x,S2) — 0. We state them below for
convenience of the reader.

THEOREM 2.2.10. Let So # 0, g € C((RUS1) x[0,T1]), up € C(QURUS1), g(x,0) = up(x)
for any x € R USy. Assume (Hy), (H1), (Hs) and either (Hz) or (H)). Let there exist a
subsolution Z < H < 0 of problem (2.1.3) for some u > 0, such that

2.2.14 li A = —.
( ) dist(a:lglg)ﬂ(] (z) o
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If Q) is unbounded, also assume

(2.2.15) lim Z(z) = —o0.

|z|—o0
Then there exists at most one solution u € L>(Qr) of problem (2.1.2).

REMARK 2.2.11. If © is unbounded and a condition at infinity is imposed, condition
(2.2.15) is not needed for uniqueness.

REMARK 2.2.12. As for Remark 2.2.7, let us mention that in Theorem 2.2.10 problem
(2.1.3) (with g > 0) can be replaced by (2.2.12) or (2.1.4), if ¢ > ¢; > —00 in QU R.

Let us mention the following counterpart of Theorem 2.2.10 for the Cauchy problem
(2.1.5) in the case of ”degeneracy at infinity” (see [20], [43] - [53]).

PROPOSITION 2.2.13. Let Q = IR", R = () and the assumptions (H}), (Hs) be satisfied.
Let there exist a subsolution Z < H < 0 of problem (2.1.3) for some p > 0, such that condition
(2.2.15) is satisfied. Then there exists at most one solution u € L*°(St) of problem (2.1.5).

2.2.2. Nonuniqueness results. Let us first state some standard existence results, which
require the existence of suitable supersolutions of auxiliary problems.

PROPOSITION 2.2.14. Let assumptions (Hy), (Hz), (Hs) be satisfied. Suppose g € L>(R x
(0, 7)), up € L>®(), f(-,-,0) € L>®(Qr). Let there exist a supersolution F' € C((QUR) x
[0,T]), F > ca2 > 0 of the equation

(2.2.16) Lu—cu—0Ow=—-1 1in Qr.
Then there exists a solution w of problem (2.1.1). If F € L>®(Qr), then u € L>®(Qr).

If ¢ > ¢ in QUR for some c¢; € IR, it is easy to check that the function F' := exp{(|ci| +
1)t} > 1(t € [0,7T]) is a bounded supersolution of equation (2.2.16). However, it should be
noticed that problem (2.1.1) can admit a solution in L (Qr), even if ¢ is not bounded from
below.

If Q2 is unbounded and a ”barrier at infinity” exists, we can prescribe a conditon at infinity
for the time mean of the solution, as stated in the following proposition.

PROPOSITION 2.2.15. Let § be unbounded and the assumptions of Proposition 2.2.14 be
satisfied. Moreover, suppose ¢ € L*(Q2\ Bgr), F' € L>*((2\ Br) x (0,7)), (R >0),l € R
and, if R is unbounded,

1 (T

(2.2.17) lim / gz, t)dt =1.

x| =00 T' Jo
Let there exist a positive supersolution H of the equation
(2.2.18) LH=-1 inQ\ Bg,
such that
(2.2.19) lim H(x)=0.

|| =00

Then there exists a solution u of problem (2.1.1) such that

T
(2.2.20) im — [ w(zt)dt=1.
|z|—+00 T Jo

If F € L®(Qr), then u € L®(Qr).
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Observe that Proposition 2.2.15 gives a nonuniqueness result for problem (2.1.1), if © is
unbounded and R bounded. In fact, in this case condition (2.2.17) is not needed and any
l € IR can be prescribed at infinity (see (2.2.20)).

Now we can state our nonuniqueness results. In the following theorem nonuniqueness
follows from existence of a supersolution V' to the first exit time problem (2.1.4), such that

(2.2.21) inf V=0<infV.
QUR R

THEOREM 2.2.16. Let assumptions (Hy), (H2), (H3) be satisfied. Suppose g € L®(R x
(0,7)), ug, c € L*(Q), f(-,-,0) € L*(Qr). Let there exist a supersolution V of problem
(2.1.4) such that (2.2.21) is satisfied. Then there exist infinitely many bounded solutions of
problem (2.1.1).

More precisely, there exists a sequence {xp,} C Q with the following property: for any
B € IR there exists a solution ug € L>(Qr) of problem (2.1.1) such that

m—oo T’

1 T
(2.2.22) lim / ug(zm,t)dt = 3.
0

REMARK 2.2.17. The assumption V' > 0 in (2.2.21) is equivalent to the (apparently
weaker) assumption that V' be a supersolution of problem (2.1.4) bounded from below. Indeed,
in the latter case V := V — infour V is a supersolution of the same problem such that
infour V = 0 (see Definition 1.2.2).

If 2 is unbounded and there exists a ”barrier at infinity”, nonuniqueness of solutions to
problem (2.1.1) satisfying (2.2.20) follows as in Theorem 2.2.16, provided that the supersolu-
tion V' of problem (2.1.4) satisfies the stronger assumption:

(2.2.23) inf V =0 < min { inf V,limian(x)}.

QUR R || — 00
In fact, inequality (2.2.23) ensures nonuniqueness, also when a condition at infinity is pre-
scribed.

THEOREM 2.2.18. Let 2 be unbounded, | € IR and the assumptions of Theorem 2.2.16 be
satisfied, with condition (2.2.21) replaced by (2.2.23). Moreover, if R is unbounded, assume
(2.2.17). Let there exist a positive supersolution H of equation (2.2.18) satisfying (2.2.19) for
some R > 0. Then there ezist infinitely many bounded solutions of problem (2.1.1) satisfying
(2.2.20)

More precisely, there exists a bounded sequence {x,,} C Q with the following property: for
any B € IR there exists a solution ug € L*>(Qr) of problem (2.1.1) such that (2.2.20) and
(2.2.22) are satisfied.

Let us observe that, as shown by Example (a) in Subsection 2.5.1, the hypothesis ¢ €
L*>(€) in Theorems 2.2.16 and 2.2.18 is necessary.

In the following we deal with cases in which boundary data can be prescribed also at
81 % (0,7]. Let us notice that existence of solutions of problem (2.1.2) with S; # ) implies
nonuniqueness of solutions of problem (2.1.1).
We will use the following definition, where for any ¥ C 92 and € € (0,¢q) (g9 > 0 suitably
small) we set
Y i={zr € Q| dist(z,X) < e}.

DEFINITION 2.2.19. We say that ¥ C 0 is attracting for the operator L if there exist
e € (0,e0) and a supersolution V- € C(X¢) of the equation:
(2.2.24) LV =-1 in ¥

such that
V>0 inX\X, V=0 onX.
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For the sake of simplicity, in the following two statements we suppose €2 to be bounded.
Similar results can be proved when €2 is unbounded.

THEOREM 2.2.20. Let  be bounded and assumptions (Hy) — (Hs) be satisfied; suppose
c € L™(S85) for somee >0, f(-,-,0) € L>®(Qr). Let the following assumptions be satisfied:
e S C 09 is attracting;
o there exists p € C((QURUS)) x[0,T))NL>¥(Q7), such that g = ¢ in (RUS1) x [0, T]
and up(z) = ¢(x,0) for any x € QUR U Sy;
e ¢ does not depend on x in S x [0,T], namely

(2225) ¢($,t> = ¢1(t) fO?” any (Qj‘,t) € Sl X [O>T] ’
for some ¢1 € C([0,T1]);
e there exists a supersolution F' € C((QUR) x [0,T]) N L>®(Sf x (0,T)), F > ¢c2 >0
of equation (2.2.16).
Then there exists a solution u of problem (2.1.2). In addition, if F € L®(Qr), then u €
L>(Qr)-

Observe that, in the light of the above theorem, arbitrary Dirichlet boundary data cannot
be prescribed on an attracting portion S1 of the singular boundary S. In fact, in this case a
solution of problem (2.1.2) need not exist unless (2.2.25) is satisfied, i.e., unless the initial
data are constant in S; and the boundary data only depend on time in S x [0, T] (see Example
(¢) in Subsection 2.5.1).

REMARK 2.2.21. It is easily seen that in Theorem 2.2.20 the restriction (2.2.25) can be
removed, if the attractivity of S; is replaced by the stronger assumption that a local barrier
exists at any point of S; x [0,T] - namely, if for any (xo,tp) € S1 x [0,T] there exist § > 0
and a supersolution h € C(Ks(xo,to)) of the equation

Lh —ch—0:h =—1 in Ks(zo,to)
such that
h>0 in Kg(.’L‘o,to) \ {(l‘o,to)} and h(l‘o,to) =0;

here Ks(xo,tg) = (Bg(xo) X (to — 0,to + 5)) N Qr (e.g., see [30]). A similar situation for
elliptic problems was pointed out in [65].

The following proposition gives sufficient conditions for the existence of a local barrier at
any point of ¥ x [0, 7], ¥ denoting an attracting subset of the boundary 0.

PROPOSITION 2.2.22. Let assumptions (Hy) — (Hs) be verified. Let ¥ C 02 be attracting
for the operator L; suppose a; j, by € L>°(X°), ¢ > ¢1 in X° for somec; € R (e € (0,¢¢); 4,5 =
1,...,m). Then for any (xo,t9) € X x [0,T] there exists a local barrier.

Let us mention that the boundedness of the coefficients a; j, b;, assumed in the above propo-
sition, is not necessary to construct a local barrier at any point of & x [0,7] (see Examples
(d), (e) in Subsection 2.5.1).

2.3. Proof of comparison and uniqueness results

Let us first discuss some auxiliary results to be used in the sequel. We refer the reader to
[18]) for the definition of viscosity subsolution of equation (2.2.1).

PROPOSITION 2.3.1. Assume (Hs) and either (Hy) or (H}). Let uw € C(Qr). Then the
following statements are equivalent:
(1) uw is a subsolution of equation (2.2.1);
(17) w is a viscosity subsolution of equation (2.2.1).
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Proof. (i) = (ii): Let (Hz) and (Hs) hold. Since the matrix A = (a;;) is positive definite in
Q and a;; € CH1(Q), its square root ¥ = (0;;) is in CH1(Q), too (see [31], Ch. 6, Lemma
1.1). Set (1, .., Tny Tpt1) = (T1, ..., Tp, t); consider the (n + 1) x (n -+ 1) matrices A = (a;;),
¥ = (6;;) defined as follows:

aij if 4,5 6{1,...,n}
(231) Elij =

0 otherwise;

Oij ifi,5 € {1,...,7},},
(232) 5'ij =

0 otherwise .
Then ¥ is the square root of A and ¥ € C*'(Q). Moreover, let

b; if i € {1,...,n}

(2.3.3) b, .=
-1 ifi=n+1,
n+1 2 n+1
~ 0“u ou
ﬁu_ijzzlaijal'ia ; Zbla s
(Z)*U _ n41 OQ(GUU) B n+1 O(bsw)
- 4~ Ox0x; or;
i,j=1

It is easily seen that u € C(Qr) is subsolution of equation (2.2.1) if and only if
| ut@re-copde = [ gt upds
T Qr
for any 1 € C§°(Qr), ¥ > 0. Hence (i7) follows from Theorem 2 in [38] (which holds also for
f = f(x,t, u(x,t))) and Remark 8.1 in [18].
Assuming (H}) instead of (Hz) the proof is analogous.
(79) = (i): Follows from Theorem 1 in [38] and Remark 8.1 in [18], in view of the present

regularity assumptions. O
From the above proposition we obtain the following comparison result.

PROPOSITION 2.3.2. Assume (H3) and either (Hz) or (H}). Let Q1 be any open bounded
subset of  such that Q1 C QUR. Let u be a subsolution, U a supersolution of equation

Lu—cu— 0w = f(x,t,u) inQ x (0,7),
with
w<u in (001 x (0,T]) U (4 x {0}).
Then u <@ in Q1 x [0,T).
Proof. 1t is easily seen that u* := u — u is a subsolution of the problem
Lu —cu— O = —L|u| in 0 x (0,7

(2.3.4) uw =0 in 99 x (0,T]

uw =0 in O x {0},

where L > 0 is the Lipschitz constant of f = f(x,t, ), uniform for (z,t) € Qr (see (H3) — (7).
In fact, for any ¢ € C3°(€ x (0,7)), ¢ > 0, there holds

/ u {L*Y — cp + O} dedt > / f(z,t, u) — f(x,t, w)y dedt >
le(O,T)

Q1% (O,T)
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—/ Liu*| v dzdt.
Q1%(0,T)

Moreover u* < 0 in 991 x (0,7), v* < 0 in Q; x {0}. In view of Proposition ??, u* is a
viscosity subsolution of problem (2.3.4); since the null function is a viscosity solution of the
same problem, the function v := sup{u*, 0} is a subsolution of the problem (2.3.4), too.
Since u} is nonnegative, it is a subsolution of problem

v

Lu—cu—0u=—Lu in 0 x (0,T)
(2.3.5) uw=0 in 99y x (0,7

u=0 in Q x {0}.
Then the claim follows by comparison results concerning viscosity sub- and supersolutions
(e.g., see [39]). O
We can now prove Proposition 2.2.3. To this purpose we use the notations introduced in

Section 1.4.

Proof of Proposition 2.2.3. (a) Let Q be bounded. We give the proof when condition (2.2.4)
is replaced by the weaker assumption (2.2.7) (see Remark 2.2.4-(ii)). Define for any o > 0

(2.3.6) Va(z,t) := —aZ(x) exp{ut} = o|Z(x)| exp{pt}
((:v,t) € (QUR) x [O,T]). Clearly,
(2.3.7) Vo> alH| >0 in(QUR) x[0,T]

for any @ > 0. By inequality (2.2.7) there exists a sequence {e;} C (0,ep), ex — 0 as k — oo,
such that

sup u(x,t)
: te(0.7]
(2.3.8) lim sup ————— <0.
ko0 {xEA;k\S |Z(x)| }

Let us prove the following:

(i) For any a > 0, ¢ € (0,£0), § € (0, §) the function V,, defined in (2.3.6) is a superso-
lution of the problem

Lu—cu—u=0 in (Q\Z%) x (0,T)

(2.3.9) u ="V, in 9(Q\ Z=°%) x (0,7

u =V, in Q\Z59 x {0}.

(ii) For any o > 0 there exists k = k(a) € IN with the following property: for any k > k
there exists 05, € (0, %) such that the function w is a subsolution of problem (2.3.9)
with € = g, 6 = ;.

From (i) and (i) the conclusion follows immediately. In fact, in view of Proposition 2.3.2,
for any a > 0, k > k we obtain

u <V, in(Q\Z=%) x (0,T).

Letting o — 0 in the latter inequality obtains v < 0 in any compact subset of Q7 (observe
that £ — oo, thus ¢, — 0 as a — 0); hence the result follows.
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To prove (i), take ¢ as in Definition 2.2.1. For any fixed t € [0,T] the function (-, t) is
nonnegative and belongs to C§°(2); therefore from Definition 1.2.1 we get

/QZ{/L*l/J—cw}dx > u/ﬂZzpda:.

Hence multiplying by —aexp{ut} and integrating in (0,7") we obtain easily

(2.3.10) / Vo {L*Y — cp} dadt < p / Vatb dxdt .
T T
On the other hand, it is easily checked that
(2.3.11) / Vo O dxdt = —p Vo ¥ dadt,
T QT

for any 1 as above. From (1.4.1), (2.3.10), (2.3.11), we can infer that V,, is a supersolution
to equation
Lu —cu —u=0 in (Q\Z9) x (0,7T),
thus (i) follows.
To prove (ii) we shall make use of the following
Claim: The following statements hold true:
e for any a >0, ¢ € (0,¢0) and § € (0, 5) there holds

(2.3.12) wu<V, in Q\Z% x {0};
e for any a >0, ¢ € (0,¢0) and § € (0, 5) there holds
(2.3.13) w<V, in R x(0,T];
e for any a >0, ¢ € (0,¢0) and § € (0, 5) there holds
(2.3.14) olH| <V, in F % (0,T);
e for any a > 0, € € (0,&9) there exists § € (0,5) such that for any 6§ € (0,6) there
holds
(2.3.15) uw < alH|  in F°x(0,T);

e for any a > 0 there exists & = k(o) € IN such that for any k& > k and for any
6 € (0,%k) the function V,, satisfies

(2.3.16) uw<Vy inF5H % (0,T).

Let us prove the Claim. Observe that w is subsolution to problem (2.1.2) with f = g =
ug = 0, moreover R® C R and (1.4.1), (2.3.7) hold, thus (2.3.12) and (2.3.13) are valid.

Inequality (2.3.14) follows from the very definition of V,, and H (actually, the same in-
equality holds in (QU R) x (0,T7).

To prove (2.3.15) observe that u < 0 on & x [0,7] and u € C((QURUS;) x [0,T]), thus
in particular u < 0 on 1. % [0,7] and u € C((QURUS1 ) x [0,T]). Moreover S ¢ x [0,T]
is compact since Sj ¢ is closed and bounded. Then it is not difficult to see that for any o > 0,
e € (0,e0) there exists 6 = 6(c,£) € (0, 5) such that for any § € (0,6) there holds

wu<o  in F°x(0,7).

Choosing o = «|H| we obtain (2.3.15).

To prove (2.3.16) observe that, in view of (2.3.8), for any a > 0 there exists k = k(o) € IN
such that for any k > k

sup u(x,t)

te(0,T)

(2.3.17) Tz

<a forany ze€ A\ S.
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Hence (2.3.16) follows immediately from (2.3.17), since .7:26’“’5 C A\ S for any d§ € (0,%).
This completes the proof of the Claim.

Let us go back to the proof of (ii). There holds
(2.3.18) u <V, in O(Q\ Z=k-9%) x (0,7
for any a > 0, k > k and some 0 € (0, 5k); this follows from (1.4.2), (2.3.13)-(2.3.16), for

€ =¢ and 0 = g. On the other hand, the function u is a subsolution of the problem (2.1.2)

with f = g = up = 0 thus, in particular, u is subsolution to equation

Lu—cu—0dmu=0 in(Q\Z) x (0,T).
Combining this fact with the initial and boundary conditions (2.3.12) and (2.3.18) we obtain
(#1). This completes the proof when 2 is bounded.

(b) Let Q@ be unbounded. We give the proof when conditions (2.2.4), (2.2.5) are replaced by
the weaker assumptions (2.2.7), (2.2.8) (see Remark 2.2.4-(i7)). We shall use the family Q%98
of subsets of €2, introduced in 1.4.

(7) In view of inequalities (2.2.7) and (2.2.8), there exist two sequences {e} C (0,e0), € — 0
as k — oo and {fx} C (0,00), OB — 0 as k — oo, such that (2.3.8) and

sup u(x,t)
. t€(0,T]
2.3.19 lim sup — <0
( ) k=00 {me([QUR]ﬁaBl) |Z ()] }

Bk

hold true. Then for any a > 0 there exists k = k(a) € IN such that for any k > k

sup u(x,t)
(2.3.20) tG(O’TﬂZ' <o in AF\S,
and
sup u(x,t)
(2.3.21) ON < i [QUR]NOB. .
|Z| B
(77) As in case (a), it is easily seen that the function V, := —aexp{ut}Z is a supersolution

of the problem
Lu+cu—0u=0 in Q5% x (0,7)

(2.3.22) u =V, in 99598 x (0,T]

u ="V, in Q=98 x {0}
for any a >0, € € (0,20), 6 € (0,5),3 > 0.

Arguing as in case (a) the conclusion follows from the following
Claim: For any a > 0 there exists k = k(a) € IN with the following property: for any k > k
there exists 0 € (0, 5) such that the function u is a subsolution of problem (2.3.22) with
€ = ¢ep,0 = 0, B = Bk, where {e;} and {fx} are the infinitesimal sequences of inequalities
(2.3.20)-(2.3.21).

To prove the Claim, it suffices to prove that

(2.3.23) w < Vo on [(ffkﬁk NBL)u(Q\ T maBﬁi)} % (0,T]
k k
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with o, k,eg, 0, Ok as above. Notice that (2.3.12)-(2.3.14) and (2.3.16) are still valid. More-
over, in view of the compactness of S; . N Bié (e € (0,e0), B > 0), arguing as in the proof of

(2.3.15) we conclude that
e for any a > 0, £ € (0,&9), 3 > 0 there exists § € (0,5) such that for any 6 € (0,9)
there holds

(2.3.24) u < a|H| in (ff’ém?%) x (0,77

Then, in view of (2.3.12)-(2.3.14), (2.3.16) and (2.3.24), for any o > 0 there exists k = k()
with the following property: for any k > k there exists d;, = g € (0, %) such that

(2.3.25) u<V, in (Fo% N Bﬁi) x (0,T7.
k
Concerning the inequality

(2.3.26) u<Vy in (Q\Ze% N 83%) x (0,T],
k

it follows immediately from (2.3.21) since Q \ Z5+° C QU R for any 6 € (0, %) (see (1.4.1)).
Then inequality (2.3.23) and the conclusion follow. This completes the proof when when Q
is unbounded. Then the conclusion follows. (|
Proof of Remark 2.2.4. We get (i) proving that (2.2.6) implies (2.2.5). Since |Z(z)| > H > 0,

we have

sup u(z,t) sup u(z,t)

. t€(0,77] . (0,77
lim inf sup —————— ¢ <limsupy ————— ¢ <
e—0 {(xe[QUR]m‘)Bl) 1Z(z)| } | —o0 { 1Z(z)| }

( sup u(x,t))+ ( sup u(x?t))_i'_

. te(0,T] . te(0,T
§hmsup{ } §hmsup{ } <0,
|z|—o00 ‘Z(I’)‘ |z|—o00 ’H’

where the last inequality is due to (2.2.6).
Case (i7) has been dealt with already in the proof of Proposition 2.2.3. O

Proof of Theorem 2.2.5. Let u* := ug — u1. Then u* is a subsolution of the problem
Lu—cu+ Llul—u=0 in Qp

(2.3.27) u =0 in (RUSy) x (0,7
u=0 in (QURUS;) x {0},

where L > 0 denotes the Lipschitz constant of f = f(x,t,-), uniform for (z,t) € Q7. In fact,
for any ¢ € C5°(Qr), 1 > 0, there holds

/ u {LY — cp + O} dedt > flx,t, ug) — f(z,t, up)p dedt >
Qr Qr

> —/ L|u*|v dxdt .
T

Clearly, the function identically equal to 0 is a subsolution to problem (2.3.27), too. Then
the function u® := sup{u*, 0} > 0 is a subsolution of problem (2.3.27), thus also of the
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problem
Lu+ (L—cu—du=0 in Qr
(2.3.28) u=0 in (RUS1) x (0,7
u=0 in (QURUS;) x{0}.
Moreover, in view of (2.2.9),
sup u’ (1) sup [u*(z, )|
Jim sup te(0,77] < lim te(0,77] _0
dist(z,S2)—0 |Z($)| T dist(z,S2)—0 Z(CL') .

Then by Proposition 2.2.3 we obtain that ue < wj. Similarly we get that u; < wug; this
completes the proof. O

Proof of Remark 2.2.7. Suppose that Z < H < 0 is a subsolution to problem (2.2.12) for some

= u1 > 0. Let ¢; > 0. Then obviously Z is a subsolution to problem (2.1.3) with u = u
too. If ¢; < 0, it is easily seen that Z is a subsolution to problem (2.1.3) with u = p; — ¢;.
Then the conclusion follows by Proposition 2.2.3.

Now suppose that Z < H < 0 is a subsolution to problem (2.1.4). In this case, it is direct

to see that Z is a subsolution to problem (2.1.3) with pu = ‘—ll Then the conclusion follows.

0

2.4. Proof of nonuniqueness results

Proof of Proposition 2.2.1/. (i) Set
R; = {z € R|dist(z,S) > 1/j} (jeIN).

Consider a sequence of bounded domains {H;};c v satisfying the exterior sphere condition at
each point of the boundary 0H;, such that

ngQUﬁj, H; C Hjyq, U?ilHj:QURv
(2.4.1)

GHj:RjU@- Rjrﬂ}-:@.

Moreover, let {H}} be a sequence of domains such that
-~ o0
H; C Hj,,, OHjsmooth, H;CQ, Hj;CH, UHJ" -Q.
j=1

Let n; € Cg°(H;), m; =1 in H}. We also need to define suitable functions (; on R;. Observe

that if RN'S = 0, then we have R; = R for any j > jo, for some jo € IN. In this case we
take (; = 1 on R; = R for any j > jo. Otherwise let (; € C5°(R;), 0 < (; <1, =11in
Rj-1 (j € IN; Ro :=0). Define for any j > jo

ng + (1 — C])F in Rj X [O,T]

(2.4.2) ;=

F in 7; x[0,77,
and
(2.4.3) Xj = njuo + (1 —n;)¢;(-,0) in Hj.

Then ¢; € C(0H; x[0,T)),x; € C(H;) and ¢;j(z,0) = x;(x) for any z € dH; and any j > jo .
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For any j > jo consider the problem
Lu—cu— 0= f(x,t, u) in H; x(0,T)

(2.4.4) u = @; in 0H; x (0,7
u = x; in H; x {0}.
It is easily seen that the function
~ 2
(2.4.5) Fri= " Fexp{Lt} max{[[uolloc, |lglloc, c2(L+1f (- O)lloo)}

is a supersolution of problem (2.4.4) for any j > jo, while —F is a subsolution of the same
problem. In fact, take v as in Definition 2.2.1 and

_ 2
¢ = max{[[uolloc, llglloc c2(L+ £, O)loo) -

Since exp{ Lt} belongs to C§°(Qr) and is nonnegative, by Definition 2.2.1 we get:
/ F{L* — cyp + Opp} dedt =
T

= / cF{L (exp{Lt})) — cexp{ Lt} + Oy(exp{Lt}v)) — Lexp{Lt}y} dxdt <

< —/ cexp{Lt}(1 + LF)¢ dzdt < —/ (1£C5 - 0)]loo + LE) dzdt <

T Qr

< f(x,t, F)ydxdt.
Qr
Moreover, there holds

F>lgll+F>¢; in 0H;x (0,T]

and B

F > ([Juolloo + [lglloc) = x; in Hj x {0}
It is similarly seen that —F is a subsolution of (2.4.4).
(27) Problem (2.4.4) is regular, hence by classical results it has a solution w; for any j > jo.
In view of (i) above and of Proposition 2.3.2,
(2.4.6) lu;| < F in Hj x (0,T]
for any j > jo. By standard compactness arguments there exists a subsequence {u;, } C {u;},
which converges uniformly in any compact subset of  x (0,7]. Clearly, u := limy_, o uj, is
a solution of equation (2.2.1); moreover |u| < F' in Q x (0, 7).

(7i7) It remains to prove that u € C((QUR) x [0,7]) and takes the boundary and the initial
data - namely, u = g in R x (0,7] and v = up in (QUR) x {0}. This will be made by a local
barrier argument. To this purpose, we use the following notations:

Ng(m'o) = Bg(:{}o) N Q,

Cs(z0.to) == (Bg(a:o) % (to — &, to + 5)) NQr
for any (zo,t0) € (QUR) x {0}) U (R x (0,T]),d > 0.
(a) (Boundary data) Let (zg,to) € R x [0,T] be arbitrarily fixed. By (Hy) — (i7) © satisfies
the outer sphere condition at any point of R and the operator is regular in Q U R by (Ha).

Then (see [30]) we can choose § > 0 small enough, so that we can exhibit a function h €
C?(Cs(xo,to) N C(Cs(wo, to)) satisfying

(2.4.7) Lh —ch —0:h < =1 in Cs(xo, to),
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(2.4.8) h>0 in Cg(xo,to) \ {(:L'o,to)}, ]’L(ajo,to) =0.

Take jo € IN so large that o € Rj,—1. Since each R; is open and Rj,—1 C R; for j > jo,
there exists dy > 0 such that

(2.4.9) uj =g in (Bs,(zo) NR) x [0,T7])
for any j > jo. Moreover, we can choose dy > 0 so small that
(2.4.10) 350 (Z‘o) N C FJ‘ COQUR

for any j > jo.
Since by assumption g € C(R x [0,T]), in view of (2.4.9) for any o > 0 there exists
d € (0,60) such that, for any (z,t) € (B(;(.’Eo) X (to— 0, t0+5)) N (R X [O,T]) and any j > jo,

(2.4.11) luj(z,t) — g(xo,to)| = |g(z,t) — g(xo,t0)| <o .
Observe that for § € (0, do)

(2.4.12) ON; (o) = [aB(;(xo) AU R]] U [35(x0) N R] .
and that the parabolic boundary of the cylinder Cs(xq,tg) is

(2.4.13) 0,Cs(x0, to) = ((ON(;(:UO) X @6,%5)) U (N(;(:ro) X {;5}) :
where

ts := max{to — 6,0}, &5 := min{to + 9,7T'}.
We will use a comparison argument in the cylinder Cj(zg, t9). Observe that on 0,Cs(xo, to)N
(R % [0,T]) inequality (2.4.11) holds.
For any (z,t) € 0,Cs5(z0,t0) \ (R x [0,T]) and j > jo there holds

(2.4.14) luj(x,t) — g(wo,to)] < max F + |g(xo,to)] < mM < Mh(x,t),
Cs(zo,to)
where
m = min h > 0;

B 9pCs(z0,t0)\(R%[0,17])

4 ~
M = — max {(1+mL)_max_F, [[glloc, mIIf (- 0)lloos m (llglloo +1)_max_|cl}.
m Cs(zo,to) Cs(zo,to)

(see (2.4.6), (2.4.10)).
In view of (2.4.11)-(2.4.14) we conclude that for any o > 0 there exist 6 € (0,d9) and
M > 0 such that

(2.4.15) luj(z,t) — g(zo,t0)| < 0+ Mh(z,t) for any (x,t) € 0,Cs(xo,to)
and any j > jp.
Using inequality (2.4.15) it is easily seen that for such values of j, for any 0 < o < 1
E; = —u;+ g(xg,to) —0 — Mh
is a subsolution and
Fj = —u; + g(xo,to) +o+ Mh
is a supersolution of problem

Lu—cu—0u=20 in Cy(xo, to)
(2.4.16) u =0 in ONg(zo) X (tg,ts]

u=0 in  Ns(zo) x {ts},
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(see (2.4.13)). By Proposition 2.3.2, this implies E; < 0 < Fj in Cj(zo, tp), namely
(2.4.17) |uj(x,t) — g(zo,t0)| < 0+ Mh(z,t)

for any (z,t) € Cs(xo,to) and j > jo.
Taking inequality (2.4.17) with j = ji and letting kK — oo, we see that for any o € (0,1)
there exist § € (0,0p) and M > 0 such that

lu(z,t) — g(xo,to)| < o+ Mh(x,t) for any (z,t) € Cs(xo,to) -

This implies
limsup |u(z,t) — g(zo,t0)| < o
(z,t)—(z0,t0)
for any o € (0, 1); then

(2.4.18) lim  wu(z,t) = g(xo,to),
(z,t) = (@0, o)

for any (zo,t0) € R x (0,7}, and

(2.4.19) lim  w(z,t) = g(x0,0) = up(zo),
(z,t)—(20,0)
for any zg € R.
(b) (Initial data) Let o € Q. Take jo so large that xo € Hj . Since each H} is open and
Hi C H} for j > jo, there exists dp > 0 such that:

for any j > jo. Moreover (see [30]), we can choose dp > 0 so small that it is possible to exhibit
a function h € C?(Cjs(z0,0)) N C(Cs(xo,0)) satisfying conditions (2.4.7)-(2.4.8). Notice that
in this case Cs(x0,0) = Bs(xo) x (0,0). Since by assumption ug € C(QUR), in view of (2.4.20)
for any o > 0 there exists 6 € (0,dp) such that

(2.4.21) |uj(x,0) —ug(xo)| = |up(z) — uo(zo)| < o for any x € Bs(zg) C Q

and any j > jo. Moreover, for any j > jo, on the lateral boundary of Cy(x¢,0) (i.e., for any
(z,t) € O0Bs(xo) x [0,0]) there holds

(2.4.22) luj(x,t) —ug(zo)| < max F + |ug(zo)| < mM < Mh(z,t),

'5(0,0)

where

m = min h >0,
BB(;(xo)X[O,(S]

4 ~
31 = 2 mmax {(1 4+ m))_masx B [[uolloo: ml| £+, O)lloos m (JJuolloo +1)_max_|ef}
m Cs(20,0) Cs(z0,0

(see (2.4.6), (2.4.20)).
In view of inequalities (2.4.21)-(2.4.22), we conclude that for any o € (0,1) there exist

6 € (0,8) and M > 0 such that
(2.4.23) luj(x,t) —ug(zo)| < o + Mh(x,t) for any (z,t) € 8,Cs(z0,0)
and any j > jo.
Using inequality (2.4.23) it is easily seen that for such values of j, for any 0 < o < 1
Ej:= —uj 4+ ug(xg) — o — Mh

is a subsolution and

Fj = —u; 4 up(xo) + o + Mh

is a supersolution of problem (2.4.16).
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By Proposition 2.3.2, this implies Ej <0< FJ in Cs(xg,0), namely

(2.4.24) luj(x,t) —ug(z0)| < o + Mh(x,t)
for any (x,t) € Cs(x0,0) and j > jo. The conclusion follows as in case (a). This completes
the proof. O

Proof of Proposition 2.2.15. We can argue as in the proof of Proposition 2.2.14, up to some
changes needed to impose the condition at infinity (2.2.20). First, a different constant must
be chosen in the definition of the supersolution F', namely

3
Fri= " Fexp{Lt} max{|[uolloc, lglloos 2l +[1£( 0)lloo), 11 +1}

Moreover, the boundary data for the approximating functions u; should take the value I € IR
into account. To this aim, choose M > 2M such that

(2.4.25) H(z)<1 in (QUR)\ By .

Let

(2.4.26) E€C®(R"), €=1 inBy, £=0 in IR"\ By, 0<€6<1,
(2.4.27) H:=H in (QUR)\Bgr, H=0 in (QUR)N Bg,
(2.4.28) F:=¢F+(1—¢)(H+1) in (QUR) x [0,T].

Then we have

(2.4.29) F(z,t)=H(z) ((z,t) € (QUR)\ Byyy) x [0,T]).

Taking Hj, HJ’-, R, T, nj, ¢, o, ( = jo) as in part (i) of the proof of Proposition 2.2.14,
define
Gg+(A—=GF  in R;
(2.4.30) ;=
F in 7
and x; as before in (2.4.3). As in the proof of Proposition 2.2.14, from the sequence {u;}
of solutions to the auxiliary problem (2.4.4) (j > jo) we can extract a subsequence {u;, },
which converges uniformly in compact subsets of 2 x (0,7 and satisfies inequality (2.4.6) for
cach jj. Clearly, the function u := limy_., uj, solves equation (2.2.1) and satisfies |u| < F.
As before, u takes continuously the boundary data g at R x (0,7] and the initial data wug at
(QUR) x {0}.
It remains to show that (2.2.20) is satisfied. To this purpose, set

T T
v :—/ uj(x,t)dt v :—/ u(z,t)dt
0 0
for any j > jo. Clearly, there holds
v(a) = lim v, (@) (2€9),

We limit ourselves to the case of unbounded R, the proof being similar when R is bounded.
In view of (2.2.19), (2.2.17) and (2.4.29), for any o € (0,1) there exists v > 2M such that

T
(2.4.31) ‘;/0 o )di—1] <o (zeR\B,),

(2.4.32) |f7’(m,t)| =|H(z)| <o ((z,t) € (QUR)\ B,) x [0,T7).
Define N;, := H; \ By; then
ONjy = [Rj \ Bw] U [73 \B'y] U [Hj N an]-
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By (2.4.31), (2.4.32) for any = € R; \ B, we have
1 1 T 1 /T
ij(x) — = T/o Gj(x, t)dt — 1 = T/o Gi(z)g(x,t)dt +
1 T
T

= 76@) [ a0 de+ (0= G@)HE@ +1)~1<

<G@) o+ D)+ (1 —-(i(x)(o+1)—l=0.
On the other hand, there holds

T
Fule) == 36(@) [ alatydt+ (- G@)HE +) -1 2
> (o) (o + 1)+ (L= G) (o +1) ~ L= o,
thus
(2.4.33) \%v](:z:) —Il|<o (xreR;\B,).

In view of (2.4.32), for any « € 7; \ B, we have

(2.4.34) (%vj(x)—z‘ _ ‘;/OTgbj(x,t)dt—l‘ _ ’;/OT(H(:L‘)—i—l)dt—l _|H@)| <o

For any z € ﬁj NIBy, j > jo, we have

1 -
(2.4.35) ‘ij(a:) - z‘ < MH(z),
where
m = min H(zx),
z€(QUR)NIB
- 2 2 .
M= Zmax {1 +m(L+ 2+ swp |e)  sup  F il mllf(0) ]|}
" (QURN\Br  [(QUR)\BR]x[0.7]
From (2.4.33), (2.4.34), (2.4.35) we obtain, for any o > 0, j > jo, * € N 4,
1 -
(2.4.36) |ij(x) | <o+ MH(z).
We claim that for any ¢ > 0, j > jg the function
1 -
E; = —ij—f—l—a—MH

is a subsolution of the problem

Lu=0 in Nj~
(2.4.37)

u =0 in ONj, ,
whereas .

Fj = —fvj+l+a+MH

is a supersolution. To prove the claim observe that, in view of Definition 2.2.2, any solution
u; of problem (2.4.4) satisfies inequality (2.2.2) with ¢ in C§°(N;, x (0,T")). However, it can
be proved that any u; also satisfies the inequality

/ uj {L*Y — cp + O} dadt > / f(x,t, uj) dedt +
N; - x(0,T)

Nj»x(0,T)
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+/ wj(x, T)Y(z,T) do — / uj(x,0)(x,0) dx
Nijy Nijy

for any ¢ in a wider class, namely ) € C*®°(N;, x (0 T)) such that (-, t) € C§°(€2) for any
t € [0,T]. In particular, choosing v = ¢ (z) € C§°(N,~),%¥ >0, j > jo, we have

/ @mez—l/ Wﬁwmw+M/ Y dr >
N~ T JN; ., x(01) N; -
> —/ f(z,t, u])wda;dt—/ uj ¢ dadt +
Njyx(0,T) Nj»x(0,T)
/ [uj(z,0) —uj(z, T)|Y(z) dx —i—M/ Ydr >
Nj~y

> [ [0l = (L4 sup e+ 2) swp P o) de 2 0.
Njy (QUR)\Br [(QUR)\BR]x[0,T]

The above inequality, combined with (2.4.36), implies that E; is a subsolution to problem
(2.4.37). It is similarly seen that Fj is a supersolution to problem (2.4.37). Then Proposition
1.2.4 implies E; < 0 < Fj in Nj ., namely

(2.4.38) lﬂ<a+MH@)

ot
for any x € Nj,.

Set j = ji in inequality (2.4.38) and let & — oo. Then we obtain that for any o > 0 there
exist v > 0 and M > 0 such that

‘TU —l‘<o—+MH() for any x € Nj -,

whence )
limsup | =v(z) — l‘ <o
|| =00
for any o > 0. Then the conclusion follows. O

The proofs of Theorems 2.2.16 and 2.2.18 make use of the following two propositions.

PROPOSITION 2.4.1. Let the assumptions of Theorem 2.2.16 be satisfied and v € C(R) N
L>®(R). Then there exist infinitely many bounded solutions of the problem

LU =0 in Q
(2.4.39)
U=v mn R.

More precisely, there exists a sequence {x,,} C Q with the following properties:
(@) limy,— 400 V(z) = 0;
(b) for any B € IR there exists a solution W3 of problem (2.4.39), such that [Wg| < |5+ |7l
in Q\S and
Jm Watem) = 1

PROPOSITION 2.4.2. Let the assumptions of Theorem 2.2.18 be satisfied and v € C(R) N
L>®°(R). Then there exist infinitely many bounded solutions of problem (2.4.39) satisfying

(2.4.40) lim W(z)=1.

|z|—o0

More precisely, there exists a bounded sequence {x,,} C Q with the following properties:

(@) impy— 400 V(zm) = 0;
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(b) for any B € IR there exists a solution Wg of problem (2.4.39), such that (2.4.40) is
satisfied, [Wg| < |B] + [|7]|oo + || in 2\ S and
lim Wg(zm) = 8.

m

Up to minor changes, the proof of Proposition 2.4.1 (respectively, of Proposition 2.4.2) is
the same of Theorems 2.5 and 2.9 (respectively, of Theorems 2.7 and 2.11) in [65], hence it
is omitted.

1 /7
Proof of Theorem 2.2.16. Let 3 € IR. By Proposition 2.4.1, applied with v(z) := T / g(z,t)dt
0
(x € R), there exist {x,,} C Q and a solution W3 € L>(Q) of the problem
LW =0 in Q

(2.4.41)

W =« on R,
such that

hrﬂ V(zm) =0,

lim Wg(l’m) =0,

m—00

(Wsl < 18] +lglle in Q\S.
Choose Hj, H}, R, 7;,Cj,nj, jo (§ > jo) as in the proof of Proposition 2.2.14. Set
G+ (1 =¢G)Ws  in R x[0,T]
Wpg in 7; x[0,77].

For any j > jo, let u; g be the solution of problem
Lu—cu— 0= f(x,t, u) in H; x(0,T)

(2.4.43) u = ¢; in 9H; x (0,T)

u = X; in H; x {0},

where ¢; € C(0H; x [0,T]) and x; is the function (2.4.3), thus x; € C(H;). As before,
by standard arguments we deduce that there exists a subsequence {u;, g} of {u;z} which
converges uniformly in any compact subset of € x (0,T7]. Let

ug = klgrolo wj,.3 in Qx (0,7].

As in Proposition 2.2.14, we infer that ug € C((QUR) x [0,T]) and ug solves (2.1.1). Since
c € L>*(Q), by Proposition 2.2.14 there exists K > 0 such that
lujgl < K in Fj x [0,T] forany j > jo,
thus
lugl < K in (QUR) x [0,T].
For any j > jo define

T T
vj 3= / ujg(z,t)dt (v € Hj), vg(x) := / ug(x,t)dt (reQUR).
0 0

Clearly, there holds

T
(2.4.44) vg(z) = lim uj, glx,t)dt (v €Q).

k—oo Jo
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Let M :=T[||f(-,+,0)||cc + K (L + ||¢||s0)] + 2K. We claim that
(2.4.45) —MV +TWz<vg <MV +TWz inQ\S.

From (2.4.45) we obtain
lim wvg(zp) =18,

m——+00
namely (2.2.22).

iy
It remains to prove inequalities (2.4.45). To this aim, observe that Fj g := 3,8

is a

T
subsolution, while Fy g :=V + MWg is a supersolution of the problem

LU =-1 in Hj
(2.4.46)

U=2LWws in 0H;.
In fact, arguing as in the proof of Proposition 2.2.15 we obtain

/ vj5 LY de = / f(z, ¢, ujﬂ)wd:cdth/ ujgctdrdt +
j H;x(0,T)

j j HjX(O,T)

+/ [ujp(2,0) = wjp(z, T)]Y do > M/ Y dr
J Hj
for any v as in Definition 1.2.1. In addition, since Wy satisfies the boundary condition in

1 /7
(2.4.39) with v(x) = T/o g(x,t)dt (x € R), there holds
T T
vale) = [ wiatetyat = [ G@ate.t)+ (1= G@Wala)) de =

T
= Cj(x)/o gz, t)dt + (1 — ((z))TWs(x) = TWs(x) (x € Ry).
Plainly, there holds

T T
wple) = [ wsetdt= [ W@t =TWya)  (@eT).

Therefore I g is a subsolution to problem (2.4.46). On the other hand, for any % as in
Definition 1.2.1 we have

T *
/H_(V+MW5)L vz < —/ijx.

J

In addition, since V' > 0 there holds
T T
Vi) + 3 Wolw) = 1 Wala) (v € 0H),
thus F» g is a supersolution of (2.4.46). In view of Proposition 1.2.4, we conclude that

(2447) V3 <MV + TWg n Hj .

T
Analogously, it is not difficult to see that Iy g is a supersolution, while F3 g := —V + MWg

is a subsolution of the problem

LU =1 in H;j
(2.4.48)

U=2LWs in 0H;.
By Proposition 1.2.4 we obtain
(2.4.49) vjg=>—MV +TWg in Hj.
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By (2.4.47) and (2.4.49) with j = ji and by (2.4.44), letting k — 400 we get (2.4.45), since

vg € C(QUR). The proof is complete. ., O

Proof of Theorem 2.2.18 Let (8 € IR. By Proposition 2.4.2, applied with v(z) := / g(x,t)dt

0
x € R), there exist a bounded sequence {x,,} C € and a solution Wjs of problem (2.4.41
B
such that

lim V(z,)=0,

m——+00

lim Wg(xm) =0,

m—00

(Wal <181+ [Mloo + 2] in Q\S,  lim Wy(z) =1.

|z|—+o00
Arguing as in the proof of Theorem 2.2.16, we can construct a solution ug of problem (2.1.1)
which fulfills (2.2.22). Moreover, using the function H as a barrier at infinity, as in the proof

1 T
of Proposition 2.2.15 we prove the equality lim T / ug(z,t) dt = [. Hence the conclusion
0

|z| =400
follows. OJ
Proof of Theorem 2.2.20 Consider a sequence of bounded domains {H;};cn with smooth
boundary 0Hj, such that

[o¢]
(2.4.50) HjCQ, H;CHjn, [(JH;j=9.
j=1

Then we argue as in the proof of Proposition 2.2.14, taking ¢; = ¢, x; = uo (j € IN). In
the definition (2.4.5) of F' we replace ||ug||so and [|g]los by ||#|/oc- Up to minor changes of
the above proof, the approximating problems (2.4.4) can be uniquely solved. The sequence
of solutions {u;} admits a subsequence {u;, } which converges to a solution u of the parabolic
problem in (2.1.2), uniformly in compact subsets of Q x (0,7]. Moreover,

(2.4.51) luj| < F in H; x (0,T], lul < F in Q x (0,7).

As in the proof of Proposition 2.2.14 there holds v € C'(2x [0,T7]), and u = up in 2 x {0}. In
order to prove that the boundary condition is attained on (R US1) x [0, 7], we have to prove
that w € C((QURUSy) x [0,T]) and u(z,t) = g(z,t) for (z,t) € (RUS) x [0,T]. We prove
in detail this result on &; x [0,T7], since on R x [0, 7] the proof is analogous, but should be
done at each point of the set, since g is not constant in space on it as it is on S; x [0, 7.

To this aim, recall that by hypothesis S; is attracting, hence there exists € > 0 and a
function V satisfying the properties in Definition 2.2.19 for > = ;. Without loss of generality,
we can take € so small that the assumptions of the theorem.are satisfied. Finally, recall that
g is independent of the spatial variable on &1 x [0,7] and ¢1(t) = g(x,t) = ¢(x,t) ((x,t) €
S1 x [0,T]). Take tg € [0,T] and o > 0. Since ¢ is continuous in (QUR U S;) x [0,T], and
S1 x {to} is compact, we can find § € (0,¢) such that

(2.4.52) lb(z,t) — g1(to)| < o, for any (z,t) € S X [tg, Ls).
We claim that
(2.4.53) v(x,t) == M [exp{est}V (z) + Aot — t0)?], ((x,t) € S x [0,T])

is a supersolution of equation

(2.4.54) Lv—cv—8w=—1 inS x(0,T),
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such that
(2.4.55) vEC(SI X [0,T]), v>0 in(Sfx[0,T])\ (S x {to}),
v=0 in & x{to};
here ¢3 :=suplc[, A1 > 1, 0 < Xy < L In fact, take v as in Definition 2.2.1.
S5 MT (24 e3T)

1
For any fixed t € [0,7] the function ¢(-,t) is nonnegative and belongs to C§°(2), thus by

Definition 1.2.1 we have
/ V{LY}dx < —/ Ydx,
S S

whence

(2.4.56) / exp{cst}V {L*Y} dxdt < — / exp{cst} dxdt .
S9x(0,T) 89 x(0,T)

On the other hand, it is easily checked that

(2.4.57) / exp{cst}V Oy ¢ dxdt = —c3 / exp{cst}V ¢ dzdt .
S9x(0,T) S9x(0,T)

From (2.4.56), (2.4.57) we get

/ exp{cst}V {L*Y — cp + O} dedt < — / [1+ 3V + cV]exp{est} dadt .
S9x(0,T) S9x(0,T)
Then
/ v {[,*¢ —cy+ 8{@0} dxdt < / (—>\1 + 2 T + 03)\1>\2T2)1/J dxdt <
89 x(0,T) S9x(0,T)

< —/ ¥ dxdt,
89 x(0,T)

for any 1) as above, hence the claim follows.
Define for any j € IN

Ny j(to) := 8¢ N Hj , Cs(to) := Ni(to) x (ts, s) -
Take jo € IN such that Nsj,(to) # 0. Observe that for any j > jo

(2.4.58) ONs ;(to) = (0S) N H;) U (S NoH;),
and that the parabolic boundary of the cylinder Cjs ;(o) is given by
(2.4.5) BpCij(to) = ((ON3;(to) x (tg,T)) U (Najlto) x {ts})-
Set
inf((anﬂQ)x[O,ﬂ;])v iftozo

(2.4.60) m =

inf(sfx{g})u((asfm)xﬁém) v iftg >0,

4 -
M = — max { (1+mL)_max F, [[¢]|oc, ml|£(+ 0)lloes m ([|@lloc +1)_max |e]}.
m Cs,;(to Cs,;(to
First suppose ¢y = 0. Then for any (x,t) € (0S{ N H,) x [0,7s] and j > jo we have
(2.4.61) Juj(@,t) = g1(to)|l < _max_F + [|¢llc <mM < Mu(z,1).

Cs,5(to)
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On the other hand, in view of (2.4.52), for any (z,t) € 8,Cjs;(to) \ ((0S8{ N H;) x [0,%5]) and
7 > jo there holds
(2.4.62) |uj(z,t) — g1(to)| = [¢(x, 1) — g1(to)| <o

Now suppose to > 0. Then inequality (2.4.61) holds for any (z,t) € 8,Cs ;(to)\ (0H; x (t5,1s))
and j > jo, while inequality (2.4.62) is satisfied for any (z,t) € (S{NIH;) x (t5,%5) and j > jo.

By (2.4.58), (2.4.59), (2.4.61) and (2.4.62) we conclude that for any ¢ > 0 there exist
9 € (0,e) and M > 0 such that

(2.4.63) luj(z,t) — g1(to)| < 0 + Mu(x,t)

for any (x,t) € 0,C; ;(to) and j > jo.
Using inequality (2.4.63) it is easily seen that for such values of j, for any 0 < o < 1

E; = —uj + gi(ty) — o — Mv

is a subsolution, and

Fj = Uy +g1(t0) + o0+ Mv
a supersolution of problem (2.4.16) with Cs(xg,tp) and Ns(xo,tp) replaced by Cs ;(tp) and
N; ;(to), respectively. Then the conclusion follows as in Proposition 2.2.14. O
Proof of Proposition 2.2.22 Let (zo,t0) € ¥ x[0,7] and V as in Definition 2.2.19. It is easily
seen that the function

h(z,t) == Mexp{leL[t}V (2) + Aoz — wol + (t = t0)*)]  ((z,1) € Cs((w0,t0))

is a local barrier at (zg,to), provided that A\; > 0 is big enough, Ao > 0 is small enough and
d e (0,¢). O

2.5. Examples

In the sequel we always suppose that assumption (Hs) is satisfied.

2.5.1. Uniqueness. (a) Consider the problem

3 3 _ .
um—i-yuyy—uy—gu—ﬁtU—f in Qr

(2.5.1) u=g in R x (0,7

u = ug in (QUR) x {0}

with @ = (0,1) x (0,1), R = 9Q\ ([0,1] x {0}), S1 =0, S = S = [0,1] x {0}, f(-,-,0) €
L>(Qr). Observe that the coefficient ¢ does not belong to L>(2).
The function

1
Z(x,y) == T 1

satisfies
Z<-1inQUR, LZ —cZ >0in Q, lir%Z(a;?y):—oo;
y;}

hence by Theorem 2.2.5 and Remark 2.2.9 uniqueness holds in the class of solutions which
diverge at a rate lower than |Z| as y — 07 (¢ € (0,T]). Moreover, observe that the function

1
F(z,y) = (xf§)2+3y+1 >1

is a supersolution of equation (2.2.16). Then, in view of Proposition 2.2.14 and the above
uniqueness result, problem (2.5.1) is well-posed in L>°(Qr).
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It is worth observing that the function

Viey) i= Fley) 1= (e = 5 +3y

satisfies

ian:0<ian:1, LV =—-11in Q;
QUR R 4

however, Theorem 2.2.16 does not apply to prove non—uniqueness since the coefficient c is
unbounded.

(b) Consider the equation

(2.5.2) T2 Ugy + Uyy + 32Uy —Ou = f in Qr .
In this case 2 = (0,00) x R, R =81 =0, S =S, = {0} x IR. Consider the function
1 1
S S [ | .

It is easily seen that
Z <—1in Q, LZ >0 in , liI%Z(:C,y):—oo.
r—

In view of Theorem 2.2.5 and Remarks 2.2.6, 2.2.9 uniqueness holds in the class of solutions
that satisfy

lim sup u(x,y,t) =0,
|z|+|yl—o0 te(0,1]

and diverge at a rate lower than |Z| as z — 0% (¢ € (0,77).
(c¢) Consider the problem

ysilnx(um + y2uyy) - atu = f in QT
(2:5.3) u=g in R x (0,7]
u = ug in (QUR) x {0}.

Here we take © = (§, %) x (0,1), R = 9\ (15, %] x {0}), § = [, %] x {0}, f(-,-,0) €
L (Qr).
It is easily checked that the function

Z(x,y) =2 + logy — m*

satisfies

Z <0 in Q, L7 = >0 in Q, lin(l)Z(m,y):—oo.
y—)

ysinx
Then by Theorem 2.2.5 and Remark 2.2.9 uniqueness holds in the class of solutions which
diverge at a rate lower than |Z| as y — 07 (¢t € (0,T1).
On the other hand, the function

F(z,y) :==ysinz+1>1

is a supersolution of equation (2.2.16). Moreover V(z,y) := F(z,y) — 1 = ysinz satisfies
Ve C(Q),

V>0 in QUR, V=0 onS§, LV =-1 in Q,
thus S is attracting (for £) (see Definition 2.2.19). By Theorem 2.2.20 there exists a solution
u € L>®(Qr) of the problem
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ysiln:p(ul"m + y2uyy) —Ou=[f inQr
u = in 092 x (0,7

u =g in Q x {0},
where ¢ € C([0,T7]), up = ¢(0) on 99Q.
In view of the above uniqueness result, this implies that there exists no solution u, €
L>(Qr) of the problem

ysilnx(umm + yQUyy) — Ou = f in Qr
u=g in 0Q x (0,7

u = in Q x {0},
with g € C(0Q x [0,T]), g = ¢ in R x (0,T], up = »(0) on R, if g(z,t) # ¢(t) at some point
(z,t) € S x (0,T).
(d) Consider the problem
Bz + Y2y + (log 2)uy + yuy — Opu = f in Q

(2.5.4) u=g in(RUSi) x (0,7

U = Uug in(QURUSl)x{O}.

Here we take Q = (0,e) x (0,1), R = ({e} x (0,1]) U ((0,e) x {1}), S1 = {0} x (0,1], S2 =
[0,¢e] x {0}, f(-,-,0) € L*®(Q1), g € C((RUS1) x [0,T7]), up € C(RUS1) and up(x) = g(z,0)
for any x € R U S;. Observe that in this problem the coefficient b; is unbounded at Sj.
However, as we see in the following, besides a supersolution F' of (2.2.16), we can exhibit
barrier functions h for all points of S; x [0, 7). Indeed the function

F(z,y,t) == exp{t} ((z,y,t) € (QUR) x [0,T])
is a bounded supersolution of equation
,CF — 8,5F =—1 in QT

and F' > 1. Moreover, barriers can be constructed. In fact, take (zg,yo,%0) € S1 x [0,T].
Then xy = 0. Define

h(z,y,t) = oz + (2 + (y — y0)* + (t — 10)°)]
((z,y,t) € Cs5((0,0,%0)), where o, 7, are positive constants to be chosen and
(2.5.5) C5((0,0,t0)) == (B5((0,90)) x (to — d,t0 +)) N (Qr)-
Simple computations show that
Lh—dh =ocllogz +27(y2 + 5+ zlogz +y(y — yo) — (t —t9))] < —1 in C5((0, yo, o)),
if > 0 and 6 > 0 are small enough and o > 0 is big enough. Clearly

(2.5.6) h e 02(05((1’0,3/0,750))), h>0in Cg((fbg,yo,to)) \ {(ch,yo.to)}, h(mo,yo,to) =0

for zyp = 0. Then by Remark 2.2.21 there exists a solution u € L>®(Qr) of problem (2.5.4).
Moreover, the function
Z(xz,y) :=logy — 1
satisfies
Z < -—11in Q, LZ=0in Q, iii))%Z(a:,y):—oo.
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Then by Theorem 2.2.5 and the above existence result, problem (2.5.4) is well-posed in
L>(Qr).
(e) Consider the problem

—(log ) uyy + y2uyy +uy +yuy —Ou = f in Q
(2.5.7) u=g in(RUSi) x (0,7

u = up in(QURUS;) x {0}.

Here we take Q@ = (0,1) x (0,1), R = (0,1) x {1}, &1 = {0,1} x (0,1], S = [0,1] x
{0}, f(-,-,0) € L>®(Qr), g € C(RUS1) x [0,T]), up € C(RUS1) and up(z) = g(z,0)
for any x € R US;. Observe that in this problem the coefficient a1; is unbounded at Sj.
However, as we see in the following, besides a supersolution F' of (2.2.16), we can exhibit
barrier functions h for all points of S; x [0,7]. In fact, the function

F(z,y,t) .= exp{t} ((z,y,t) € (QUR) x [0,T])
is a bounded supersolution of equation
EF—@tF: —1 in QT

and F' > 1. Moreover, barriers can be constructed. Take yo € (0, 1], thus (0,y9) € S1. For
&' > 0 small enough, let ¢ € C?([yo — 20, yo + 26']; IR) with

Y(yo) = 1,¢¥(y) =0 (y € (yo — 6,50 +9)),

0 <9 <1 otherwise.

For 7 > 0 set
Qé’,T((()?yO)) = {(IL’,y) € Q|0 <r< T¢(y)} .

Define
V(z,y) == exp{ar} —exp{a(ty(y) —2)}  ((z,y) € Qv +((0,30))),
where av > 0,7 > 0 are constants to be chosen. We easily obtain:

LV = exp{a(ri(y) — z)}a? logz — >3 (V' (v))?y? — ard” (y)y*+

+a —yary'(y)] < 1 in Qs +((0,40)),
provided that we take, as we do in the following, 7 > 0 small enough and a > 0 big enough.
Let tg € [0,T]. Define

h(z,y,t) == M [V(z,y) + Xt — to)?]

((x,y,t) € Cs((0,y0,t0)), where A\; > 0, A2 > 0 are positive constants to be chosen, C5((0, yo,t0))
is defined as in (2.5.5) and § > 0 is so small that Bs((0,40))NQ € Qs ~(0,y0). It is not difficult
to see that

Eh_ath <-1 in 05((07y0at0))7
provided that A; > 0 is big enough and A3 > 0 is small enough. Clearly the function A
satisfies (2.5.6) for g = 0. Now take (1,yo,t9) € S1 x [0, T]. Define

h(z,y,t) = o[l =z +7((z = 1)* + (y = y0)* + (t — t0)*)]

((x,y,t) € Cs((xo,yo0,t0)), where o, 7, are positive constants to be chosen. It is easily checked
that

Lh—0h =o[-1+27(—logz + 3>+ (z — 1) +y(y — yo) — (t — t0))] < —1 in Cs((1, 9o, t0)),

if 7 > 0 and 6 > 0 are small enough and o > 0 is big enough. Clearly h satisfies (2.5.6) for
rog = 1.
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Then by Remark 2.2.21 there exists a solution u € L*>(Qr) of problem (2.5.7). Uniqueness

follows by Theorem 2.2.5 since the function Z(x,y) := logy — 1 satisfies
Z < -11in Q, LZ=0in Q, lir%Z(x,y):—oo.
y*?

Then problem (2.5.7) is well-posed in L>(Qr).

2.5.2. Nonuniqueness. According to the assumptions made in Subsection 2.2.2, only
degeneracy at the boundary is allowed in the examples of this subsection.

(a) Consider the problem

Ugy + y2uyy — Uy + %ux — o= f in Qr
(2.5.8) u=g inR x (0,T]

u = ug in(QUR) x {0},

where Q = (0,00) x (0,1), R = (0,00) x {1}, S = ((0,00) x {0}) U ({0} x [0,1]), f(-,-,0) €
L>(Qr). The function V(z,y) := y satisfies

LV =-1 in Q, inf V=0<infV=1.
QUR R

By Theorem 2.2.16 problem (2.5.8) has infinitely many solutions in L>°(Qr).

(b) Take ©, R, S, f as in case (a) and consider the problem

%x%m + y2uyy + 222U, — (222 + Duy —u— 0= f in Qr
u=g inR x (0,7
(2.5.9) w = o in(QUR) x {0}
T
\ zllrnolo ; u(z,y,t)dt =1 (y€(0,1)),

where [ € IR, and g satisfies the condition

1 [T
lim T/o g(z,y,t)dt =1.

T—400

The function V(z,y) := x + y — 1 satisfies
1 mQ, mEv= .{.f i ’ }:1 ).
LV in (%BRV 0 < min in 14 Jim. V(z,y) (y € (0,1))

Moreover, the function H(x,y) := — (z > 1) satisfies

8|

LH< -1 inQ\ By, lim H(x)=0.
r—00

In view of Theorem 2.2.18, problem (2.5.9) has infinitely many solutions in L= (Qr).






CHAPTER 3

Criteria for well-posedness of degenerate elliptic and parabolic
problems

3.1. Introduction

We study existence and uniqueness of solutions to linear degenerate elliptic equations of
the following form:

(3.1.1) Lu —cu =¢ in Q.

Here ©2 C IR™ is an open connected bounded set with boundary 02 and ¢, ¢ are given functions,
¢ > 0 in €; the operator L is formally defined as follows:
n

- ] - 1 82U n ou
L= ;MU: @ [Zlaw(x)axla%-i-zbz(l‘)axj .

)

We assume p > 0 in €2,

n

> aij(@)&8 =0 forany z € Q, (&,..,&) € R
ij=1
Precise assumptions on the coefficients of equation (3.1.1) are made below (see assumptions
(A2), (E1) and (E)).
Our methods also apply to companion parabolic equations of the form:
(3.1.2) Lu —cu—0w =f in Qx(0,T)=:Qr
with T > 0, f = f(z,t) given; no sign condition on ¢ = ¢(x) is needed in this case (see Section
3.3). Quasilinear parabolic equations can be dealt with similarly (see [60], [59].

We always regard the boundary 0f2 as the disjoint union of the regular boundary R and
the singular boundary S. The case 92 # 0€) is possible, thus S can be a manifold of dimension
less than n — 1 (while R C 09; see assumption (A1)). In general, the coefficients of £ and
the function ¢ can either vanish or diverge, or need not have a limit, when dist(z,S) — 0;
moreover, ellipticity is possibly lost in {2 and/or when dist(z,S) — 0 (see (Az2), (E1) and (E»)).
Then it is natural to prescribe the Dirichlet boundary condition on the regular boundary R;
this leads to the following problem for equation (3.1.1):

Lu—cu= ¢ in Q
(3.1.3)
U =y in R.

Similarly, for equation (3.1.2) we address the problem:
Lu—cu—0wu = f in Qr

(3.1.4) u=g in R x (0,T]

u = U in [QUR] x {0}.

Sufficient conditions for uniqueness or nonuniqueness of solutions to problems (3.1.3)-
(3.1.4) have been given in [60], [?], [59]. These conditions are implicit in character, for they

55
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depend on the existence of suitable sub- and supersolutions to related elliptic problems, like
the first exit time problem:

LU = —1 in Q
(3.1.5)
U=0 on R.

In this paper we address the actual construction of such sub- and supersolutions, aiming
to give explicit criteria for well-posedness of problems (3.1.3)-(3.1.4). Not surprisingly, the
feasibility of this program depends on geometrical properties of the singular boundary S (in
particular, on its dimension), as well as on the behaviour of the coefficients of the operator £
as the distance d(x,S) goes to zero.

3.1.1. Assumptions. Our assumptions concerning the set €2, the regular boundary R
and the singular boundary S are summarized as follows:

(1) Q C IR™ is open, bounded and connected;
(i) 02 =RUS,RNS =10, S#0;
(A1) (iii) R C 982, () satisfies the outer sphere condition at R ;
(iv) S is a compact k — dimensional submanifold of IR™ of
class C3 (k=0,1,...,n—1)

(we say that dimS = 0, if S is a finite union of points). Further assumptions will be needed
below (see (As)).

Cases where different connected components of S are submanifolds of different dimension
can also be considered; we omit the details.

It is natural to choose R as the largest subset of OS2 where ellipticity of the operator £
holds (see assumptions (E1), (E2) — (ii) below); we do so in the following.

Denote by C*1(B) the space of functions defined in a subset B C Q, whose derivatives of
order < k (k = 0,1) are locally Lipschitz continuous in B. Concerning coefficients and data
of the elliptic problem (3.1.3), we make the following assumptions:

(i) peCLYYQUR), p>0 in QUR;

(i1) a;; = aj; € CLH{OQUR)NCUH(Q), b; € COLQUR)N
L>(Q) (i,j=1,...,n);

(7it) c e C(QUR), ¢ >0;

(iv) ¢ € C(Q);

(v) v € C(R)

(the assumption b; € L>°(Q2) will be omitted in Theorem 3.2.12).
Our nonuniqueness results for problem (3.1.3) require ellipticity of the operator £ in ;
therefore we assume:
n

(E1) Z a;j(z)&&; > 0 for anyx € QUR and (&1, ..,&,) #0.
ij=1

(A2)

On the other hand, the uniqueness results hold true even if ellipticity of £ in € is lost. In
this case we replace assumption (F7) by the following:

(1) > =1 aij(2)€&; > 0 for any x € Q and (&1, ..,6n) € R™,
0i; €CYQ) (i,j=1,...,n);
(Es) (1) 307 =1 aij(2)&€; > 0 for anyz € R and (&1, .., ) # 0;
(iid) either ¢ > 0in QUR, or ¢ >0 and ¢+ Y i 05 >0
in QUR for some j=1,...,n;
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)T.

)

here o = (0y;) denotes the square root of the matrix A = (a;;) (namely, A(z) = o(x)o(z
r € Q). Assumption (E;) (in particular, (Ey) — (4ii)) enables us to use comparison results
for wiscosity sub- and supersolutions to second order degenerate elliptic equations, via an
equivalence result proved in [?] (see [?]; for the parabolic case [59]).

3.1.2. Well-posedness conditions.  The following result was proved in [60] (see also
[65]).

THEOREM 3.1.1. Let assumptions (A1) — (Az2) and (E1) be satisfied; suppose ¢ € L*>(Q).
Let there exist a supersolution V' of problem (3.1.5) such that

(3.1.6) inf V=0<infV.
QUR R

Then either no solutions, or infinitely many solutions of problem (3.1.3) exist.

The proof of the above theorem shows that nonuniqueness depends on the possibility of
prescribing the value of the solution of problem (3.1.3) at some point of the singular boundary
S. Typically, to have a well-posed problem boundary conditions must be prescribed on some
subset S; C S, while on the complementary subset Sy the singular character of the operator
does not allow to impose boundary data. Hence we make the following assumption:

(i) S=S U8, SiNS,=0; -
(43) (17) S5 = UijzlSJ]? , where every Sj]? is connected and SJI-C N S; =0
for any k,l=1,..,k;, k#1, ifk; >2 (j =1,2).
Then we consider the problem:
Lu—cu= ¢ in Q

(3.1.7)
u = in RUS;.

For the same reason we associate to the parabolic problem (3.1.4) the following:

Lu—cu—0u = f in Qr
(3.1.8) u=g in [RUS| % (0,7

u = ug in [QURUS ] x {0}.

In the elliptic case, sufficient conditions for uniqueness of solutions to problem (3.1.7) have
been proved in [65] (analogous results hold for the parabolic case, see [59]). Such conditions
depend on the existence of subsolutions to the homogeneous problem:

LU =c¢cU in Q
(3.1.9)
U=0 on R

and on their behaviour as the distance d(x,S2) goes to zero. Let us mention the following
result.

THEOREM 3.1.2. Let assumptions (A1) — (As), and either (Ey) or (E3) be satisfied. Sup-
pose Sy £ 0, v € C(RUS1). Let there exist a subsolution Z < H < 0 of problem (3.1.9).
Then there exists at most one solution u of problem (3.1.7) such that

G
1 =
d(2,85)—0 Z(z)

(3.1.10)
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Clearly, if Sy = () we recover uniqueness conditions for problem (3.1.3). If S; # (), existence
of solutions to problem (3.1.7) implies nonuniqueness for problem (3.1.3), since R N S = ()
by assumption and the boundary data on &; can be arbitrarily chosen. This remark will be
used below, e.g. in the proof of Theorems 3.2.20-3.2.21.

Let us mention for further purposes that problem (3.1.9) can be replaced by problem
(3.1.5) in the above statement, if ¢(x) > ¢y > 0 in .

3.1.3. Outline of results. As already pointed out, applying Theorems 3.1.1-3.1.2 to
concrete cases calls for the actual construction of the sub- and supersolutions V, Z; this is
the point we address below. Results analogous to Theorems 3.1.1-3.1.2 have been proved in
[59] for the parabolic problems (3.1.4), (3.1.8), relying on the existence of the same functions
V,Z as above. Therefore our criteria for well-posedness are conceptually the same both for
the elliptic and the parabolic case (see Sections 3.2-3.3).

Our main results for the elliptic case can be described as follows (for the parabolic case,
see Section 3.3).

(a) If n > 2, dimS < n — 2 and the orthogonal rank of the diffusion matrix A is at least 2
on S, there exists at most one bounded solution of problem (3.1.3) (actually, the uniqueness
class is larger; see Definition 3.2.11 and Theorem 3.2.12). This result extends Theorem 4.1,
Ch.11 in [31], which was proved under more restrictive assumptions by stochastic methods;
it also extends the results in [40], where A was uniformly elliptic.

We stress that the above uniqueness result holds without imposing any additional condition
at 8. In the parlance of [31], conditions at S are unnecessary for uniqueness since S is "too
thin”, hence non-attainable by trajectories of the Markov process generated by the operator

L.

(b) If dim S = n — 1, well-posedness crucially depends on the behaviour of the coefficients of
L near S. Roughly speaking, if ”diffusion near S is low” (see Theorem 3.2.16, in particular
condition (3.2.16) - (3.2.17)), no additional conditions at S are needed to ensure uniqueness
of problem (3.1.3), much as in the case n > 2, dimS < n — 2. The opposite holds when
”diffusion near § is high”: in this case boundary conditions on some part of S are necessary
to make the problem well posed (see Theorem 3.2.18 and condition (3.2.20) - (3.2.21)). An
interesting model case is when £ = %A: if p(z) ~ [d(x,S)]™ for some a > 2, Theorem 3.2.16

applies and no additional conditions at S are needed; the opposite holds, if p(z) ~ [d(z,S)]™¢
with o < 2, so that Theorem 3.2.18 applies (see Example (c¢) in Section 6).

In the light of the previous results, dim & = n — 2 is critical for well-posedness of problem
(3.1.3) in the class of bounded solutions. This is not surprising, since n — 2 is the critical
dimension for studying sets of zero capacity with respect to uniformly elliptic second order
operators (see [73]). In such case the role of capacity to study uniqueness of the bounded
Cauchy problem is well understood (e.g., see [33]). We are not aware of similar results in the
present more general case (however, see Remark 3.2.15 below for the particular case £ = % A).

Also the role of the behaviour of p near the singular boundary when dim S = n — 1 is not
unexpected. In fact, the above condition p(z) ~ [d(z,S)]”® (a < 2) was considered in [72],
where the generation of semigroups in L>°(€Q)) by second order operators, with coefficients
possibly vanishing at 02, was investigated.

Let us mention that results analogous to Theorems 3.1.1-3.1.2 also hold for unbounded
domains (see [65]). Accordingly, several results we state below can be extended to domains
of this kind; we leave their formulation to the reader.

The paper is organized as follows. In Section 2 first we introduce some definitions and
related results existing in the literature, then we state our main results concerning elliptic
problems. The same is done for parabolic problems in Section 3. Proofs are given in Sections 4
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and 5, depending on the assumption made on the dimension of the singular manifold. Finally,
a few examples are discussed in Section 6.

3.2. Elliptic problems

3.2.1. Mathematical framework and auxiliary results.
3.2.1.1. Sub- and supersolutions. Let us make precise the definition of solution to the
above mentioned elliptic problems. Denote by M* the formal adjoint of the operator M,
namely:
n n
0?(azju) d(bju)
My = — v .
> o,

ij=1 i=1

DEFINITION 3.2.1. By a subsolution to equation (3.1.1) we mean any function u € C(2)
such that

(3.2.1) /Qu{/\/l*w—pcw}d:r > /Qp@bdx

for any ¢ € C§°(2), v» > 0. Supersolutions of (3.1.1) are defined replacing ”> " by "< ” in
(8.2.1). A function u is a solution of (8.1.1) if it is both a sub- and a supersolution.

DEFINITION 3.2.2. Let R C £ C 99, v € C(£). By a subsolution to the problem

Lu—cu=¢ in
(3.2.2)
u = on &

we mean any function u € C(QUE) such that:

(1) uw is a subsolution of equation (3.1.1);

(ii) u<~yoné.

Supersolutions and solutions of (3.2.2) are similarly defined.

3.2.1.2. Attracting boundaries and barriers. Let 3 C 0€; define
¥ i={x € Q] dist(z,X) < e} (e>0).
Also set
By(2°) == {z € R"||z — 2°| <} (% € R"),
B.(y°) = B,(y°)nS  (y*€S).
Let us introduce, for use in the sequel, the following definitions (see [?]).

DEFINITION 3.2.3. We say that 3 C 00 is attracting, if there exist € > 0 and a superso-
lution V € C(X¢) of the equation
(3.2.3) Lu—cu=—-1 1in X°
such that o
V>0 in X\ X, V=0 onX.

DEFINITION 3.2.4. Let 2° € 0Q. A function h € C(Q N B,(x9)) is called a barrier at x°
if:
(1) h is a supersolution of
Lu—cu=—1 1inQNB,.(2°);
(i) there holds
h>0in QN B.(x9)\ {2}, A=) =0.

If ¥ is attracting, the function V' can be viewed as a barrier for the whole of X.

Let us state the following result, concerning existence of solutions to problem (3.1.7) (or

(3.1.3), if S; = 0; see [65])).
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THEOREM 3.2.5. Let S; C 99 be attracting and assumptions (A1) —(As), (E1) be satisfied.
In addition, suppose:
(a) c € L*(S5) for some e > 0;

)
(;¢€L°"( );

(c) v € C(RUSY).
Let there exist a positive supersolution F' € C(QUR) N L>*(S7) of the equation
(3.2.4) Lu—cu=-1 1in Q.

Then there exists a solution of problem (38.1.7), provided that
(3.2.5) ~ = constant on 8.

Condition (3.2.5) is unnecessary, if a barrier exists at any point of Sy.

REMARK 3.2.6. If ¢(z) > ¢g > 0 in Q, we can take F' = % in Q as a supersolution of
(3.2.4).

Under the assumptions of Theorem 3.2.5, since S is attracting, constant Dirichlet data
can be prescribed on it. Moreover, if a barrier exists at any point of S; also general Dirichlet
data can be prescribed, but this need not be the case without this additional requirement
(e,9,, see [65] for an example). If the coefficients a;j, b; are bounded and p is bounded away
from zero in S for some € > 0, a barrier exists at any point of S; (see [?], [65]; see also the
proof of Proposition 3.2.7 below).

3.2.1.3. Reuwisiting classical results. The above remarks are deeply connected with the
approach developed in [26] to investigate uniqueness for problem (3.2.2). As in [26], let the
following assumptions be satisfied:

(i) € open, bounded and connected, 92 = 9Q ;

(it) 0Q = Jp—, Tpn; each 'y, is a regular (n — 1) — dimensional
submanifold with boundary o'y, (h =1,2,...,m);

(7it) Tp N T =0Ty NOTy for any h,k=1,...,m, h # k;

(£1)

(i) peC?*(Q), p>0inQ;
(Fg) (ZZ) ajj = CL]'LE CQ(Q), b; € Cl(ﬁ),
(131) c € C(2), ¢ > 0;

n

(F3) Z a;j(z)&& >0 for any x € Q and (§1,..,&,) € R".
ij=1

Define for any z € I', \ o'y, (h =1,...,m):

ap(x) = Z aij(x)vi(x)v;(x),

ij=1
- da;
— U
Aot = 32 o) - 3 Pt

=1 7=1
where v(z) = (v1(z),...,vn(z)) denotes the outer normal to Q at x € T'y, \ 9T'y,; then extend
the definition of ap, Br to dI'y, by continuity. Observe that the extensions of ap, 8r to 'y
for different values of h = 1,...,m need not agree on the intersection of the boundaries.

Set

(3.2.6) Y ={x € d|ar(z) =0,0r(z) <0},

(3.2.7) Yo:={x €dQ|apr(z)=0,0p(z) > 0},
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(3.2.8) S 1= {z € 90| ap(z) > 0} = 90\ [S1 U S,

Observe that X3 contains the regular boundary R, if (F7) holds. Moreover, the drift tra-
jectories (e.g., see [19]) do not point outwards at the points of X1, but they do at those of
2.

The following result will be proved (see Section 3.5).

PROPOSITION 3.2.7. Let assumptions (Fy) — (F3) be satisfied; let o;; € C1(35°) for some
e>0(,5=1,...,n). Let ¥ be a smooth connected component of 02, such that ¥ C ¥,.
Then:

(i) ¥ is attracting;
(ii) for any z° € X there exists a barrier.

The proof of claim (i) relies on the fact that some multiple of the distance d(-, ) is
a supersolution of equation (3.2.3) (see Definition 3.2.3); claim (i) follows by a standard
argument from the attractivity of ¥ and the boundedness of the coefficients p, a;;, b;.

The proof of the following result is similar to that of Proposition 3.2.7, thus it will be
omitted. A related result can be found in Lemma 2.7.1 of [56].

PROPOSITION 3.2.8. Let assumptions (F1)—(F3) be satisfied. Let ¥ be a smooth connected
component of 0K, such that ¥ C X3. Then for any z° € ¥ there exists a barrier.

If ¥ C ¥y, the distance d(-,X) can be used to construct a subsolution of problem (3.1.9).
This is the content of the following proposition, where x € C%(Q), 0 < x < 1 is any function
such that

1 if zexe/?
(3.2.9) x(x) =
0 if zeQ\X* (e>0).
Similar results can be found in Theorem 2.7.1 of [56] and in Chapter 9, Vol. I of [31].

PROPOSITION 3.2.9. Let assumptions (F1) — (F3) be satisfied; for some 9 > 0 let o;; €
ct (W) (i,j=1,...,n). Let ¥ be a smooth connected component of OS2, such that ¥ C ¥y;
suppose c(x) > co > 0 for any x € Q. Then for any a > 0 sufficiently small and H > 0 large
enough there exists € € (0,e0) such that the function

(3.2.10) Z(x) = —[d(z,2)] “x(x) — H (x€Q\Y)
(where x = xe satisfies (3.2.9)) is a subsolution of problem (3.1.9).

In view of Theorem 3.1.2, if Sy C ¥ and the assumptions of Proposition 3.2.9 are satisfied,
we expect uniqueness of solutions to problem (3.1.7) such that

: u(x)
3.2.11 lim —————=0
( ) d(x,82)—0 [d(x, Sa)] =
(with a > 0 sufficiently small), thus in particular uniqueness of bounded solutions. In fact,
this is the content of Theorem 3.2.23 below. Observe that Proposition 3.2.9 is in agreement
with the following uniqueness result, which was proved in [26].

THEOREM 3.2.10. Let assumptions (F1) — (F3) be satisfied and ¢ > 0 in Q. Suppose that
the Gauss-Green identity applies in Q. Then problem (8.2.2) with & = Yo U X3 admits at
most one solution in the space Cr := {u € C1(Q) N C%*(Q) | Lu € L=(Q)}.



62 3. CRITERIA FOR WELL-POSEDNESS

3.2.2. Main results: Singular manifolds of low dimension. To state our results
we need some preliminary remarks. Set k = dim S; denote by M,, the linear space of
m X m matrices with real entries (m € IN). For any fixed y € S there exist orthonormal
vectors 1V (y),...,n"*)(y) € IR™, which are orthogonal to S at y. Consider the matrix
AL (y) = (am(y)) € My—k, where

n
!
am(y) = Y @™y  Gm=1...n—kiye$).
ij=1
Let us make the following definition (see [31]).

DEFINITION 3.2.11. Lety € S. The rank r(y) of the matriz A, (y) is called the orthogonal
rank of the diffusion matrix A at y.

The above definition is well posed, for r(y) is independent of the choice of the set
{(nW(y)|l=1,...,n—k}; observe that r(y) < n— k. In view of assumption (A;) — (iv), there
exist y!, ...,y € S such that:

S is the union of the graphs U; of C® functions, say

(3.2.12) 0O : Br,(yi, .., vh) C R — R"*, 60 = (¢),,... 6
(i=1,...,N), up to reorderings of the coordinates.

We shall use the following assumption:

(1)) n>2,dimS <n-—2;

(#i) r(y) > 2forany y € S;

(797) for any y € U; (i =1,..., N) there exist orthonormal vectors
M (y), ..., " *(y) € IR™, which are orthogonal to S at y,
nW() € C*(U;; R") (I=1,...,n— k), such that the matrix
A (-) has unit eigenvectors of class C%(U;; R %) .

(here the notation in (3.2.12) has been used).

(A4)

Now we can state the following

THEOREM 3.2.12. Let assumptions (A1) — (A4) be satisfied, with (As) — (ii) replaced by
the following:
Qajj = aj; € 02(5), b; € Co’l(Q U R),
(As) — (i)’ there exist By > 0 and 3 € [0, 1) such that

|bi(z)| < forany € Q (i,j=1,...,n).

ld(x, S))P

Moreover, let either (Eq) or (E2) hold; if (E2) holds, let c(x) > 0 for any x € Q. Then:
(1) there exists at most one solution u of problem (3.1.3) such that

- u(x)
3.2.13 lim — .
(3:2.13) d(z.8)—0 logld(z, S)]
(1) if a:= ingr(y) — 2 > 1, there exists at most one solution u of problem (3.1.3) such that
Y€
(3.2.14) im0

d(z,5)—0 [d(x,S)]~>
In particular, problem (3.1.3) has at most one bounded solution.

A simple application of Theorem 3.2.12 is given in Section 3.6, Example (a). Example (b)
in the same Section shows that the limit value 5 =1 in assumption (As) — (ii)" above is not
allowed.
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Theorem 3.2.12 follows from Theorem 3.1.2 (with Sy = §), if we exhibit a subsolution
Z of problem (3.1.9) diverging like log[d(z,S)], or like [d(x,S)]™ if o = ingr(y) —2>1, as
Y€

d(xz,8) — 0; this is done in Section 3.4. Remarkably, the construction of Z does not require
any assumption on the behaviour of p near S (which instead plays a role when dim S = n—1;
see Subsection 3.2.3).

Let us also mention the following well-posedness result, which follows immediately from
Theorem 3.2.12, Theorem 3.2.5 (with &; = ()) and Remark 3.2.6.

THEOREM 3.2.13. Let assumptions (A1) — (Aa), with (A2) — (ii) replaced by (Ag) — (i)',
and (Eq) be satisfied; suppose ¢ € L>=°(Q2) and c(x) > co > 0 for any x € Q. Then there exists
a unique bounded solution of problem (3.1.3).

As an example, it is informative to discuss the above situation when A = (6;;). In this
case problem (3.1.3) reads:
% Au —cu= ¢ in Q
(3.2.15)
U =y in R.
Since r(y) =n—k (y € S), assumption (A4) reduces to (A4) — (7); then we have the following
refinement of Theorem 3.2.12.

COROLLARY 3.2.14. Let assumptions (A1) — (As) be satisfied, with (Az) — (ii) replaced by
(Ag2) — (it)'; suppose dimS < n — 2. Then:
() there exists at most one solution u of problem (3.2.15) satisfying (3.2.13);
(7) if dimS = k < n — 3, there exists at most one solution u of problem (3.2.15) such that

lim u(z)
d(z,8)—0 [d(z,8)]2~(n—F)
In particular, there exists at most one bounded solution of problem (3.2.15).

REMARK 3.2.15. For n > 2, if dim S < n — 2, or if dim § = n — 2 and the Hausdorff
measure HN~2(S) is finite, the capacity capa S is zero and it is well known that

S—0 o there exists u € C?(Q U R) such that u > 0in QU R,
cabac = Au<0in QUR,u(x) — +oo asd(z,S) — 0.

Hence Z := —u — 1 is a subsolution of problem (3.1.9) which diverges as d(z,S) — 0, and by
Theorem 3.1.2 there exists at most one bounded solution of problem (3.2.15), in agreement
with the above corollary. Similar remarks hold for uniformly elliptic operators with sufficiently
smooth coefficients (e.g., see [73] and references therein).

=0.

3.2.3. Main results: Singular manifolds of high dimension. Let us now address
the case dimS = n — 1. We shall prove the following uniqueness result.

THEOREM 3.2.16. Let dimS = n — 1; let assumptions (A1) — (As), and either (Ey) or
(E9) be satisfied. Assume Sy # (0. In addition, suppose the following:
(a) there exist £ > 0 and a positive, continuous function p satisfying

£
(3.2.16) /0 np(n)dn = +o0,
such that
(3.2.17) p(z) = p(d(z,8S2)) for any z € S5 ;

(b) c(x) > co > 0 for any x € §;
(c)ye C(RUS)).
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Then:
(i) the function

(3.2.18) P(C) = /C -0 pmdn (¢ (.2)

diverges as ¢ — 0T ;

(7i) there exists at most one solution w of problem (3.1.7) such that
lm @)
d(2.52)—0 P(d(z,S5))

In particular, problem (3.1.7) has at most one bounded solution.

(3.2.19)

In view of Theorem 3.1.2, Theorem 3.2.16 follows by constructing a suitable subsolution Z
of problem (3.1.9) such that | Z(z)| diverges with the same order of P(d(z,S,)) as d(z,Sz) — 0
(see Section 3.5).

REMARK 3.2.17. A natural choice in Theorem 3.2.16 is p(n) =n~?, ¢ > 2. Then:

(1) if 0 = 2, there exists at most one solution u of problem (3.1.7) such that
lim ————=0;
d(x,82)—0 logld(z, S2)]

(1) if o > 2, there exists at most one solution u of problem (3.1.7) such that

im — P
d(z,82)—0 [d(x, S2)]2—7

3
In such cases the order of divergence of P(¢) as ¢ — 07 is the same as Q(() := / n p(n)dn,
. e

1
although in general it can be lower (e.g., take p(n) := en /n3).

In view of Theorem 3.2.16, no additional conditions at Sy are needed to ensure uniqueness
of bounded solutions to problem (3.1.7), if (3.2.16)-(3.2.17) hold. If &; = 0, the situation is
qualitatively the same as for dimS < n — 2 (see Theorem 3.2.12).

It is natural to investigate the complementary situation - namely, when conditions (3.2.20)-
(3.2.21) below are satisfied. As it can be expected, boundary conditions at S; are necessary
in this case to have a well posed problem. In other words, nonuniqueness holds for problem
(3.1.3), which lacks such conditions.

We address this situation strengthening assumption (FE1), i.e. requiring it in € and not
only in Q UR. This is equivalent to assume that there exists a > 0 such that

n

(Es3) Z aij(z)&& > alé* for any x € Q and (&,..,&,) # 0.
ij=1
Then we have the following

THEOREM 3.2.18. Let dimS =n — 1. Let assumptions (A1) — (As) and (E3) be satisfied;
assume Sy = (). In addition, suppose the following:
(a) there exist £ > 0 and a positive continuous function p satisfying

g
(3.2.20) / np(n)dn < o0,
0
such that
(3.2.21) p(z) < p(d(z,81)) for any z € Sf;

(b) ¢ € L=(Q).

Then either no solutions, or infinitely many solutions of problem (3.1.3) exist.
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REMARK 3.2.19. A natural choice in Theorem 3.2.18 is p(n) =n~7, 0 < 2.

Theorem 3.2.18 is proved by constructing a positive supersolution V' of problem (3.1.5)
with the properties assumed in Theorem 3.1.1. Clearly, V is also a supersolution of equation
(3.2.4) - namely, we can take F' =V in Theorem 3.2.5, which gives (with S; = () sufficient
conditions for the existence of solutions to problem (3.1.3). Then from Theorem 3.2.18 we
immediately obtain the following nonuniqueness result.

THEOREM 3.2.20. Let the assumptions of Theorem 3.2.18 be satisfied. In addition, suppose
¢ € L*®(Q). Then infinitely many solutions of problem (3.1.3) exist.

Indeed in the proof of Theorem 3.2.18 we construct a supersolution V' which shows that
S1 C 9Q is attracting. This suggests a different approach, i.e., assuming S; C ¥ and using
Proposition 3.2.7 (with ¥ a connected component of S;1) to prove its attractivity, instead of
assuming (E3) and ”high diffusion near S;” as in (3.2.20)-(3.2.21). In this way we obtain the
following nonuniqueness result.

THEOREM 3.2.21. Let dimS =n—1, 81 # 0 and S1 C Xo. Let assumptions (A1), (F1),
(F1) — (F») be satisfied and o;; € C1(8%) for some e > 0 (i,j = 1,...,n). In addition,
suppose:

(a) c(x) > co >0 for any x € €
(b) o€ L=(Q)
(c) v € C(R).
Then infinitely many solutions of problem (3.1.3) exist.

REMARK 3.2.22. The assumptions of Proposition 3.2.7 and hence of Theorem 3.2.21 can
be weakened assuming (Az) — (As) instead of (F}) — (F3), and supposing in addition:
(CL) Qij € 01’1<Q URU 81), b; € Co’l(Q URU 81);
() 0 < po < p(z) < p1 < +oo for any = € S ;
(c) p € CH1(SE), c € L™=(S5) for some € > 0.

Theorem 3.2.21 establishes nonuniqueness for problem (3.1.3), if boundary data are not
prescribed on points of § where drift trajectories point outwards. On the other hand, there
is uniqueness of bounded solutions to (3.1.3), if drift trajectories do not point outwards at
any point of &; this is a particular consequence of the following theorem, which relies on
Proposition 3.2.9 and Remark 3.2.6.

THEOREM 3.2.23. Let dimS =n—1, 8o # 0 and So C X1. Let assumptions (A1), (F2),
(F1) — (F) be satisfied and o5 € ct (875) for some e >0 (i,j = 1,...,n); moreover, suppose
c(x) > co >0 forany x € Q, v € C(RUS1). Then there exists at most one solution of
problem (3.1.7) satisfying condition (3.2.11) (o > 0 sufficiently small). In particular, there
exists at most one bounded solution of problem (3.1.7).

A comparison between the results of Theorems 3.2.16, 3.2.20 and those of Theorems
3.2.21, 3.2.23 is given in Section 3.6, Example (c).

3.3. Parabolic problems

Results analogous to those above hold for parabolic problems (3.1.4), (3.1.8); the present
section is devoted to the statement of the main of them.

We always assume the coefficients of the operator £ to be independent of time. Concerning
coefficients and data of the problems, let us state the counterpart of assumption (Asg) for the
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parabolic problem, namely

(i) peCH(QUR), p>0 inQUR;
(ZZ) Qi = Gj; € Cl’l(ﬂ UR) N 00,1(5)’
b; € COLQUR)NL>®(Q) (3,5 =1,...,n);
(7ii1) ¢ € C(QUR), ¢ > ¢1 > —00;
(iv) f € C(Qx[0,T));
(v) g € C(Rx[0,T]), up € C(QAUR);
(vi) g(x,0) = up(z) for any z € R ,

\

where (i), (i) and (ii7) coincide with those in (Asg), apart from the sign condition on ¢ which
is not needed anymore. Concerning ellipticity, we require the following weaker assumption
(which coincides with (E2) — (), (i4)):

(1) Z” 1 6ij ()€€ > 0 for any x € Q and (&1, ..,&,) € R™,
(E4) 0ij eCI(Q) (Lj:l,...,n);
(1) 321 =1 aij(2)&€; > 0 for anyz € R and (&1, ..,6,) # 0.

Let us make the following definitions.

DEFINITION 3.3.1. By a subsolution to equation (3.1.2) we mean any function u € C(€ x
(0,T)) such that

(3.3.1) / u{M* — pcp + popb} dx dt > / pf1dx dt
Qx(0,7)

Qx(0,T)

for any ¢ € Cg°(2 x (0,T)), ¢» > 0. Supersolutions of (3.1.2) are defined replacing 7> 7 by
'<7in (8.8.1). A function u is a solution of (3.1.2) if it is both a sub- and a supersolution.

DEFINITION 3.3.2. Let R CE C 99, g € C(Ex[0,T]), up € C(QUE), g(x,0) = up(x) (x €
€). By a subsolution to the problem

Lu—cu—0Owu=f in Q x (0,7)
(3.3.2) u=g in € x(0,T]

u = ug in (QUE) x {0}

we mean any function u € C((QUE) x [0,T]) such that:

(1) uw is a subsolution of equation (3.1.2);

(i) u<gin&x(0,T], u<ug in (QUE) x {0}.
Supersolutions and solutions of (3.3.2) are defined accordingly.

Our results rely on the following theorems, which are the parabolic counterpart of Theorem
3.1.1 and 3.1.2, respectively (see [59] for the proof).

THEOREM 3.3.3. Let assumptions (A1), (As), (As) and (E1) be satisfied. Suppose g €
L*(R x(0,T)), ug, c € L*(Q). Let there ezist a supersolution V of problem (3.1.5) such that
(3.1.6) is satisfied. Then there exist infinitely many bounded solutions of problem (3.1.4).

THEOREM 3.3.4. Let assumptions (A1), (As), (As) and (Ey4) be satisfied. Suppose Sz # 0,
g€ C(IRUS] x[0,T]), up € C(RURUS), g(x,0) = up(x) for any x € RUS;. Let there
exist a subsolution Z < H < 0 of problem

Lu = pu mn
(3.3.3)
u =0 on R,
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for some p > 0, or of problem (3.1.5). Then there exists at most one solution u of problem

(3.1.8) such that

(3.3.4) by WPre(or) u(@:b)]

=0.
dist(z,S2)—0 Z(x)

If dimS < n — 2, from Theorem 3.3.4 we obtain the following analogous of Theorem
3.2.12.

THEOREM 3.3.5. Let assumptions (A1), (As) — (As) and (E4) be satisfied, with (As) — (i1)
replaced by (As) — (i1)". Then:
(i) there exists at most one solution u of problem (3.1.4) such that
Supye (0,7 |u(z, 1)

3.3.5 li —0:
(3.3.5) dw.8)—0  logld(z,S)] ’

(1) if a = ingr(y) — 2 > 1, there exists at most one solution u of problem (3.1.4) such that
ye

Supye (0,77 |u(z, 1)
im
d(xz,S)—0 [d(l’,S)]_a

(3.3.6)

In particular, problem (3.1.4) has at most one bounded solution.

If dim S = n — 1, the following results (to be compared with Theorems 3.2.16 and 3.2.20)
can be proved.

THEOREM 3.3.6. Let dim S = n—1; let assumptions (A1), (A4s), (As) and (Ey) be satisfied.
Assume So # 0, g € C([RUS1] x [0,T]), up € C(QUR US1), g(x,0) = ug(x) for any
xr € RUS:. In addition, let there exist € > 0 and a positive, continuous function p satisfying
(3.2.16)-(3.2.17). Then there exists at most one solution u of problem (3.1.8) such that
SUPye (0,77 (2, t)]

dws—0 Pz, Sy)

(3.3.7)

with P defined in (3.2.18).

In particular, problem (3.1.8) has at most one bounded solution.

THEOREM 3.3.7. Let dimS = n — 1. Let assumptions (A1), (A3), (As) and (E3) be
satisfied. Assume So = ), g € L°(R x (0,T)), ug, ¢ € L>®(Q). In addition, let there exist
g > 0 and a positive continuous function p satisfying (3.2.20)-(3.2.21). Then infinitely many
bounded solutions of problem (3.1.4) exist.

Let us mention also the parabolic counterpart of Theorem 3.2.21 and 3.2.23, respectively.

THEOREM 3.3.8. Let dimS = n—1, & # 0 (mdé C Y. Let assumptions (A1),
(As)(iv) — (vi), (Er), (F1)—(F2) be satisfied and 0,5 € C*(8%) for somee >0 (i,j =1,...,n).
In addition, suppose c,ug € L>°(). Then infinitely many solutions of problem (3.1.4) exist.

THEOREM 3.3.9. Letdim S = n—1, Sy # () and Sy C X1. Let assumptions (A1), (As)(iv)—
(vi), (E4), (F1) — (F») be satisfied and o;; € C*(S5) for some e >0 (i,j =1,...,n); more-
over, suppose g € C([RUS1]x[0,T]), up € C(QURUS), ug(x) = g(z,0) for any x € RUS;.
Then there exists at most one solution of problem (3.1.8) satisfying

SUPye (0,77 (2, 1)

@S0 [dx, )

(3.3.8)

for some o > 0. In particular, there exists at most one bounded solution of problem (3.1.8).
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REMARK 3.3.10. In Theorem 3.2.23 the parameter o > 0 must be sufficiently small, while
in Theorem it is arbitrary. This depends on the fact that to prove the former a subsolution
of problem (3.1.9) must be constructed, while for the latter a subsolution of problem (3.3.3)
for some g > 0 is needed.

The proofs of Theorems 3.3.5-3.3.9 are the same of those given below for the elliptic case,
with obvious changes.

3.4. Singular manifolds of low dimension: Proofs

This section is devoted to the proof of Theorem 3.2.12. As already said, this follows from
Theorem 3.1.2 if we exhibit a suitable subsolution Z of problem (3.1.9). The construction of
Z is rather technical and lengthy; it requires the following steps:

(a) first we construct a local subsolution of the equation Lu =0 - namely, for any § € S we
construct a subsolution zg in By(7) N2, where By(y) is a ball of radius R > 0 sufficiently
small;

(b) using the compactness of S and (a) above, we construct a subsolution z of the same
equation in a neighbourhood §¢ (e > 0 sufficiently small);

(¢) finally, we extend the subsolution z in S° to a subsolution Z of problem (3.1.9) with the
desired properties.

3.4.1. Technical preliminaries. In view of the compactness and regularity of S as-
sumed in (A;) — (iv), the following holds (see [28] for the proof).

LEMMA 3.4.1. Let assumption (Ay) be satisfied. Then there exists o > 0 with the following
properties:
(i) for any x € 87 there exists a unique point x*(x) € S such that

d(z,S) = |z — 2" (x)[;
(ii) z*(-) € C*(87;8), d(-,S) € C3(S°) and
Vid(z,8)]* = 2[z — 2*(z)] (x € 8%).

Let ° € S; let Ty S and 1,0 S denote the tangent, respectively the orthogonal space to

S at 1°.

In view of the compactness of S, we can choose possibly smaller R; in the representation
(3.2.12), such that

ol (@) = ; ‘
for some Cy > 0 (a = (a1, ..., ai) denoting a multiindex).

It is convenient to point out for further reference a few technical observations; this is the
content of the following remark.

REMARK 3.4.2. Let §y € S. Then there exists ¢ € {1,..., N} such that

7= (1,000 (@1, T8) -

Take the orthonormal vectors in (A4)—(éi7) and construct a complete basis of orthonormal vec-
tors n'(-),...,n"(-) € C*(Br(¥1,---,¥k)), where we may assume that, for ¢ € Bg(¥1, .- -, Jk)
(for some R = R(i, ) > 0), n*(¢), ..., n*(¢) form a basis in the tangential subspace and
n*1(C), ..., n™(¢) form a basis in the orthogonal subspace to S at (¢, (¢)). In the following

we use for simplicity the notation n'(y),y € S (I =1,...,n) as in (Ay) — (444).
The tangent space T S to S at § can be taken into the linear subspace {Y € IR" |Yj41 =
. =Y, = 0} by a transformation of coordinates Y := M (y) (y — gj), where the rotation
matrix is given by M(y) = (n'(y)...7n"(y))T € M,. This matrix valued function belongs
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to C? in some set Br(y) NS, i.e., its composition with the local representation of S is
C%(Bgr(#1, ..., Jk))- Let the C? functions p = p(¥) : U;) — R % p=(pry1,... ,00)(Y1,..., )
give a local representation of S in the closure of a bounded neighbourhood of 0, say in
Uy@ C IR*. Then

(Yh SRR kapk’-i-la cee 7pn) = M(Z)((yla PR yk’7¢§g+17 R 7¢}n) - g)a
Pk+1,--- ,Pn being evaluated at (Y7,..., %) and (gﬁ};H, ooy @8 at (yi,..., yk). Moreover,
since we compose regular functions in compact sets, there exists C7 > 0 such that
dlelpli-y)

(3.4.2) < mUY (lo|<3;i=1,...,N;g€S8).

Y. Y

In fact, by a change of § the tangent space T3 S, the Y — coordinates and functions pli-)
also change; however, inequality (3.4.2) holds true with a suitable choice of the constant C
independent from g, ¢ and a.

Let o > 0 as in Lemma 3.4.1 and 2° € 87 be fixed; then the projection x*(2°) € S is well
defined and there exists ¢ € {1,..., N} such that

x*(x()) = (gh' . 'agkvqb(i)(gb s 7@]6))

With the notations of the above remark, let p(i’x*(xo)) be the local representation of S in the

neighbourhood Uy = Ui?(xo) of 0 in IR*. As we make below, the new coordinate system X =

(X1,...,X,) can be chosen in IR" so that, if p : Uy — IR"* denotes the local representation
of § with respect to this system, the following holds:

(i) X*(X% =0;

(i) LoS={XeR"|X,=..=X,=0};

() (iii) XY = (0, .. OX%d@ﬂ&:X&
82pn ii . )
(iv) m(o) = Pp0ij (4,7 =1,...,k);

here X%, X*(X?) denote the new coordinates of the points 2°, z*(z%). In fact, equalities (i)
and (77) also hold in the Y — coordinates, whereas (iii) can be obtained up to a rotation in
the orthogonal space {Y € IR"|Y; = ... = Y}, = 0} and (iv) by a rotation in the tangent space
{Y € R"|Yy41 = ... =Y, = 0}. Hence we have the analogous of inequality (3.4.2) for some
constant Co > 0 independent of 2% € S?, namely

alalps
OX{h .. OX*

In the following we set

(3.4.3) <Cy inUy (lof <338 =k+1,...,n).

dp 0?p
3.4.4 L=222(0 b= __—"2_(0
(3.4.4) s =5x, 0 s aXlan(),
and so on. Then the choice (C') implies
(3.4.5) ps(0)=0, pl=0 (s=k+1,....n;1=1,...,k).

The following lemma deals with derivatives of the projection map X*(-), respectively of
the distance d(-,S). Part of its proof was given in [54]; we reproduce it here for convenience
of the reader.

LEMMA 3.4.3. Let assumption (A1) be satisfied. There exists €g such that, if € € (0,80),
20 € 8¢ is fived and the choice (C) is made, the following holds:
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(1) foranyi=1,...,n

dil .
Pa———— l=1,...,k
2. ¢4 1 — XO0pll if e R
4. X0 nPn
(3.46) e (X) =
0 if l=k+1,...,n
(1) for any i,7=1,...,n
*X; o L 5135” + 8igis
A (%) = o { D S Db el
! J s=k+1 q=1
XSRS
(3.4.7) +piit ——" Z’?’q‘l " } ifl=1,....k,
(1= XPpi) (1 — XDp')
respectively
0?Xr k 5 8
3.4.8 — L (XY = ar LT _ if l=k+1,...,n.
R q,rzzlpl (- XX
(7i1) for anyi=1,...,n
0d(X,S)
3.4.9 7‘ — i
( ) 0X; Ix=xo
(1v) there holds
— aban 0 =1k,
0%d(X,S) Siv — 8 5
.4.]. —_— = w o
(3 0) aXlan X=Xx0 d(X07S) Zf’l,j —k‘f’l,...,?’l,
L 0 otherwise .

In the following by O(|X]|), O(|X|?), ... we denote functions of X such that for some
constant D > 0

(3.4.11) 0(|X])| < D|X|, O(|X|?) < D|X% ... .

REMARK 3.4.4. Omitting assumptions (C') — (i7i) and (C) — (iv) in Lemma 3.4.3 amounts
to deal, for any 2° € S, with the Y — coordinates mentioned in Remark 3.4.2 with § = x* ().
Hence, if YO, Y, Y*(Y') respectively correspond to 2%, x, z*(x) in the new coordinates, we have

Y'=(0,...,0,Y%,,....Y,0), YY" =0,

rTn

(3.4.12) d(Y°,8) = [Y° — Y*(Y%)| = [Y°].

Therefore equalities (3.4.5) are still valid. From Lemma 3.4.3, going back from X — coordi-
nates to Y — coordinates, i.e. performing rotations in the tangential and orthogonal subspaces
to S at X0, gives:
AV -Y(V)|
aY; y=Y0
oY) [ o(YO)) i i<k
- o oy, | ou if 1>k41.

In the above equalities the constant D related to O(|Y?|) can be chosen independent from
0 €
z° €S-

(3.4.13)
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Let us introduce for further reference the following notation. For any 7,7 = 1,...,n set
[25]] = {7’77’+157] - 17]} g N)
1 if <1<y
Xjig) (1) = { 0 otherwise (L€ N)

(namely, xj; ;) is the characteristic function of the string [7, j]). Then (3.4.13) reads

oY, — Y (Y)) " 10 0
(3.4.14) oy, o = 0l = oY, o (Y7) = O(Y D)X (DX 11,81 (8) + FiaXrg 1,0 (D) 5
where we also used (3.4.12). Likewise,
Y (Y) 0
= By (Y (1 - : '
. 5197 o = B {00 (1= Xur0 (i 0)) +

X et 1, (DX (1,0 (D) X 1,8 (j)} :
where the fuctions By;;(.) are uniformly bounded for Y corresponding to any 2° € S°.

Now we can prove Lemma 3.4.3.
Proof of Lemma 3.4.3. Let

(3.4.16) £ = min{o, 2é‘2} ,

where o > 0 is given in Lemma 3.4.1 and Cy > 0 in (3.4.3). Suppose that 2° € S¢ (¢ € (0, &¢))
is fixed and the choice (C) has been made.

(7) Let e; be the unit vector of the i-th coordinate axis (i = 1,...,n). Since the map X*()
is continuous by Lemma 3.4.1-(ii), there exists n > 0 such that X*(X° + hie; + hje;) €
{(X,p(X))| X € Uy} for any h;,h; € (—n,n) (i, =1,...,n). This implies:

‘XO + hie; + hjej — X*(XO + hie; + hjej)‘g = )I(Iéllr]l }Xo + h;e; + hjej — (X,p(X))‘Q,
0
thus

2
(3.4.17) oY, 91X 4 hies + hye; — (X, p(X))| ((XW(X)):X*(X%ieﬁhjej) —0
forany [ =1,...,k and 1, j, h;, hj as above.
Let us prove the following
Claim: For any i,j5 = 1,...,n there exist n’ € (0,min{n, R,,}) and ¢ = (¢1,...,pk) €
C2((—=n',n")% R*¥), » = p(hi, hj) such that

(3.4.18) X*(XO + hie; + hje;) = (p(hi, hy), p(p(hi, hy)))

for any (h;, hy) € (=n',7)*.
In fact, for any fixed 4,7 = 1,...,n define F = FJ : (—n,n)*xUy — R*, F = (Fy,..., F},)
as follows:

Fy(hiyhy, X) = 5oz (X0 4 hiei + hye;) = (X,p(X)|" =
0X,
n P .
= —2(hib + hidj — X1) =2 Y (X0 + habis + hyoss — ps(X)) 8?( (X).
s=k+1 t
An elementary calculation gives:
0F; = aps 8]93 82]33

(i, X) = 200+2 | (X) = (X9+hibis+hyds5—ps(X))

s=k+1 aXh 8Xl

0X), 0X h 8X !
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0F, = Ops
iy 15, = —404 — is o (X
o, ——(hi,hyj, X) = =265 =2 ) 6 GXl( )
s=k+1
for any h,l=1,...,k, i =1,...,n. In particular,
F
(3.4.19) 0 —100,0,0)=2(1 = X0p") 60 (Bl=1,....k),
oXy,
F
(3.4.20) gh’(o 0,0)=—-20; (I=1,....ki=1,...,n)

(here use of (C') and (3.4.5) has been made).

By (3.4.16) and (3.4.3)
1

<XVP<e< o<

0 S =20, < 2phn]
hence from (3.4.3) and (3.4.19) we obtain

O(Fi,... Fy)

(X1, ..., X)

Then by the Implicit Function Theorem there exists " € (0,7) and uniquely defined functions
©1,- -, 06 € C?((—n',n")?) such that ;(0,0) =0, (I=1,...,k) and

(3.4.21) F(hj,hj, e1(hi, hj), ..., ¢K(hi,h;)) =0,
for any (hi, hj) € (=1, n')?. Thus
X{(X% + hie; + hjej) = oi(hi, hy)
for any s =1,...,k, (hi, h;) € (—',n')?. Hence equality (3.4.18) and the Claim follow.
Let i =1,...,n. From (3.4.18)-(3.4.20) we plainly have:

(0,0,0) > 1

0Xy 0X* dyy dil
4.22 X = L (X0 + he = =—
(3 ) 8X ( ) 8]11 ( + h”Le ) hi=0 ahl (O7O> XQ ll ’
if l=1,...,k, respectively:
k
OXf o O Osom _
(34.23) x. X0 = gp-pile(h Zp =0,

=1
ifl=k+1,...,n (here use of (3.4.5) has been made . Hence equality (3.4.6) follows.
(77) In view of (3.4.18), for any 7,7 =1,...,n, I =1,...,k, we have:

32

A. ———Fi(hi, hj, o(hs, by =
(3 4 24) 8h10h3 l( J SD( J)) hi:hj:()
As a lengthy calculation shows, the above equality reads:

82901 1 523(5](1 + 5zq5]s
Do, -3 Z SIS (v
s=k+1 qg=1

(3 4 25) ijl Xr? an,qzl 5im5jq OZ lq 0? Pq O O) —0-

- X (1 - X ) " amon; 0 =0

hence by (C)—(iv) equality (3.4.7) follows.
In view of (3.4.18), for any i,j =1,...,n, l=k+1,...,n we have:
0X;0X; Oh;Oh;

digd
qr q-jr
= E p
m=hy=0 A= (1= X0 (1 X0p)
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(here use of (3.4.5) has been made). Hence (3.4.8) follows by (C) — (iv).
(797) Observe preliminarly that for any X € S°

n

P(X,8) =) [Xi - X[ (X)),
=1

the projection X*(X) € S being well defined by Lemma 3.4.1-(z).

Foranyi=1,....n
" 0[X; — X* - oX;
(3.4.26) IZ; - 212; X — X7 (X (51-1 - 9% (X)) .

By (C) there holds X} — X;(X°) = X35, (I =1,...,n), thus we get

dd2(X,S)

(3.4.27) X ‘X:XO

=2X9%6;, = 2d(X°,8)bin ;

here use of (3.4.6) has been made. Hence equality (3.4.9) follows.

(iv) It is easily seen that

o*d 1( 0%d? 1 0d? 8d2)

(3.4.28) 0X,;0X; 2d\0X;0X; 2d20X;0X;

for any X € 8%, 4,5 =1,...,n, (here d = d(X,S) for simplicity). From (3.4.26) we get

"L 02 [X; — X (X)]?
(3.4.29) > [éX'a)l((' "
=1 v

" * * 2 Yy x
=23 [ (5 ‘ngjm) (30— T3 0) - (%1 - X7 (0) fa(%,. ()] = 25, - S5).

=1
For X = X using the choice (C), (3.4.6) and (3.4.8), we obtain easily:
(Xopn)®

Aoty Bd =Lk

5”' if i,j=k+1,...,n,
. 0 otherwise ,
Xopis
— ifi,j=1,...,k,
6 ) (- X2

0 otherwise .

Then from (3.4.27)-(3.4.29) equality (3.4.10) easily follows. This completes the proof.

3.4.2. Proof of Theorem 3.2.12.

73
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3.4.2.1. Let us prove the following proposition, which corresponds to the first step of the
costruction of the subsolution Z.

PROPOSITION 3.4.5. Let the assumptions of Theorem 3.2.12 be satisfied; let § € S be fixed.
Then there exist R > 0 and zg € C*(Bx(§) N Q) such that zg is a subsolution of the equation

(3.4.30) Lu=0 in Ba(y)NQ.

Moreover,
(1) sup zp < 4o0;
Bp(#)nQ
(17) zo(z) ~ logld(x,S)] as d(z,S) — 0 (r € Ba(y) N Q).
If a := ingr(y) — 2> 1, the same conclusion holds with (ii) replaced by
ye

(131) zo(x) ~ —[d(z,S)]™* as d(z,S8) — 0 (z € Ba(y) N Q).

To prove Proposition 3.4.5 we have to construct suitable matrix functions. Let § €
be fixed; take R < e, with ¢ as in Lemma 3.4.3. Taking possibly smaller R we have
2(0) = Ba(@) NS CU; (i €{1,...,N}; see (3.2.12)). Moreover, by (A4) — (4) there exists
€ {2,...,n — k} such that 7 is a lower bound for the orthogonal rank of A in S.
For any y € By(j) set A = A(y) and, using the notation in Remark 3.4.2, M = M(y) =

M@ (y); then M(-) € C?(Bx(%))- In the new coordinate system X := M (x — y) there holds
X*(y) =0,
1S = {X GRn’Xl =..= X} :0}

To obtain a convenient representation of the diffusion matrix A = (a;;) in the new system,
define

(3.4.31) A=MAMT,

let & € M,,_j, denote the matrix with entries (A)g44 5+ (4,5 =1,...,n—k). It is immediately
seen that the rank of the matrix & coincides with the orthogonal rank of the matrix A at y.
In fact, there holds:

(Airints = (Aexrirerys) = (AnEH ki),

here (-, ) denotes the scalar product in IR", e}, the unit vector of the h-th coordinate axis and
) = MTep €l,S (i=1,...,n— k) by the choice of M. Thus & = A and the claim
clearly follows from Definition 3.2.11.

Let ¢+0) ¢ C?(Bx(7)) denote the unit eigenvectors considered in (Ag) — (iii), Apq the
corresponding eigenvalues of the matrix & (i = 1,...,n — k). Recall that & is symmetric and
a(-) € C2(Bp(9); My—k). Then N\py; = (@), ¢*+0) (4 = 1,...,n — k) are C3(Bx(9)),
too. Set

a1 = ()i, nk € Moy

(where & (k+1) denotes the i-th row of the matrix ¢;); clearly, the rank of the matrix ¢é q{ is
not less than 7 and there holds:

(@1Gai),; = Aesidyy  (hj=1,....n—k).

Since at least 7 eigenvalues of & are strictly positive and continuous, choosing possibly smaller

R we may assume that A\,_711,..., Ay, are strictly positive in BR(Q). Let 81 > 0 be a lower
bound for A, _#11,..., A, and B2 > 0 an upper bound for all the eigenvalues of & in B (7),
namely

(3432) 51 < )\n_f+1, ceey )\n, and )\k+1, ce ,)\n < ﬂg, in BR(Q) .
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Define the matrix ¢o € M,,_j as follows:

1
— ifi=j=1,...,n—k—7,
7
(@2)ij =49 —— ifi=j=n—-k—7+1,...,n—k,
Vi
0 elsewhere ;

set also qo := q2q1. Then we have:

)\ .
gﬂ ifi=j=1,....,n—k—7,
~ T
(3.4.33) (quqo)ijZ 12 fi=j=n—-k—-7+1,...,n—k,
0 elsewhere.

Finally, define the matrix Qg € M,, as follows:

0ij ifi,5=1,...,k,
(3.4.34) (Qo)ij = (QQ)i,kJ‘,k if i,7=k+1,...,n
0 elsewhere .

Then by (3.4.33) we have:

)\. . . . A

- = fi=j=k+1,...,n—7

3.4.35 AQTy. =4 B ! e ’
( ) (QO QO)” { 0;; elsewhere for i,j =k+1,...,n;

~

moreover, the matrix function Qo belongs to C?(Bx(4); My).

Now we can prove Proposition 3.4.5.
Proof of Proposition 3.4.5 (i) Let us first prove the result assuming 5 = 0 in (Ay) — (1),
namely b; € L*(Q) (i =1,...,n). Fix g € S; let R € (0,¢) be as required in the above
construction. For any y € By (7)) set
E(y) := [M(y)]" Qoly) M(y),
Bp = Bp(9) and, for any o € B N Q,

(3.4.36) z0(z) == log | E(z*(z)) [z — ]\ + K |E(z*(2)) [z — 2*(2)]],

x)
with K > 0 to be chosen. Since E € C?(Bx(§ ) ») by the above remarks and z* € C?(S8%;S)
by Lemma 3.4.1-(ii), we have zg € C*(Bs N Q). Clearly, 2y satisfies (i) — (ii) (observe that
d(z,8) = |z — 2*(z)| and (3.4.32) - (3.4.34) hold). The conclusion will follow, if we prove
that

(3.4.37) (Mz)(z°) >0 for any 2° € BN Q.

To this purpose, for any z° € B N a change of variables as in Remark 3.4.2 is expedient.
As above, denote by X = (Xi,...,X,) the new coordinate system, where

(3.4.38) X =M@ (z-9), 7:=z"".

Set M = M(3); then

(3.4.39) X0 =M@ —9)=(0,...,0,X1,..., X2, d(X°8)=|X".
Define also

Zo(X) := zo(x) (v € BNQ);
it is easily seen that
(3.4.40) Zo(X) =1og |Q(X* (X)) (X — X9)* + K |Q(X*(X))(X — X*)
for any = € By N (2, where

)

X*(X) = M(:E*(ﬂ:) - gj) ,
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(3.4.41) Q(X*(X)) := M E(a*(2)) MT = M[M(x*(:c)]TQg (z*(x)) M (2*(x)) M7T.

For simplicity we always write X* = X*(X), omitting the dependence on X; we also set

(3.4.42) Q(X™) = ((4;5)) (xe€BpN d,j=1,...,n),
In particular for z = 2%, by (3.4.41), we get
(3.4.43) Q(0) = Qo(¥) -

Moreover, we set

W; = W;(X) ::Zqij(xj ~-X5)  (i=1,...,n),

thus
* * . 2 1/2
(3.4.44) QX™)(X — X*)| = (ZWi ) .
i=1
It is also easily seen that
(3.4.45) (Mz0)(2%) = (MZo)(X°) (2" € BN Q),

where by M we denote the formal differential operator

~ "L 0%u L ou
Mu= >~ aij(X)iaXian + Zbi(X)a—Xi,
=1

ij=1
(3.4.46) dw(X) = &]Z(X) = Z (M)zkam( )(M)jl (i,5 =1, N,
k.l=1
bi(X) == (M)ibj(z) (i=1,...,n).
j=1

Observe that, setting A= ((@i5))ij=1,....ns b= (5 )i=1,...n, equality (3.4.46) reads:
AX) == MA(z)MT,  b(X) := Mb(x)
which coincides with (3.4.31) if x = y, X = 0. Now we prove that

(3.4.47) (MZ)(X°) >0 for any 2° € BpnQ,
whence the conclusion will follow.
For h=1,---,n, we have
07 2 K (1)
(3.4.48) —(X) = + I,
0Xn {\Q(X*)(X—X*)\2 !Q(X*)(X—X*)\} "
where
i=1
n dq oxX:
4.4 Y i ——1)].
(3.4.49) 8Xh ; [axh )J”“((S axh)}
For h,l =1,--- ,n there holds
%7, 2 K (2)
(3.4.50) —(X) = + L7+
3XhaXl {’Q X*\ (X X*)‘ |Q(X*)(X—X*)‘} hl
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4 K (1) 7(1)
_ o
{\Q(X*)(X—X*)\4 ! ]Q(X*)(X-X*)f’} b

where
@ o1t _z”: [8Wi Wi |\ Wi ]
b X, X}, 0X, L 0X,0X,1"
O*W; - 0%q
4.51 ! I (X - X
(3.4.51) 8Xh8Xl 22: [axhaxl e
Oai; OXI\ Oy 0X7 02X
tox, (5 LT 8Xl) *ox, (5 h = 8Xh> % 5x,0X, 6Xh8Xl

To prove (3.4.47) the above quantities must be calculated at X = X°, hence (3.4.43) and
(3.4.42) must be used.

In the following we use the notation O(|X°|), O(|X°[?), ... introduced above; the same
symbol O(:) will denote any function satisfying (3.4.11). The constant D, although not
explicitly given, will not depend on the specific choice of 2" € B M Q. In fact, it will only
depend on the following quantities:

(a) the functions ¢;;(-) (hence on the eigenvalues and eigenvectors of the matrix a(-)) and
their first and second derivatives in Bp N ;

(B) the function p(-) which gives a local representation of S in By(7) , and its first and second
derivatives;
(7) the lower and upper bounds 1, (2 of the eigenvalues of the orthogonal matrix.

Similar remarks hold for the positive constant H encountered below (see (3.4.60) and the
following formulas).

(a) In view of (3.4.41), (3.4.43) and (3.4.34), we have

n

(3.4.52) Wi(X%) = > (00X  (i=1,...,n),
Jj=k+1

and

(3.4.53) Q(X™)(X — X*)] ‘X:XO =1Q(0)X"|.

(b) From (3.4.49) and (3.4.13) we obtain

oW ", g
1 XO _ Zn XO i XO
o, () F%@Xh +Zq] o

+ Z 4i;(0)8n = qin(0) Ext11,n(h) + O(1 X)) .
kit 1

Equalities (3.4.52) and (3.4.54), together with (3.4.42), (3.4.34) give:

(3.4.54)

Z( Z 45 (0 )qzh( X1 (h) + O(1XOP) =
(3.4.55) =1 =kt

n

= Y 4i;(0)X)qin(0) + O(XP).
ij=ht1

Concerning the above equality, observe that ¢;;,(0) =0 fori=1,...,k and h > k + 1.
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O*W;
(¢) The formulas in Remark 3.4.4 and equality (3.4.51) imply that m(){) is bounded
h l

independently from i, h, and the choice of 2° € B N Q. Then (3.4.52) and (3.4.54) entail:

(3.4.56) LY(X%) = 3" qin(0)ga(0) + O(1X°)).
i=k+1

From (3.4.55) we also obtain:

(1) (X =
(3.4.57) (Y w0004 (0)X05(0)) + OXP).
4,4,r,s=k+1

To prove (3.4.37) we need an estimate from below of the quantity

" - 82Z0 0
(3.4.58) > ahl(o)m()( )

(see (3.4.60)). To this aim, the following computations will be needed, where (3.4.33), (3.4.34)
and (3.4.42) are used:

Z Z ahl qlh qzz Z Z ahl th Qzl(o):

h,l=1i=k+1 i=k+1 h,l=k+1
n—k n—k n—k

=3 > (q0)jstissri+k(0)(q0)je = > (0 agy);; =
j=1st=1 J=1

here 7 is the lower bound for the orthogonal rank of A in & used in the construction of the
matrix Qo. It is similarly seen that (see (3.4.32)):
n n
> an0) Y a(0)X7qin(0)gs(0) X 4 (0) =
hyl=1 i\jys,t=k+1
n n
= > Qij(O)X]Qqst(O)X?[ > 4in(0)an(0)gq(0)| =
i,j,s,t=k+1 h,l=k+1

n

= > (QOX(QO)X):(a04] )i si =

i,s=k+1
n—r \i n
= > 52(Q(O)X°) > (QO)X%)F < 1Q0)X°!,
1=k+1 i=n—p+1
Further observe that
X0 _ X"
(3.4.59) N <1Q(0)X°| < T

In view of equalities (3.4.50), (3.4.53), (3.4.56), (3.4.57) and the above computations, since
7E > 2 by assumption (A4) — (i7), we obtain:

oL 022, 0
4. _— >
(3.4.60) h%l i (0) 55 5%, (X 2

=100 )1X0|2 {2f+0(|X0|) + K|Q(0)X°|(7 — 1) —4+KO(|X012)} N
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1
|Q( 1Q(0)X?]
Here H is a positive constant, independent on z° € B £ M€, such that
0(1X°))| < H|Q(0)X°|
and K > 0 is the constant in the definition of zp to be chosen (see (3.4.36)). We also have
0Xp0X, ~ 1Q(0) X2
Since b; and ¢;; are uniformly bounded for 20 € BR N Q, by (3.4.48), (3.4.55) we get

{ - H+K+KO(]X°\)}.

(3.4.61) {H + KO(]X0|)} .

(3.4.62) \Zb X0y 220 aZO XO)\ < 190 )Xoy {H+K|O(\X°|)|}-
Inequalities (3.4.60)-(3.4.62) imply:

(MZ)(X°) = h’Z;:l an (X dhz(o)]%()(o)+

|miwﬁ—H+K—mmw%&,

for the coefficients @ are of class C', thus locally Lipschitz continuous in B ;N Q. For a
sufficiently small R we have |O(|X9])| < %, then (see (3.4.59))

VB
2| X0]

(3.4.64) (MZy)(X0) > (K —2H) >0,

choosing K > 2H.
Finally, instead of definition (3.4.36) set
1

(3.4.65) 20(w) = = |E(2*(2)) (v — 2 (2))]

+ Klog |B(x*(2)) (& — ()

if inf r(y) > 3, respectively
yeS
1 _ K

if ingr(y) > 4. Arguing as in the case ingr(y) > 2, inequality (3.4.47) is seen to hold in this
ye ye

(3.4.66) 20(z) = —

cases, too; we omit the details. The proof for the case § = 0 is complete.

(i1) Now we assume 3 € (0,1) in (Az) — (¢i)'. In this case the definition (3.4.36) of zy is
replaced by

(3.4.67) 2o(z) := log ‘E(a:*(x)) (z — z*(x)) |2 + K’E(m*(az)) (z — 2*(x)) ‘1_6.
Then inequalities (3.4.60)-(3.4.63) are replaced by

(3.4.68) En: ()22 _(x0)

KA -p)(F-1-p)
Q0) X0

+ KO(IX"'=%)}
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ﬁ( Nl <

OXr0X [Q(0)X02
Similarly, recalling also (Ag) — (i¢)" instead of (3.4.62) we get:

(3.4.69) {H+K0(|X0|1—5)}.

aZ 1
0 0 0 011-8
(3.4.70) |Zb (X 5% X < o {#+Klo(x" 7)1}
Therefore we have in the present case
0 - 6220 0
(MZO X = Z ahl ahl(O)]m(X )+
h,l=1
%7, D 7
(3.4.71) 0 (x0 (x0) 220 (x0
+h§l:1 a0 5 x0x, X + ;bl(x ax, ) =
1 0/1-3
> - ) _ —
> orxos | H K - KIogxX )1

which corresponds to (3.4.63). Hence the conclusion follows as before, choosing R possibly
smaller and K sufficiently large.

Finally, if ingr(y) > 3, instead of definition (3.4.36) set:
ye

(3.4.72) O Er@e-r @) B @)@

or respectively, if inf r(y) >4 :
yeS

AT B ol P ) e )| s s e

Arguing as in the previous cases inequality (3.4.47) is seen to hold in this cases, too; we omit
the details. The proof is complete. O

3.4.2.2. The following proposition corresponds to the second step in the costruction of
the subsolution Z.

PROPOSITION 3.4.6. Let the assumptions of Theorem 3.2.12 be satisfied. Then there exist
e >0 and z € C%(S%) such that z is a subsolution of the equation
(3.4.74) Lu=0 1in S°.
Moreover,
(1) sup z < oo;

SS
(i7) z(x) ~logld(z,S)] as d(xz,S8) — 0 (x € §°).

If o := ingr(y) — 2> 1, the same conclusion holds with (ii) replaced by

ye
(131) z(x) ~ —[d(z,S)]"* as d(z,S) — 0 (x € §9).
Proof. (i) Assume first 3 = 0 in assumption (Ay) — (i7)’. In view of the compactness of S and
of Proposition 3.4.5, there exist §° € S, H;, h;, R; > 0 and z; € C*(Bg,(9)NQ) (i=1,...,N,
for some N € IN) of the form
* * 2 * *
zi(x) := log ’EZ (z*(2)) [z — " (2)] | + K |Ez (z*(2)) [z — 2" (2)] },

with the following properties:

N
CL)SQUBRZ.;

i=1
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(b) z; (i=1,...,N) is a subsolution of the equation
Lu=20 in BR, N Q
if K> H; (see (3.4.64); we set Bg, = Bg,(¢") for simplicity). In fact, there holds:

(3.4.75) Mz; > K — H;) in Bg,NQ.

e
d(z,S)
Observe that the matrix-valued functions E;, E; with ¢ # j may be different at the same
point, since they depend on the local representation of S and on the choice and ordering of
the nonzero eigenvalues.
N
Choose ¢ € (0,min{Ry,...,Ry}), so that 8¢ C U Bg, . Let {1;}}X, be a partition of
i=1
unity subordinate to {Bg, }¥ ,, namely

N
(3.4.76) labelc3PUnitay; € C°(Q), supp; € Br,, 0<14; <1, Zwi =1 in S¢.

Define
N
2(x) = Zwl(mzl(x) (x € §),
i=1
where we define z; := 0 outside its domain Bg, NQ (i =1, ..., N). There holds:

Oy 0z Dy Dz
(3.4.77) Mz—z M, z,+z Z an (a:fh p ai a;) Zzpl Mz) .

=1 h,l=1

The proof of Proposition 3.4.5, together with the boundedness in §° of the functions p;, g;;, ai;, b;
and their first and second derivatives, easily give the following

Claim: There exist positive constants C7, Cy such that, taking € > 0 possibly smaller and
C3 := min{hy, ..., hyg}, there holds

N
(3.4.78) > (Muy)z > Cilogld(,S)] in 8¢
=1
N n
OY; 0z Oy Oz Ca )

4. > _ €.
(3.4.79) Z; hl:l“hl(ag;h 0z oy axh> ZTansy mo
(3.4.80) sz (Mz;) > Cs (K — Kp) in &°

— —d(,S) ’

for any K > Ko := max{Hy,..., Hg}.

Inequality (3.4.78) follows from the very definition of z, while (3.4.79), (3.4.80) are a
consequence of (3.4.48) and (3.4.55), respectively of (3.4.75) and (?7).

From (3.4.77)-(3.4.80) we obtain (z € §%)

(Mz)(z) > C3K — C3Kq — Cy — C1d(x, S)|logld(z, S)]|) > 0,

5
d(x,S)
for any K sufficiently large, thus the result follows in this case. The same argument applies
when infs r(y) > 3, whence the conclusion.

ye
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(i4) Now suppose (3 € (0,1) in assumption (Ay)—(ii)’. Following the proof of Proposition 3.4.5,
we have z; of the form (3.4.67); hence inequalities (3.4.78) and (3.4.80) become respectively

log[d(-,S)] . e
(3481) zz; MT/JZ Z > ClW inS y
al Cs
1=
Then the conclusion follows as in the previous case for sufficiently large K. The case in‘fS r(y) >
ye
3 can be dealt with similarly. This completes the proof. O

3.4.2.3. The third step in the outlined costruction of Z allows us to complete the proof
of Theorem 3.2.12.

Proof of Theorem 3.2.12. (i) Let us first address the case when (£;) holds. Let z be the
subsolution of equation (3.4.74) exhibited in Proposition 3.4.6. Consider the problem

Lw=0 in &/
(3.4.83)
w=—z in dS/?\S;

a solution w € C%(S8%/2) N CH(S=/2\ S) N L>®(S%/?) is easily constructed by standard com-
pactness arguments. Indeed, observe that any constant C' > |z Lo0(855/2\8) is a supersolution

of (3.4.83), whereas —C is a subsolution. Then Z := z 4 w is a subsolution of the equation
Lu =0 in 85/2,
such that Z = 0 in 8S%/?\ S and
Z(zx) ~logd(z,S) as d(z,8) — 0

Then Z(z) < 0 by the maximum principle (applied in sets of the form S/2\ 8, 5 € (0,¢/2)
and such that Z(z) < 0 on 8% N S*/?).

Let W e C?(Q\ 8¢/2) N C1 (2 \ §7/2) be the solution of the problem:

LW =0 in 9\85/2
w =1 on R
W =0 on 88/?2\ S,
henceOﬁWﬁlinQ\SE/Q. Set
HZ -2 in S¢/2
Z = . 9
W —2 in (QUR)\ S

with H > 0 to be chosen. Then:
() Ze CQUR), Z< —-1in QUR,;
(b) it is easily seen that

/ ZM*pdx > / P Z aij(z —HZ)Vj(:L’) dz ,
i,j=1
for any ¢ € C§°(2), ¥ > 0; here ' := 9(S/2 Nsupp 1) and v(z) = (v1(2), ..., vn(x)) denotes
the outer normal to S¢/2 at = € dS/%\ S.
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In view of the strong maximum principle, since £ is uniformly elliptic in 2 \ S¢/2 and
0Se/? \ S is compact, there exists a > 0 such that

Zaija—WVjZOz in 0S8°\ S.
G0 om

Then choosing H := a/ { (szzl ‘aij‘Loo(Q)> |VZ|L00(335/2\3)} we obtain

/ ZM*pdx > 0.
Q
Moreover, by Z < —1, p, ¥, ¢ > 0 there holds

/ZM*1/Jd:1:202/ch1,Z)dm.
Q Q

Then Z is a subsolution of (3.1.9), hence the conclusion follows by Theorem 3.1.2.
(79) Now suppose that (F2) is satisfied and c(z) > 0 for any = € Q. Let z be the subsolution
of equation (3.4.74) exhibited in Proposition 3.4.6. Since z is defined in §¢, set Z := 0 in
Q\ S¢. Consider as in (3.2.9) a function y € C?(Q2), 0 < x < 1 such that

1 if ze&8/2,
(3.4.84) x(z) =

0 if zeQ)\S5;
then define Z(z) := x(x) z(z), x € Q. Clearly, there holds:

(3.4.85) L£LZ >0 inS&?,
(3.4.86) LZ=0 in0\S°,
(3.4.87) LZ(z) > —K inS8°\ &2,
where K := max |L£Z]|. Since Z is bounded from above, it is not restrictive to assume
35\35/2
7 < ~ max{l, K'} nQ.
<o
where ¢p := min ¢ > 0 . Hence by inequalities (3.4.85)-(3.4.87) we conclude that Z is a
Ss\ss/Q
subsolution of problem (3.1.9). Then by Theorem 3.1.2 the conclusion follows. O

3.5. Singular manifolds of high dimension: Proofs

The present section is devoted to prove the results stated in Subsections 3.2.1, paragraph
3.2.1.3, and 3.2.3.

Proof of Theorem 3.2.16. To prove claim (i) observe that P({) is a decreasing positive
function of ¢ € (0,¢&), hence it has a limit as ¢ — 0T. By contradiction, let this limit be finite.
Then for any o > 0 there exists 6 = d(0) such that for any (p, ¢ with 0 < (o < (<46

o> E(n — Co)p(n) dn — 6_(77 —Q)p(n)dn =
(3.5.1) /CO /C

¢ g
- [ @pman+ [ @pmanzo.
o ¢
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In particular, for any (y, ¢ as above there holds:

o< [C-@emanzo (ce )
As ¢y — 07, the above inequality gives
(3.5.2) 0< g“/:_p(n) dn<o forany (€ (0,0).

Since o is arbitrary and § = d(0), we get
(3.5.3) Jim ¢ /< pln)di =0,
whence by (3.2.16)
£ £
(3.5.4) Jim P = i [ [ nptman ¢ [ oo n] = 00,

a contradiction. This proves the claim.
To prove (ii), set

20 =i g [1- S (e 09)

with positive constants C, 3 to be chosen. Plainly, |Z({)| diverges with the same order as
P(¢) for ¢ — 0T. Hence we have:

Z'>0, ﬁZ”—CZ/:—B in (0,8);
Z(() =00,  Z(Q)—o0, 2 — -0 as(—0.
Set Z(z) :== Z(d(z,82)) (z € S5). Let us show that
(3.5.5) LZ(z)>—-1 inS5

with a proper choice of C, # and for € € (0, &] possibly smaller then &.

To check (3.5.5) fix any x € S5 (¢ € (0,£]). As in the proof of Theorem 3.2.12, take new
coordinates, still denoted by x, satisfying condition (C) in Subsection 3.4.1. In particular, we
have

(3.5.6) x=(0,...,0,z,), z"(x)=0, d(z,S)=uz,,

(3.5.7) To So :{(33‘1,...,33‘“) ERn|l‘n:0}.
By abuse of notation, denote again by a;;, b; the coefficients of M in the new coordinates.
We can choose C' and (3 such that
’ann‘ Sﬁa ’Md(l',SQ)‘ SC in 8257

here use of (3.4.9)-(3.4.10) with £ = n — 1 has been made. Using (3.2.17), (3.4.9) and taking
e € (0,¢] so small that Z(¢), Z2”(¢) < 0 and Z'(¢) > 0 for any ¢ € (0,¢], we obtain:

MZ(z) = ann(2) 2" (d(z,82)) + [Md(z,82)] Z'(d(z,Ss)) >

> ,82”((1(1‘,52)) - CZ/(d(.Z‘,SQ)) = —B(d(l‘,SQ)) > —p(l‘)
for any x € S5; then inequality (3.5.5) follows.

In view of inequality (3.5.5), Z— H with suitable H is a subsolution in S§ of the differential
equation in (3.1.9). To complete the proof, we must extend its definition to (2 UR) \ S5 so
as to exhibit a subsolution of problem (3.1.9). This is easily done arguing as in part (i) of
the proof of Theorem 3.2.12; we leave the details to the reader. Hence the result follows. [
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Proof of Theorem 3.2.18. (i) Fix € € (0,€] so small that ¢ < o, with ¢ as in Lemma 3.4.1,
and S N'R = . Fix any = € S \ S; as in the proof of Theorem 3.2.16, it is not restrictive
to assume (3.5.6)-(3.5.7). In view of the assumptions about the coefficients a;;, b;, we can
choose C' > 0 such that

(3.5.8) IMd(x,8)] <C  inS\S;.

Then choose ¢; > 0 such that
1 €
(3.5.9) a<— e%"ﬁ(n)dn.
¢ €/2
Define

VO = e 5 - o [ [0 tfpman  (ce 0.0,
with C, c; as above, a > 0 being the ecllipticity constant in (F3). It is easily seen that
aV'+CV' =—p in (0,¢),
V>0, V'<0 in(0,e/2)
(use of the choice (3.5.9) is made for the latter). Using assumption (3.2.20), it is also easily

checked that V is bounded from below in (0, e/2); moreover V is increasing, there, hence there
exists V(0) := lim;_+ V(Q).

(i) Set V(z) := V(d(z,S1)) — V(0) (z € Sf/Q \ 81); let us prove that

(3.5.10) LV(z) < -1 in @ \Sp.
In fact, by (3.5.8) we have:
- - dd(z,Sy) dd(x, S)
MV (z) = V" (d(z,851)) le aij(z) o o, + [Md(z,81)] V' (d(z,81)) <

< aV'(d(z,8)) + CV'(d(z,81)) = —p(d(z, 1)) < —p()

for any z € Sim \ S1; here use of (3.2.21), assumption (E3) and the above properties of V has
been made. Then inequality (3.5.10) follows.

(797) Consider the solution W > 0 of the problem

LW=-1 in Q\&/

(3.5.11) w=1 on R
e/2
W =0 on 087"\ S;.
Define ~
COV iIl Si/za
V= —
W+k in Q\ST/27
where
1 n
Co = maX{L W( Z \aij‘Lm(Q))WW|L°®(68f/2\Sl)}’

ij=1
k:=co(V(e/2) —V(0)) > 0.
We shall prove the following
Claim: The function V is a positive supersolution of problem (3.1.5) satisfying condition
(3.1.6).

In view of Theorem 3.1.1, from the above Claim the conclusion follows.
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To prove the Claim we must show the following:
(a) Ve CQUR);
(b) / VM*pde < —/ py dz for any ¢ € C§°(2), ¢ > 0;

Q Q

(¢) condition (3.1.6) is satisfied.

To check (a), observe that the condition

wV=W+k on 5/%\ 8
reads
co(V(g/2) = V(0)) =k,

thus it follows from the choice of k. The continuity of V' elsewhere is clear from its very

definition; hence (a) follows.
Concerning (b), an easy calculation gives:

Q 0 r o O
for any ¢ € C§°(2), ¢ > 0; here I := 86’?/2 Nsupp ¥ and v(x) = (v1(x),...,vs(z)) denotes
the outer normal to Sf/Q at T € 885/2 \ Si. Since

n

Z aij(:v)g;uj(aj) =V (g/2) Z aij(z)vi(z)vj(z) > aV'(g/2) > 0,

i,j=1 i,j=1
inequality (b) follows from the above choice of ¢g.
Finally, concerning (c) observe that

inf V=cyinf V=0<14k=inf(W +k)=infV;
QUR 55/ R R

hence (3.1.6) is satisfied. This completes the proof. O

Proof of Theorem 3.2.21. By Proposition 3.2.7-(i) S; is attracting. Then, in view of Theorem
3.2.5, there exists a solution of problem (3.1.7) satisfying (3.2.5). Since the constant in (3.2.5)

is arbitrary and R NSy = 0 (see assumption (A;) — (7)), the conclusion follows. O
Proof of Theorem 3.2.23. By Proposition 3.2.9 the function Z defined in (3.2.10) is a subso-
lution of problem (3.1.9). In view of Theorem 3.1.2, the conclusion follows. O

It remains to prove Propositions 3.2.7-3.2.9. To this purpose we need the following lemma
(see [31] for the proof).

LEMMA 3.5.1. Let assumptions (Fy) — (F3) be satisfied. Suppose that o;; € C'(X%) for
some e >0 (i,5,=1..., n), and let ¥ C X1 U X9y be a smooth connected component of Of).
Then:

(1) for any x € ¥ there holds

(3.5.12) &1;3;2) = —vi(z),
= 0%d(z,%) " Oajj(z)

(3513) Z Qg (.’E) W = 2 ij VZ(JJ) 5

2,J=1 2,J=1
(1i) there exist € > 0, C' > 0 such that, for any x € ¥°,

- od(x,%) dd(x, %) )

U ij ’ : < ) ;

(3.5.14) > ay(x) oo o) Cld(z,%)]

,j=1
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moreover, if 3 C X1, there holds

(3.5.15) Md(z,X) > —Cd(z,%).
Proof of Proposition 3.2.7. (i) Since ¥ C ¥4 is compact, there holds
C := min Br () >0.
zex p(x)
Hence from (3.5.12)-(3.5.13) we obtain
1 da;j(x Br(x)
Ld(z,Y) =——— it =— <-=C

%)== Z ) 2 } o)
for any = € 3. By continuity we get
(3.5.16) Ld(z,¥X) < —-C in X¥°

d(-, %)

in Definition 3.2.3, the claim follows.

with € > 0 suitably small. Choosing V := é
(ii) Let 2° € ¥; fix > 0 so small that Q N B,.(20) C ¥¢. Define
h(z) == A1 [d(z,2) + A2 |z — 2°?] (x € QN By (2°); A1, A2 > 0).
It is easily seen that
_ 202 [N~ (1 () (s — 2
(3.5.17) Lh(z) = Al{ﬁd(x, D+ [Z} (a”(z:) 4 by() (2 — x))} }

for any x € QN B,(z%). In view of (3.5.16) and the boundedness of the coefficients, by a
proper choice of A1, Ao the conclusion follows. O

Proof of Proposition 3.2.9. Take ¢ € (0,¢¢) as in Lemma 3.5.1 - (i) and such that 3¢ C QUY..
Then it is easily seen that for any € $¢/2

LZ(z) = M{a[d(m, ) Md(z, ) —

p(z)
o ), D)2 3 (o) T
ij=1 v
[d($, E)]_a —x
> o) {—aC’—a(a+1)C} > —Cyld(z,X)]7¢,

where C1 = C1(a) := [(o + 2)C]/ min p; here use of (3.5.14)-(3.5.15) has been made. Then
Q

(3.5.18) LZ>C(Z+H)>C1Z in ¥/

with € > 0 suitably small (see (3.2.9)-(3.2.10)). On the other hand, there holds
(3.5.19) L£Z=0 inQ\X=,

(3.5.20) LZ(z) > —Cy in ¥\ %/2

for some Cy > 0. Choosing H > C3/¢p and a > 0 so small that Cy < ¢p, from (3.5.18)-(3.5.20)
we obtain
LZ > cyZ in Q;

then the conclusion follows. O
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3.6. Examples

In this section we give a few applications of the above results, limiting ourselves to the
elliptic case. We always assume ¢ € C(Q2) N L*°(Q), v € C(R).

(a) An application of Theorem 3.2.12. Consider the problem

(22 4 d®)uge + 20Yugy + (y? + d2)uyy +Uy, —u=¢ in€)
(3.6.1)
U =y on R,

where Q := B(0) \ {(2,,0) [2* +y* = 1} C R*, R = 9B2(0), S = {(2,,0) |2 +y* = 1},
d= d((:v,y,z), S).

Here dim S = n — 2; moreover, the diffusion matrix of the operator considered in (3.6.1)
is elliptic in 2 U R, but has points of degeneracy on S.

It is easily seen that in this case

vy oz 0 10
M(:B,y,z) = -z -y 0 > AJ_(.’E,y,Z) = < 0 1 ) ((xvywz) € S)
0 0 1

By Theorems 3.2.5 (with & = 0, F = 1), 3.2.12 and Remark 3.4.2, problem (3.6.1) is well
posed in L*°(Q).
(b) The limiting value 8 = 1 in condition (Ag) — (ii)" of Theorem 3.2.12 is not allowed.
Consider the problem

Auf%ﬂ,g(azuquyuy)fu:gb in Q
(3.6.2)

U =y on R,
where Q = B (0) \ {0} C IR?, R = 9B4(0), S = {0}.

The function V (z,y) := 2% + y? is a supersolution of equation
LV =—-1 in Q;

moreover, it satisfies

0= inf V <infV =1.
QUR R

By Theorem 3.1.1, problem (3.6.2) has infinitely many bounded solutions.
Observe that dimS = 0 = n — 2 and r(0) = 2, but Theorem 3.2.12 does not apply. In
fact, condition (Ag) — (i7)’ is not satisfied, since

4
bz, y)| = ——
el = T

Similar remarks can be made when r(y) > 3 or r(y) > 4 for any y € S; we omit the
details.

(¢) A comparison between the results of Theorems 3.2.16, 3.2.20 and those of Theorems 3.2.21,
8.2.23. Consider the problem

((:E,y) € Q)

d*Au —u= ¢ in Q
(3.6.3)
U =y on R,

where a € IR, o # 0, Q = B(0) \ B1(0) € IR, R = 9B2(0), S = 9B:1(0), d = d(z) =
d(z,S) (x € QUR). Depending on the values of the parameter o # 0 different situations
arise, as discussed below.

Nonuniqueness case: o < 2. Set p(x) := [d(z)]”* (x € QU R). By Theorem 3.2.20, problem
(3.6.3) admits infinitely many bounded solutions in L ().
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It is worth observing that Theorems 3.2.21 and 3.2.23 do not apply in this case, due to
the lack of regularity. In fact, problem (3.6.3) can be regarded as a particular case of problem
(3.1.7) with

5281, p:CEl, aij:daéij, biEO (i,j:1,2,3).

When a < 1 condition (F») — (i¢) is not satisfied; hence the functions ar and Sr are not well
defined and Theorem 3.2.21 cannot be applied. However, its conclusion holds true, as seen
above.

When « = 1 conditions (F;) — (F3) are satisfied; moreover, it is easily seen that S; C ¥o.
However, Theorem 3.2.21 cannot be applied, since o;; = dv/ 2517 ¢ C! (6?) (although its
conclusion holds true, as already remarked).

When « € (1,2) condition (Fz)— (i7) is not satisfied, yet in this case the functions ar and
Br are well defined and S; C 1. Theorem 3.2.23 cannot be applied (observe that moreover
oij = de/ 25ij ¢ Cl (?f)), in fact, as already seen, its conclusion is false in this case.
Uniqueness case: o > 2. Set p(z) := [d(z)]”* (x € QUR). In view of Theorem 3.2.16, there
exists at most one bounded solution of problem (3.6.3).

Observe that problem (3.6.3) is a particular case of problem (3.1.7) with

82827 p:CEl, aij:daéija szO (Za]:1>2>3)
In this case conditions (F}) — (F3) are satisfied; moreover, it is easily seen that So C ;. By

Theorem 3.2.23 there exists at most one bounded solution of problem (3.6.3), in agreement
with the above conclusion obtained by Theorem 3.2.16.






CHAPTER 4

On the refined maximum principle for degenerate elliptic and
parabolic problems

4.1. Introduction

Consider an elliptic operator of the form £ — ¢, where

- 0u S

Lu = Qjj —F— bi—

Z jaxz‘ax]‘ + Z ’c‘h:i

7,0=1 =1

and c is a given function, in an open subset 2 C IR"™ with boundary 9€). In the following we

assume {2 to be bounded, although the case of unbounded domains can also be treated.
Concerning the coefficients of the operator £ and the function ¢, in [7] the following

assumption was made:

(1) aij =aj € C(Q), bi, c€ L®(Q) (i,j=1,...,n);
(Hyp) (i) there exist ¢y, Cy > 0 such that
col€[* < X212y aij(2)&i&; < Col¢|? for any x € Q and (&1, .., &,) € R™.

Under assumption (Hp), the so-called refined mazimum principle for the operator £ — ¢
was proved. By standard argument, this implies uniqueness in L*°(2) of solutions to the
corresponding Dirichlet problem, where boundary data need not be prescribed at any point
of the boundary 0f2 (see Section 4.2 for details).

In fact, uniqueness in L>°((2) is ensured whenever Dirichlet boundary conditions are spec-
ified in the subset of 02 where the minimal positive solution Uy to the first exit time equation

(4.1.1) LU = -1 in Q

can be prolonged to zero in a suitable sense. Therefore, in view of the well-known probabilistic
interpretation of equation (4.1.1), boundary conditions are only needed at those points of 92
which can be attained by trajectories of a Markovian particle, starting at some xy € €2, with
generator L (see [31], [35]).

The purpose of the present paper is twofold:

A) We prove the refined maximum principle, and its analogue for the parabolic opera-
tor £ — ¢ — 0/0t, under more general assumptions on the coefficients a;j;, b;, ¢ (see
assumption (H7) below). In fact, our assumptions (although slightly more demand-
ing as for regularity with respect to (Hp) — (7)) allow the coefficients of £ and the
function ¢ to vanish or diverge when dist(z,02) — 0. In addition, ellipticity of L is
possibly lost in €2 and/or when dist(z, 0§2) — 0.

B) Relying on A) above, we obtain uniqueness of solutions in L*°(Q2) for the corre-
sponding Dirichlet boundary value problem, and in L>(Q x (0,7) for the Dirichlet
initial-boundary value problem (see (4.2.11)). We also discuss the link between such
results and those obtained in the papers [60] - [65] by a different approach.

Further interesting information comes from considering ezistence of the Dirichlet boundary
value problem. For instance, existence of solutions to problem (4.2.11) cannot be ensured
without a particular choice of the boundary data (see Theorem 4.3.1 and condition(4.3.1)).
This reveals that the refined maximum principle is in general inaccurate, for it leads to

91
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prescribe boundary data on a larger subset than it is required to make the problem well-posed.
Not surprisingly, prescribing boundary data on a set ”"too large” gives rise to nonexistence
(see Section 4.5)..

Let us finally observe that both the refined maximum principle and the approach to
uniqueness problems developed in [60]- [65] are deeply connected with classical results of the
wide literature concerning degenerate elliptic and parabolic problems (in particular, see [26],
[56] and references therein). We refer the reader to [65] for a discussion of this point.

4.2. The refined maximum principle

Concerning the coefficients of £ and the function ¢, in this section we assume the following;:
(l) Qij = Qj; € Cl’l(Q), b; € CO’I(Q) (l,j =1,... ,77,);
(Hy) (1) 327 =1 aij(2)&€; > 0 for any z €  and any nonzero ({1, ..,&,) € R";
(1i1) c € C(2).
In the sequel we denote by £* the formal adjoint of the operator L:
. " 92(a;v " d(bv

Moreover, notice that sub— supersolutions and solutions of the equation

(4.2.1) Lu—cu=¢ in 2,
respectively,
(4.2.2) Lu—cu—0w=f inQr

are meant in the sense of Definition 1.2.1, respectively Definition 2.2.1; here ¢ € C(R2), f €
C(Qr).

REMARK 4.2.1. (i) The above definitions of solution to equations (4.2.1) and (4.2.2) are
equivalent to those of viscosity solutions of the same equations (see [59]-[65]).
(13) If ¢ > 0, comparison principles hold true for equation (4.2.1) in any open ©; C Q
such that Q; € QU R. The same statement holds for equation (4.2.2) in any open cylinder
1 x (0,7] € Qr, without assumptions about the sign of ¢ (see [59]-[65]).

Inspired by [7], we introduce the following notation. Let {z,} C Q and U € C(2); then

def { there exists zg € 052
<~

U
(4.2.3) Ty — O such that x, — xo, U(z,) — 0.

If FeC(Q), GeC09),

(4.2.4) FZGon o0

et F(zy,) — G(zg) for any zp € 09
such that =, — zo, U(z,) — 0.

Denote by Z C 99 the set of limiting points of sequences {x,} C Q such that =, LA 09,
namely

Z = {x9 € 0Q |z, — x0, U(zy) — 0 for some {z,} C Q}.
In this parlance,
(4.2.5) FZGonon = F(xy,) — G(xg) for any z¢ € Z,
whenever z,, — xo and U(z,) — 0. If U > 0 in , it is easily seen that
(4.2.6) Z = {xy € 09 hzrgir;f U(x) =0}.
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REMARK 4.2.2. In [7] the following definition was made:

2 2 00 & dist(xy,0Q) — 0, U(z,) — 0 as n — oco.

Since 2 is bounded, this is equivalent to (4.2.3).

A similar notation can be used in the parabolic case. For any {(x,,t,)} C £ x [0,7] and
U e C(Q) we set

there exists (zg,t9) € 02 x [0,T]

U def
(4.2.77) (T, tn) = 00 x [0,T] & { such that (i, ta) — (xo.0), U(n) — 0.,

and, if f € C(Qr), g € C(0Q x [0,T)),

U . def f(zp, tn) — g(xo, to) for any (z,t9) € 00 x [0,T]
(4.2.8) f=gin0Qx[0,T] { such that (2, £,) —» (20.to), Ulen) — 0.

The following lemma will be needed.

LEMMA 4.2.3. Let assumption (Hy) be satisfied; moreover, let there exist a supersolution
F > 0 of equation (4.1.1). Then there exists a minimal positive solution Uy of (4.1.1) such
that 0 < Uy < Fin Q.

The proof is the same as in [7]; we sketch it for further reference. Consider for any j € IV
the elliptic problem:
L Uj = -1 in Hj
(4.2.9)
U i = 0 on OH I

where {H;} is a sequence of bounded domains with smooth boundary 0H; such that
oo

(4.2.10) H;CQ, H;CHj,, |JH=q.
j=1

By standard existence and comparison results, there exists a sequence of functions {U;} with
the following properties:

e U; is a classical solution of problem (4.2.9);

° 0<Uj§Uj+1§FinHj (jEﬁV)
By compactness arguments there exists a subsequence of {U;} (also denoted by {U;}) which
converges uniformly in any compact subset of €). It is easily seen that its limit

Up:= lim U; in Q.

j=+oo

has the properties stated in Lemma 4.2.3, thus the result follows.

In [7] the existence of a bounded supersolution F' > 0 of equation (4.1.1) was ensured by
the boundedness of the coefficients and the uniform ellipticity of £ (see assumption (Hp)).
Therefore the function Uy was also bounded, whereas in the present case both F' and Uy are
possibly unbounded (see Definition 1.2.1).

In the following we always assume the existence of the solution Uy considered in Lemma
4.2.3. Then we address the parabolic initial-boundary value problem

Lu —cu— 0w = f(x,t, u) in Qr

(4.2.11) u Ly in 9Q x (0,7]

u = U in Qx{0}.
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Observe that in the above problem boundary conditions are only prescribed on the set Z x
[0,T] (see (4.2.5)).The following assumption will be made:

(1) f € C(Qr x IR) Lipschitz continuous
with respect to u € IR, uniformly for (z,t) € Qp ;
(H2) (ii) g € C(OQ % [0,T]), up € C();

(141) ug 0 g(-,0) on 0N} .
Solutions to problem (4.2.11) are meant in the following sense.

DEFINITION 4.2.4. Let assumptions (H1) and (Hs) be satisfied. By a solution to problem
(4.2.11) we mean any function u € C(2 x [0,T]) such that:
(1) u is a solution of equation (4.2.2);
(i) u L g in OQ x [0,T] ;
(791) uw = ug in Q x {0} .
Subsolutions and supersolutions of (4.2.11) are similarly defined.

Now we can state the following parabolic refined maximum principle.

THEOREM 4.2.5. Let assumptions (Hy) and (Hz) be satisfied; suppose ¢ > c¢1 for some
c1 € R. Let u be a subsolution of problem (4.2.11) with f = g = ug = 0 bounded from above.
Then u < 0 in Q.

From Theorem 4.2.5 we deduce by usual arguments the following uniqueness result.

THEOREM 4.2.6. Let assumptions (Hy) and (Hz) be satisfied; suppose ¢ > c1 for some
c1 € R. Then there exists at most one bounded solution to problem (4.2.11).

Similar results hold for the elliptic problem
Lu—cu=f(x) inQ

(4.2.12)

u? y in 092,
assuming (H;) and
(H3) fec®), veCO).

DEFINITION 4.2.7. Let assumptions (H1) and (H3) be satisfied. By a solution to problem
(4.2.12) we mean any function u € C(2) such that:
(1) w is a solution of equation (4.2.1) with ¢ = f;
(17) u 0 v in OSL.
Subsolutions and supersolutions of (4.2.12) are similarly defined.

THEOREM 4.2.8. Let assumptions (Hi) and (Hs) be satisfied; suppose ¢ > 0. Let u be a
subsolution of problem (4.2.11) with f =~ =0 bounded from above. Then u < 0 in €.

THEOREM 4.2.9. Let assumptions (H1) and (H3) be satisfied; suppose ¢ > 0. Then there
exists at most one bounded solution to problem (4.2.12).
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4.3. Existence results
Concerning existence of solutions of problem (4.2.11) we shall prove the following result.

THEOREM 4.3.1. Let assumptions (Hy) and (Hz) be satisfied with g independent of x,
namely

(4.3.1) g(x,t) = g1(t) ((z,t) € 9Q x [0,T])

for some g1 € C(]0,T)). Suppose f(-,-,0) € L*(Qr) and c, ug € L>°(Q). Then there exists a
bounded solution to problem (4.2.11).

In connection with the above theorem, let us mention that in [7] the existence of bounded
solutions to problem (4.2.12) was proven in the particular case v = 0. The proof extends
to the case 7 = constant, which is the counterpart of condition (4.3.1) in the elliptic case.
However, existence cannot be expected for problem (4.2.12) with any v € C(92), nor for
problem (4.2.11) if condition (4.3.1) is not satisfied (see Section 4.5).

A similar constraint on boundary conditions was already pointed out in [60], [59] in a
more general framework, whenever a subset > C 0f) is attracting in the sense of the following
definition. The reason for this is that the function V below can be regarded as a barrier for
the whole of 3.

DEFINITION 4.3.2. A subset 3 C 0 is attracting for the operator L if there exist ¢ €
(0,e0) and a supersolution V- € C(X¢) of the equation:

(4.3.2) LV =—1 in¥°

such that
V>0 inX\X, V=0 onX.
Here
Y= {x € Q|dist(z,X) < &} (e>0).
In the present case, Uy plays the role of the function V', and the whole of 9} can be

regarded as ”attracting in the sense of Uy”. In fact, the proof of Theorem 4.3.1 is very similar
to that of Theorem 2.32 in [59]; therefore it will be omitted.

In connection with the above remarks let us observe that, if ¥ is attracting and the
coefficients a; j, b; are bounded in ¥° for some € > 0, for any (zg,tg) € ¥ x [0,T] a local
barrier can be constructed - namely, for any (zg,tg) € X x [0,T] there exist § > 0 and a
supersolution h € C(Kj(xo,tp)) of the equation

Lh —ch — Gth =—1 in Kg(;(}o,to) s
such that
h>0 in Kg(xo,to) \ {(xo,to)} and h(xo,to) =0
(here Ks(wo,t0) := (Bs(zo) x (to — b,t0 + 6)) N Qr; e.g., see [30]). In fact, it is easily seen
that the function
h(a,t) := Mexp{ler|t}V (x) + Ao (|2 — zo|* + (¢ = t0)?)]

has the above properties for Ay > 0 big enough, A\s > 0 sufficiently small and § € (0, ¢).
As a consequence, general Dirichlet data g can be assigned on ¥ x [0,7]. This gives the
following theorem, whose standard proof is omitted.

THEOREM 4.3.3. Let assumptions (Hy) and (H) be satisfied; suppose agj, bj,c,ug €
L>*(Q) (i,j = 1,...,n) and f(-,-,0) € L>®(Qr). Then there exists a bounded solution to
problem (4.2.11).
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An analogous result holds for the elliptic problem (4.2.12). In this connection, observe
that assumption (Hp) made in [7] implies a;j, b; € L*(Q2).

4.4. Proofs

The following lemma is an easy extension of Remark 1.2 in [7].

LEMMA 4.4.1. Let w: Q2 x [0,T] = R and U € C(Q), U >0 in Q. Let
(4.4.1) limsup w(zp,t,) <0 whenever (zp,t,) Y o0 x [0,77].

Then for any € > 0 there exists § > 0 such that:
(i) w(z,t) <e at any (z,t) € Q x [0,T] where U(z) < ;
(1) if moreover w < N in Q x [0,T] for some N > 0, there holds

(4.4.2) w(z,t) <e+ % U(x) for any (x,t) € Q x[0,T].

Proof. (i) By contradiction, let there exist 9 > 0 such that for any n € IN there exists
(T, tn) €  x [0,T] such that

1
(4.4.3) 0<U(zy) < s w(xp, ty) > €0

Since € is bounded, there exists a converging subsequence {(z, ,tn,)} C
that its limit (zg,%o) belongs to 92 x [0,T]. In fact, were (xq,tp) €
inequality in (4.4.3) we would have

lim U(zy,) =0=U(xg),

k—o0

since U € C(Q2). However, U(zg) > 0 since g € Q and U > 0 in by assumption. The
contradiction proves the claim.
It follows that

(Tngotn,) 2 02 x [0,T] and w(zn,t,) > ey for any ke N,

which contradicts assumption (4.4.1). Then claim (i) follows.
(17) Fix any (z,t) € Q x [0,T]. If U(x) < 6, then by (7) and the positivity of U in Q we get

{(mnatn)}- We claim
x [0,T7], by the first

N
w(x,t)§6<€+FU($).

Otherwise, we have

U(z) < a—i—%U(m) .

This completes the proof. O
Proof of Theorem 4.2.5 By assumption there exists N > 0 such that

u(z,t) < N for any (x,t) € Q x [0,T].

N

Let U; (j € IN) and Uy be defined as in the proof of Lemma 4.2.3. Since Uy > 0 and u E)
in 0 x [0, 7] (see assumption (Hs)), we can apply Lemma 4.4.1 with v = Uy, w = u. Then
for any € > 0 there exists § > 0 such that

(4.4.4) u(z,t) <e+ % Uo(z) for any (z,t) € Qx[0,7].

We shall prove the following
Claim: For any € > 0 there exists § > 0 such that for any j € IN the function

o(z,1) = {%[Uo(x) ~Uj(a)] e} expllerlt) —u(e.t)  ((e.0) € B x [0.7))
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is a supersolution of problem

Lu—cu—0uw=0 in H;x(0,T)
(4.4.5) u=0 in 9H; x (0,7

u =20 n HJX{O}

Then for any € > 0 there exists § > 0 such that for any j € IN

(4.4.6) umog{%mmyxwmhfﬁmwm) ((x,t) € Hj x [0,T7).

Fix any (z,t) € Qr, and jo € IN such that (z,t) € H; x (0,T) for any j > jo. Letting first
j — 00, then ¢ — 0 in (4.4.6) we obtain u(z,t) < 0; then the conclusion follows.

It remains to prove the Claim. By construction there holds Uy > Uj, thus v is positive in
Q2 x [0,T]. To prove that v is a supersolution of the differential equation in (4.4.5), fix ¢ > 0
arbitrarily and choose § > 0 such that (4.4.4) holds; then fix any j € IN. Since both U; and
Uy solve the equation

LU = -1 in Hj,
there holds

N
/[(%—@Hfzwmzo
iy L0

for any fixed t € [0, 7] and ¢ = ¥ (-,t) € C§°(H; x (0,T)), ¢ > 0 (see Definition 1.2.1). Hence
multiplying by exp(|c1]t) and integrating in (0,7) gives
(4.4.7) / v L% dxdt = 0.

H;x(0,T)

On the other hand,

(4.4.8) / v O dadt = —/ le1] v dxdt.
HjX(O,T) HjX(O,T)

From (4.4.7)-(4.4.8) we obtain
(4.4.9) / (v—u){LY — )+ O} dxdt <O,
H;%x(0,T)

since u is a subsolution of problem (4.2.11) with f = g = ug = 0. This completes the proof.(]

Proof of Theorem 4.2.6. Let u; and ug be two bounded solutions of problem (4.2.11). Set
U= uy —uy, M := max{||u1]|co, ||u2]|oc }. Then for any ¢ € C§°(Qr), ¥ > 0 there holds

/ W{LY —cp + O} dadt = flz,t, ug) — f(x,t, up)y dedt > —/ L|a| v dzxdt

Qr

where L > 0 is the Lipschitz constant of the function f(z,t, ) in the set Q7 x[—M, M], uniform
for (z,t) € Qr (see Definition 2.2.1 and assumption (Hsz)). Therefore @ is a subsolution of
the problem

Lu—cu+ Llu| —0u=0 in Qx(0,T)

(4.4.10) u Lo in 90 x (0,T]

u =0 in Q x {0}
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(see Definition 4.2.4), and, in view of Remark 4.2.1, a viscosity subsolution to the differential
equation in (4.4.10). Clearly, the function 44 := max{a, 0} is a viscosity subsolution to the
same equation, thus a subsolution to the problem

Lu+(L—cu—0u=0 in Qx(0,7)

(4.4.11) u Lo in 99 x (0,7

u =0 in Q x {0}
in the sense of Definition 4.2.4), again by Remark 4.2.1. By Theorem 4.2.5 we obtain 44 < 0,
thus we < wq. It is similarly proved that u; < usg; hence the conclusion follows. [

4.5. Further remarks

In this section we show by an explicit example that solutions to problem (4.2.11) need
not exist, if condition (4.3.1) is not satisfied. To this purpose we make use of the approach to
uniqueness problems developed in [60] - [59] (see also [65] for corresponding elliptic results).
As a by-product of the following discussion, it appears that this approach is sharper than
that based on the refined maximum principle.

In the general setting we are dealing with, one cannot prescribe boundary data at any
point of 9Q x [0, 7] in the parabolic case, or of 9 for elliptic problems. Therefore it is
natural to think of 02 as the disjoint union of the regular boundary R and the singular
boundary S := 02\ R, assuming that the coefficients a;;, b;, ¢ are regular and the operator £
elliptic only in the set Q UR. Accordingly, one addresses the Dirichlet initial-boundary value
problem

Lu —cu— 0= f(z,t,u) in Qr
(4.5.1) u=g in R x (0,7

u = ug in (QUR) x {0}.

If uniqueness for problem (4.5.1) fails, it is natural to try and recover it by assigning
boundary data also on some subset S; x [0, T, for some S; C S. This suggests to address the
problem

Lu —cu —u= f(zx,t, u) in Qr
(4.5.2) u=g in (RUS1) x (0,7

u = up in (QURUS:) x {0}.
Our assumptions concerning the regular boundary R and the singular boundary S are sum-
marized as follows:
(i) 0=RUS, RNS=10,S#0;
(ii) R C 0 is open, € satisfies the outer sphere condition at R ;
(Z’LZ) S=85US8, S§NS = (Z);
(iv) &1 and Sy have a finite number of connected components.

(Hs)

The counterpart of assumptions (Hy), (Hz) are
(i) aij =aj; € CPYQUR), b € COHQUR) (i,j=1,...,n);

(H7p) (1) D27 =1 aij(2)&€; > 0 for any z € Q UR and any nonzero (&1, ., &n) ;
(i7i) c € C(QUR),
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respectively

(i) f € C(Qr x IR) Lipschitz continuous

with respect to u € IR, uniformly for (x,t) € Qp ;
(i) g € C(RUSy) x [0,T]), up e CQURUS:);
(#ii) up = g(-,0) on RUS; .

(Hj)

In the following we choose R as the largest subset of J€) where ellipticity of the operator £
holds (see assumption (Hjp) — (ii)).

Notice that solutions to the problem (4.5.2) are meant in the sense of Definition 2.2.2.

REMARK 4.5.1. In view of assumption (Hj), there holds Uy € C(QUR) and Uy = 0 on
R; hence R C Z, where Z; denotes the set Z relative to the function Uy (see (4.2.6)). As
a consequence, a solution u to problem (4.2.11) belongs to C((QUR) x [0,T]) and satisfies
u=gin R x (0,7], thus it is a solution of problem (4.5.1).

In the present approach, instead of considering the minimal positive solution Uy of equa-
tion (4.1.1) and prolonging it to zero at the boundary, we consider the problem

LU = -1 in Q
(4.5.3)
U=0 in R.

By a subsolution of problem (4.5.3) we mean any function U € C(QUR), which is a subsolution
of equation (4.1.1) and is nonpositive on R. Then we have the following uniqueness result
(see [59]).

THEOREM 4.5.2. Let assumptions (Hs) and (H{) — (H}) be satisfied; suppose Sz # 0, ¢ >
c1 for some ¢y € IR. Let there exist a subsolution Z < H < 0 of problem (4.5.3) such that

454 li Z(x) = —o0.
( ) dist(wlglg)—ﬂ (@) >

Then there exists at most one solution w € L= (Qr) of problem (4.5.2).

Now we can discuss the example mentioned at the beginning of this section. Consider
problem (4.2.11) with
1

4.5.5 Lu = Uz + YUy
(4.5.5) (—yZ—i—%y)sinx[ ez + Yt

Q= (0,7) x (0,3), g € C(ON x [0,T)), up € C(Q),up = g in 2 x {0}, f(-,-,0) € L=(Qr).
We claim that the problem does not have a bounded solution for any g as above.

To prove the claim we need some preliminary remarks.
(7) Tt is immediately seen that in this case R = 0, thus & = 9. Choose S&; = ({0,7} X
[0,2]) U [0, 7] x {3},S2 = [0, 7] x {0}. The function Z(z,y) := 2% + logy — n? satisfies

Z <0 in Q, LZ >0 in ), Zlliir(l)Z(a:,y):—oo.
Then by Theorem 4.5.2 the problem

W [um + y2uyy] — =0 in Qr
(4.5.6) u =g in §; x (0,7]

u =g in(QUS) x {0}.

has at most one bounded solution.
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(41) In this case the function Uy belongs to C(Q2) and satisfies Uy = 0 on 9f - namely, Zy = 95).
In fact, the function

Viey)=y(s - ysine  ((y) €0)

is a positive supersolution of the problem

LU = -1 in Q
(4.5.7)
U=0 on of).

(#31) Clearly, the function @ := Uy —t is a bounded solution of problem (4.5.6) with g(x,y,t) =
—t and ug = Uy, namely

1

(—y2+3y)sinz [tz + Y uyy] —Ou=0  inQr

(4.5.8) u = —t in S x (0,7]

u = Uy in(QUS;) x {0}.
(observe that condition (H}) — (¢i7) is satisfied, due to (i) above). In view of the above
remark (i), it is the unique bounded solution of (4.5.8). There holds

(4.5.9) lim u(z,y,t) = —to for any (zo,yo,t0) € S2 x [0, T].
(Jf,y7t)—>($0,y07t0)

Now we can prove the above claim. Consider problem (4.2.11) with £ given in (4.5.5),
f=c¢=0and uy = Uy. Choose g € C(92 x [0,T]) such that g(z,0) = 0 for any = € 99,
g(x, Y, t) = —tfor any (JJ, Y, t) € S1% [07 T]7 g(.’IJ(), Yo, tO) 7é —to for some (l‘o, Yo, tO) € Sa% [07 T] .
Then there holds

1

2 B .
(—y2+1y)sinz [u“ +y uyy} —Oiu=0 in Qr

D4 in 00 x (0, 7]

u = Uy in Qx{0}.

Since Uy € C(Q) and Uy = 0 on 952, this simply reads

1

(—y2+1y)sinz [tz + Y uyy] —Ou=0  in Qr

u:Uo in QX{O}.

Any bounded solution of problem (4.5.10) is also a bounded solution of problem (4.5.8). As
already remarked, % is the unique solution of (4.5.8); however, in view of equality (4.5.9) and of
the choice of g, it cannot satisfy the boundary condition at the point (xg, yo,%o) € S2 x [0,T7].
Therefore no solution of problem (4.5.10) exists, and the claim follows.

The above discussion also points out that Theorem 4.5.2 can be sharper than Theorem
4.2.5. In fact, in the above example the latter leads to assign boundary conditions on the
whole of 992 x [0, T'], whereas only boundary data on a proper subset are required to make the
problem well-posed. Not surprisingly, prescribing boundary data on a set "too large” gives
rise to nonexistence.

In this connection, let us mention that the above techniques can be combined with the
ideas underlying the refined maximum principle to prove sharper results. For instance, if the
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sets
I' :={zp € S| liminf Up(z) = 0} =S N 2y, r“:=8\T
T—x0

satisfy suitable conditions, then we can prove existence of solutions to problem (4.2.11) with-
out requiring condition (4.3.1) to be fulfilled at the regular boundary R. This is the content
of the following theorem.

THEOREM 4.5.3. Let assumptions (H}) and (H)) be satisfied; suppose ¢ € L*(I'¢) for
some e >0, f(-,-,0) € L®(Qr). In addition, let the following assumptions be satisfied:

o there exists ¢ € C((QURUT) x [0,T]) such that g = ¢ in (TUR) x [0,T],up = ¢

in Q x {0};
e there exists g1 € C([|0,T]) such that
(4.5.11) g(w,t) = g(t) for any (z,t) € T x [0,T];
- up(z) = g1(0)  for any x € T';

e ' and I'* have a finite number of connected components ;
e there holds

(4.5.12) rNAr*NorR =10.
Then there exists a bounded solution to problem (4.2.11).

To prove Theorem 4.5.3 we need some preliminary remarks.

Denote by Uy C IR"™ a neighborhood of dI' N 9I'* and by Us C IR™ a neighborhood of
O NOR. If OT NOT* = 0, we take Uy = 0,Us D T'¢; if OT NOR = 0, we take Uy D T'¢, Uy = (.

Observe that, if condition (4.5.12) holds true, then we can choose U; and Uy such that
Uy NUy = and
(4.5.13) [0 N (T%)% C Uy, [0 AR C Uy, [0\ [T0/2 U] CQUR.

for some g¢ > 0.
Next proposition holds true.

PROPOSITION 4.5.4. Let assumptions of Theorem 4.5.3 be satisfied, g > 0 be given by
(4.5.13) and € € (0,e0). Then there exists a nonnegative supersolution H to equation

(4.5.14) LH=-1 inT®

with the following properties:
(i) H € C(I'*) N LSC(T¢) ; B
(79) inf 4= H > 0, where A® :={z € Q|dist(z,I") = ¢};
(1i1) H=0 in T.

Proof of Proposition 4.5.4. Consider Y € C?(T'¢) such that 0 < x <1, x = 1in AN, x =0
in /2 U U;. Notice that, in view of (4.5.13) and assumption (Hs), there exists a positive
constant a such that

(4.5.15) Lx <a inT\[[20Uy].
Moreover,
(4.5.16) Lx =0 inD2uu.
Define
(a+1)Uy(z) + x(z) if zeTe\ o0
(4.5.17) H(z):=

(v + 1) liminf, ., Up(y) + x(x) it xeol*NoQ.
Since Uy is a solution of problem (4.5.3), from (4.5.15)-(4.5.16) we arrive to:
(4.5.18) LH < —(a+1)+a in I\ (T20l),
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(4.5.19) LH< —a—1 inI?0U,

whence H is a supersolution to equation (4.5.14). It is easily seen that H is nonnegative and
fulfills conditions (i) and (#¢7). In addition, since x = 1 in A NUs and liminf, ., Up(y) > 0
for any x € I'*, we have that property (i7) is satisfied, too. O

Proof of Theorem 4.5.3. In view of Proposition 4.5.4, we can repeat the proof of Theorem
2.22 in [59] (see also Chapter 4, Theorem 2.2.22) to obtain the result. O



CHAPTER 5

On the Cauchy problem for nonlinear parabolic equations
with variable density

5.1. Introduction

We provide sufficient conditions for uniqueness or nonuniqueness of bounded solutions to
the following Cauchy problem:

pOu=A[G(u)] in R"x (0,T] =: Sr
(5.1.1)
u = ug in R"™ x {0}.

Here n > 3, T > 0, the density p = p(x) is a positive function, ug is bounded, G is increasing
and sufficiently smooth; precise assumptions on p, ug and G will be made in Section 5.2.

Problem (5.1.1), which arises in situations of physical interest (see [45]), has been the
object of detailed investigation. In fact, it is well-known that it turns out to be well-posed in
the class of bounded solutions when n < 2 and p is sufficiently smooth, or when n > 3 and
p is constant (see [6], [37], [42]; see also [11]). Moreover, by results shown in [43] it follows
that problem (5.1.1) with p = p(r), up = up(r) > 0, n > 1 (r = |z|) has a unique bounded
nonnegative radial solution also when

/Ooorp(r)drzoo.

On the contrary, when n > 3 and p — 0 sufficiently fast as » — oo, some conditions at infinity
are needed to restore well-posedness (see [21]-[23], [43], [45], [68]). Observe that conditions
at infinity considered in the mentioned literature are of Dirichlet type and homogeneous, for
they imply that the solution goes to zero as r — oo in a proper sense. However, in the
particular case G(u) = u, in [44] conditions at infinity of different type were considered.
More precisely, existence and uniqueness of bounded classical solutions to problem (5.1.1)
with G(u) = u, which satisfy at infinity in a suitable sense either inhomogeneous conditions
of Dirichlet type, or conditions of Neumann type, were proved.

The aim of this paper is to prove the following:

(7) uniqueness of bounded solutions to problem (5.1.1), not satisfying any additional
condition at infinity, when p(z) — 0 slowly, or p does not go to zero, as r — oo (see Theorem
5.2.3);

(i) existence of bounded solutions to problem (5.1.1), satisfying at infinity possibly inho-
mogeneous conditions of Dirichlet type, when p(z) — 0 sufficiently fast as r — oo (see Theo-
rems 5.2.8, 5.2.11 and 5.2.15) . Observe that these results, in particular, imply nonuniqueness
of bounded solutions to problem (5.1.1).

The uniqueness result outlined in (7) above generalizes those given in [43] in the case with
radial symmetry (see Remark 5.2.5); furthermore, it extends to the nonlinear case uniqueness
results established in [37] for general linear parabolic equations (see also [20]) .

Besides, the results outlined in (i) generalize the existence results given in [23], [43] and
[44] (see Remarks 5.2.9 and 5.2.13).

103
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5.2. Mathematical background and results

In what follows we always assume:

(i) peC(R"),p>0;
(Ho) (i) G € CY(IR), G(0) =0, G'(s) > 0 for any s € IR\ {0},
0 G’ decreasing in (—4, 0) and increasing in (0, 6), if G'(0) =0 (§ > 0);
(141) wp € L®°(R™) N C(IR").

Solutions, sub- and supersolutions of problem (5.1.1) are always meant in the following
sense.

DEFINITION 5.2.1. By a solution of problem (5.1.1) we mean a function u € C(St) N
L>(St) such that

/T/ {pudpp + Gu) Ay} dudt = / p [u(z, )¢z, 7) — uo(z)y(z,0)] do+
0 J 91

(5.2.1) .
—1—/ G(uw){(V, v)do dt
0 o

for any bounded open set 1 C IR"™ with smooth boundary 0Qy, T € (0,T), v € C%1(Q x
[0,7]),% > 0,¢ =0 in 0 x [0, 7]; here v denotes the outer normal to Qy and (-, -) the scalar
product in IR™.

Supersolutions (subsolutions) of (5.1.1) are defined replacing” =7 by ” <7 (7 > 7,
respectively) in (5.2.1).

Observe that, according to Definition 5.2.1, solutions of problem (5.1.1) we deal with are
bounded in St .

5.2.1. No conditions at infinity. Let us mention the following result concerning ex-
istence of solutions of (5.1.1), which can be proved by standard methods (see e.g. [23], [43],
[60]).

THEOREM 5.2.2. Let assumption (Hy) be satisfied. Then there exists a solution of problem
(5.1.1).

Concerning uniqueness, the following result will be proved (here Bg := {z € R"||z| <
R} (R>0)).

THEOREM 5.2.3. Let assumption (Hy) be satisfied. Moreover, suppose that

there exist R > 0 and pE C([R,>)) such that
(Hp) (i) p(z) > p(Jz]) >0 for any x € R" \ By, and
(i) [z np(n)dn = oo.

Then there exists at most one solution of problem (5.1.1).

REMARK 5.2.4. A natural choice in Theorem 5.2.3 is p(n) :=1n~* (n € [R,00)) for some
o€ (—o00,2] and R > 0.

REMARK 5.2.5. Let p = p(r), up = up(r) > 0 and assumptions of Theorem 5.2.3 be
satisfied. Then by Theorem 6.2 of [43] there exists at most one nonnegative solution u =
u(r,t) of problem (5.1.1). This is in agreement with Theorem 5.2.3.
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5.2.2. Dirichlet conditions at infinity. If p satisfies the condition
(H2) I'spe L>®(R"),

where I' is the fundamental solution of the Laplace equation in IR", then any solution of
problem (5.1.1) has a trace at infinity in a suitable sense. This is the content of the following,.

THEOREM 5.2.6. Let assumptions (Hy), (Hz) be satisfied. Let u be any solution of problem
(5.1.1) and

t
(5.2.2) Ul 1) = / Glu(e,7))dr ((z,1) € S1).
0
Then there exists a function A € Lip(]0,T]) with A(0) = 0 such that

(5.2.3) lim

— U(x,t)— A(t)|do =0
R—o0 |8BR| aBR} ( ) ()’

uniformly with respect to t € [0,T].

REMARK 5.2.7. (7) In [12] it was proved that condition (H2) is equivalent to the existence
of a bounded solution to the first exit time equation (see [35])

(5.2.4) AU = —p in IR".
(79) Clearly, assumption (H;) excludes (Hz2) to be satisfied.

For any given A € Lip([0,T]) equality (5.2.3) can be also regarded as an inhomogeneous
Dirichlet condition at infinity . Existence of solutions to problem (5.1.1) satisfying condition
(5.2.3) is dealt with by the following theorem.

THEOREM 5.2.8. Let assumptions (Hy), (H2) be satisfied and A € Lip([0,T]) with A(0) =
0. Then there exists a solution u of problem (5.1.1) satisfying condition (5.2.3), with U defined
in (5.2.2).

REMARK 5.2.9. (i) Theorems 5.2.6 and 5.2.8 with G(u) = u were proved in [44], Theorems
1.1-1.2.
(7i) Results corresponding to Theorem 5.2.8, concerning nonnegative solutions of problem
(5.1.1) with up > 0 were proved in [23] in the case A =0.
(7i7) It is known that there exists at most one solution u € L*°(Qr) to problem (5.1.1)
satisfying condition (5.2.3) when G(u) = u (see [44]), or when u > 0, up > 0 and A =0 (see
23)).

If assumption (Hj) is replaced by the stronger condition
there exist R > 0 and p € C([R,0)) such that
(Hy) (i) (@) <7lla) for any » € R\ By, and
(i)) [z np(n)dn < oo,
the following refinements of Theorems 5.2.6 and 5.2.8 are obtained.

THEOREM 5.2.10. Let assumptions (Hy), (Hs) be satisfied; let u be any solution of problem
(5.1.1). Then there exists a function A € Lip([0,T]) with A(0) =0 such that

(5.2.5) ll‘im |U(z,t) — A(t)| = 0

uniformly with respect to t € [0,T], with U defined in (5.2.2).
THEOREM 5.2.11. Let assumptions (Hy), (Hs) be satisfied and A € Lip([0,T]) with A(0) =

0. Then there exists a solution u of problem (5.1.1) satisfying condition (5.2.5), with U defined
in (5.2.2) .
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REMARK 5.2.12. A natural choice in Theorems 5.2.10 is p5(n) := n~% (n € [R,00)) for
some « € (2,00] and R > 0.

REMARK 5.2.13. (i) Results analogous to Theorem 5.2.11, concerning nonnegative radial
solutions of problem (5.1.1) with p = p(r), ug = uo(r) > 0 are proved in [43], Theorem 6.1
when A=0.

(77) Conditions similar to (H;) and (Hs) have been used in [58] to study uniqueness of
solutions to linear degenerate elliptic and parabolic equations in bounded domains.

If in Theorems 5.2.6 and 5.2.8 we replace assumption (Hz) by the weaker condition
(Hy) there exists xg € IR™ such that {T" % p}(z¢) < o0,

we obtain the following results.

THEOREM 5.2.14. Let assumptions (Hy), (Ha4) be satisfied; let u be any solution of problem
(5.1.1). Then there exist a function A € Lip([0,T]) with A(0) = 0 and a sequence {xpy} C
R", |x,| — 00 as m — oo such that

(5.2.6) lim |U(zp,t) — A(t)] = 0
uniformly with respect to t € [0,T], with U defined in (5.2.2) .

THEOREM 5.2.15. Let assumptions (Hy), (Hy4) be satisfied and A € Lip([0,T]) with A(0) =
0. Then there ezists a sequence {xm} C IR", |xm| — 00 asm — oo and a solution u of problem
(5.1.1) satisfying condition (5.2.6), with U defined in (5.2.2).

REMARK 5.2.16. If assumption (Hy) is satisfied, then {I" * p}(z) < oo for any x € IR"
(see [12]).

REMARK 5.2.17. Results similar to Theorem 5.2.15 are proved for more general parabolic
problems in [60], where also bounded domains are considered .

5.3. Proof of uniqueness result
The following lemma will play a key role in the proof of Theorem 5.2.3.

LEMMA 5.3.1. Let n > 3 and ¥pr be the solution of the elliptic problem:

AU = —F in Bg
(5.3.1)
U=0 on OBg,

where R > 1, F € Cg°(R"), suppF' C By, F > 0,F # 0. Then there ezists a constant C > 0
(which depends only on n and on the function F') such that for any R > 1 the following holds:

(5.3.2) —CR'"™ < (Vyr,vR) < 0 on OBg;
here vg denotes the outer normal to Bg.

Let us recall that if n > 3, the solution of the problem (5.3.1) (with R > 1) is given by
(e.g., see [32]):

Yr(r) = — ; Gr(z,y) Fy)dy = — ; Gr(x,y) F(y)dy (x € Bg).

Here

I’(\x—y\)—f’(%' y—‘lj—;x’) ifr,ye R",z#0
(5.3.3) Gr(z,y) :=

I(ly)) —T(R) ifr,ye R",z=0
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is the Green’s function for Bpg, with

1 2—n
— =" moifr>0

I(r):=
— 0 ifr=0,

and w,, denotes the volume of the unit ball By of IR"™.

By the maximum principle we have ¥g > 0 in Bg for any R > 1. This implies that the
function ¥r, — ¥gr, (1 < R; < Ry) is a subsolution of problem

AU =0 in BR1
(5.3.4)
U=0 ondBg,

thus again by the maximum principle

(5.3.5) Yr, < YR, in Bg, (1< R <Ry).
It is also worth observing that by (5.3.5) and the monotone convergence theorem we have
(5.3.6) Jim vr(a) = bue(o) 1= = [ Tlo=y) Pl)dy (e ).
1

Proof of Lemma 5.3.1. Clearly, by the strong maximum principle there holds (Vir, vg) <0
on 0Bpg for any R > 1.

Moreover, for any R > 1, x € 0Br, i =1...,n we have

0 0 0 R?
et = = [ {GEre =) = GEr (= fah P ay.

0
1B — — .9 _ -n
oz, L U = vl = (@i = wa)le =y,
o /x| R? 1 g R? |-n R? |2
o= o) = et ] (o ]

~R2[yifaf? + 2R — 2(z,))| } (v € By).
The previous equalities imply

(Vir(z), vr(z)) =
[ o=y 2R 2R () = R = o} F )y

for any R > 1, x € 0Bpg.
Observe that for any R > 1,2 € 0Bg,y € By we have

(5.3.7) 1

(5.3.8) R-—Ry<|lr—y|<R+1,
with Ry € (0,1) such that supp F C Bp, ; moreover,
(5.3.9) (@, )| < R.

From (5.3.7)-(5.3.9) we obtain

2R+24+ R M(R+1)?
nwp (R — Ro)™

for any R > 1, z € dBg and for some C > 0 which depends only on n and on the function
F'. The proof is complete. O

(Vr(z), vr(z)) =

/ F(y)dy > —CR'"™
Bi
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For any R > 0 consider the auxiliary problem
pUt = A[G(u)} in BR X (O,T] =: QR,T

(5.3.10) u=gq in 9B x (0,7T)

U = ug in BRX{O},
where ¢ € L*(0Br x (0,T)).

DEFINITION 5.3.2. By a solution of problem (5.3.10) we mean a function u € C(Qrr) N
L>®(Qr,) such that

/T/ {pud + G(u)AY} dudt = / p [u(z, 7)¢(z, 7) — uo(z)y(z,0)] dz+
0 951

// u)(V, v dadt+// (p)(V, v)do dt
801\833 aﬂlmaBR

for any bounded open set Q C Br with smooth boundary 01, 7 € (0,T], v € C?1( x
[0,7]),% > 0,¢ =0 in 9 x [0, 7]; here v denotes the outer normal to ;.
Subsolutions and supersolutions are defined accordingly.

It is well-known that existence, uniqueness and comparison results hold true for problem
(5.3.10) (e.g. see [23], [60]).

Now we can prove Theorem 5.2.3. The proof is modelled after that given in [43] for the
casen = 1.

Proof of Theorem 5.2.3. Let uy, ug be any two solutions of problem (5.1.1); set
M := max{ [[u1][oo, |[uzloc} -

For any R > 0 let ur be the unique solution of problem (5.3.10) with ¢ = —M. By comparison
results we have:

(5.3.11) —M <up<u; and —M <ur<uz in Qrr.
By usual compactness arguments there exists a subsequence {ug,,} C {ugr} which converges

uniformly in any compact subset of St. Set

w:= lim ug, in Spr.
m—0o0

The function u is a solution of problem (5.1.1); moreover, from (5.3.11) we obtain
(5.3.12) —M<u<wu and —M<u<wuy in St.

The conclusion will follow, if we show that
(5.3.13) U] = u = ug in St.

Set w = uy or w = ugy for simplicity. In view of assumption (Hg) — (i%), to prove (5.3.13)
it is sufficient to show that

T
(5.3.14) / [G(w) — G(w)] Fdxdt =0
B’ﬂ

for any F' € C3°(IR"), F > 0. It is not restrictive to assume supp F' C By, F' # 0, as we do
in the following.

From problem (5.1.1) we have

p (0w — Bu) = A[G(w) — G(uw)] in Sr
(5.3.15)
w—u =0 in IR"™ x {0}.
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Then from equality (5.2.1) with Q; = B (R > 1), we obtain

/BRP(:E)[?U( 7) — u(z, 7)| YRz dg;+/ /BR G(w)| F(x) do dt —

- / / {G(w) = G(w) } VR, vR) do dt,
o Josg

1 denoting the solution of (5.3.1). Since F' > 0, ¥gp > 0, w > w and (H;) — (¢i) holds true,
equality (5.3.16) with 7 = T gives

T
/ [G(w) — G(w)|F(z) dudt <
0 R™

(5.3.16)

(5.3.17) .
gliminf‘/o /83 {G(w)—G(g)}(va,uR>dadt’.

R—o00

Hence (5.3.14) will follow, if we prove that

R—o0

T
(5.3.18) liminf | /0 /8 {6(w) = G}V, ) dodi| = 0.
Define .
o(R) ::/0 [ {Gw)~Gw}drdt (R>0).

We shall prove that
(5.3.19) liminf R'""p(R) = 0,

R—o00

whence the conclusion follows easily. In fact, by (5.3.19) there exists a sequence {R,,} C
(0,00), Ry, — 00 as m — oo such that
(5.3.20) lim RL"0(R,) = 11}§ninf31*”go(3) =0.

Then

‘/T/aB {G(w) - GW) }(VYr,,, VR,,) dodt| <

< CRL™ / /aB — G(u)}dodt = CRy, " o(Rp) — 0
Rm

as m — oo. This implies (5.3.18), whence (5.3.14) and the conclusion follow.
It remains to prove (5.3.19). To this purpose suppose by contradiction

liminf R'™"p(R) > v;

R—o00
for some v > 0; then there exists R > 1 such that
(5.3.21) RY"(R) > % for any R > R.

From (5.3.2) and (5.3.16) we have
(5.3.22)
T
/ / p(@)[w(z,7) — u(z,7)|Yr(2) drdr <
0o JBr

g/T/T {G(w) = Gw)}|(Vib, va)|dodtdr <
o Jo JoBg

T T
< < o2
<2 max G(r)|/0 / /83R )<V¢R,VR>‘dadth <PPBIC_ max | [G()].
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for any R > 1.
Letting R — oo in (5.3.22), by (5.3.5)-(5.3.6) and the monotone convergence theorem we
have

T
(5.3.23) /0 / o) e, ) = 7)o ) dadr < ATOBIIC o (G

On the other hand, we have

T
/0 / n p(@) [w(z, ) — u(w, 7)] Yo () dadr >
T
(5.3.24) > 2 /0 / @) [Glw) — Gw)] v (@) dadr >

1 T
> / /R oy, PO [C0) = G () do

here R := max{R, R}, L := [rn]z@xM} G'(s). Observe that for any € IR" \ By and y € B;
se|—M,

(5.3.25) |z —y| <2|z|.

By (H1), (5.3.6), (5.3.21) and (5.3.25) we have

/ /IR"\B p(2) [G(w) = G(u)]thoo () ddr =

T
=i | [ pCE) @] [ gDy drar >

T
- H"/o / "B, p(lz)[G(w) = G)] [ |z —y>"F(y)dydaedr >

By
2—n 2—n
> 92, dy/ /n\B 2" p(J]) [Gw) — G dardr =
__92—n 2— n odr
=2, | F(y)dy/R R / /BBR G(w)]dod }dR
=22""H, | F(y)dy T peen p(R)p(R)dR >
B R

“+oo
>y2l7" |, F(y)dy/ Rp(R)dR = 0,
By R -

where Hn = W

7—3yw, - Lhe above inequalities and (5.3.24) yield

/ | o)l 1) - w1 e(w) dodr = o,

in contrast with (5.3.23); hence (5.3.19) follows. This completes the proof. U
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5.4. Proof of nonuniqueness results

5.4.1. Proof of Theorems 5.2.6 and 5.2.8. In the sequel we deal with bounded solu-
tions to elliptic problems of the following type:

AU =—pf inQ
(5.4.1)
U=y in 092,
where ) is an open subset of IR" with smooth boundary, f € C(Q2) and g € C(09).
Let us make precise the definition of solution of problem (5.4.1).

DEFINITION 5.4.1. By a solution of problem (5.4.1) we mean a function U € C(2)NL>(2)
such that

UAydr = / U(V,v)do+

o} 81 \00

v do — d
+/mmgg< Y,v)do /lefw T

for any open set 1 C Q with smooth boundary 91, v € C%(Q1), > 0,4 = 0 on 9Qy; here
v denotes the outer normal to Qq. Subsolutions and supersolutions are defined accordingly.

(5.4.2)

Moreover, we will consider the elliptic equation
(5.4.3) AU = —pf in IR",
with f € C(IR").

DEFINITION 5.4.2. By a solution of equation (5.4.3) we mean a function v € C(IR")
satisfying equality (5.4.2) with Q = IR™.

REMARK 5.4.3. (i) Let U € C(IR"). It is easily seen that U is a solution of equation
(5.4.3) if and only if it satisfies

(5.4.4) /nUAzp = —/]Rnpfwdx

for any ¢ € C2(IR"™). Then U is a solution of equation (5.4.3) if and only if U is a viscosity
solution of the same equation (see [?]).
(7i) By (i) above and the standard theory of viscosity solution any bounded solution of
equation (5.4.3) with f = 0 is constant.

In the following lemma we recall the content of Lemma 2.1 in [44].

LEMMA 5.4.4. Let assumptions (Hp) — (i), (Hz2) be satisfied and f € C(IR™) N L>°(IR") .
Let U be a bounded solution of equation (5.4.3). Then there exists A € IR such that

(5.4.5) lim

U—-Aldo =0.
R—o0 |8BR’ 3BR| |

REMARK 5.4.5. In connection with the above lemma, observe that in Lemma 2.1 in [44]
U is a classical bounded solution of equation (5.4.3). However, in view of Remark 5.4.3 it is
easily seen that the same proof also holds in the present situation.

The proofs of Theorems 5.2.6 and 5.2.8 follow by a standard adaptation of those of
Theorems 1.1, respectively 1.2 in [44]; we limit ourselves to give only their hint.
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Hint of the proof of Theorem 5.2.6. 1t is easily seen that the function U defined in (5.2.2) is
a solution of the equation
AU(-t) = —plug —u(-,t)] in R"
for any t € (0,7]. In fact, by Definition 5.2.1 we have
Ule.t) ab(o)dz = [ pla)luet) ~ w@)] v(o)ds+ [ V(e 0)(Vw,v)do
Q4 Q4 o
for any Q; and ¢ = ¢(z) as in Definition 5.4.1.

Since assumptions (Hp), (H2) are satisfied and u € L*(S7), we can apply Lemma 5.4.4;
hence there exists a function A : (0,7] — IR such that the equality (5.2.3) holds for any
€ (0,7]. By the same arguments used in the proof of Theorem 1.1 in [44], it is shown that

(1) A € Lip([0,T7),
(73) the convergence in (5.2.3) is uniform with respect to ¢t € [0, 7] .
This proves the result. O

Observe that for any A € Lip([0,T]) the derivative A’ exists almost everywhere in [0, 7]
and belongs to L*((0,T)).

Hint of the proof of Theorem 5.2.8. For any R > 0 let ur be the unique solution of the
problem

pdu=A[G(u)] in Qpr

(5.4.6) u=G (A in 9BR x (0,7)
U = ug n BRX{O}.
By comparison results we have
(5.4.7) lur| < |Juollco + max |IG7Yr)| =M inQgrr.

—[[A oo <r<[|A"|oo

By usual compactness arguments there exists a subsequence {up,, } C {ur}, which converges
uniformly in any compact subset of St to a solution u of problem (5.1.1).
Define U as in (5.2.2) and

t
(5.4.8) Ugr(z,t) ::/ G(ug(z,7))dr ((x,t) € QR,T) )
0
Observe that Ugr,, — U in S as m — oo.
Let us show that for any ¢t € (0,T] the function Ug(-,t) satisfies the problem

AU = —plup —ug(-,t)] in Br
(5.4.9)
U= A(t) in 8BR .

In fact, by Definition 5.3.2

/ Ur(z, t)Ay(x / p(x) [ur(z,t) — uo(2)]|9 () de+
QO 951

] o R0 (T0E), A do s [ A) (V.0 do

for any ¢t € (0,77, Q1 and ¥ = 9(z) as in Definition 5.4.1.
It is easily seen that the function

Vr(x,t) = : Gr(z,y)p(y)[uo — ur(y, t)]dy + Ar(t) ((z,t) € Qrr)

(5.4.10)
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solves problem (5.4.9) for any ¢ € (0,7"); here G is the Green’s function defined in (5.3.3).
By uniqueness results we obtain Ugr = Vg in Qgrr. Then, arguing as in the proof of
Theorem 1.2 in [44], it is shown that
Uz, t) = {T * [p(ug — u(-,1))] }(z) + A(t) ((z,t) € R" x (0,T)).

Since T * p, ug, u(-,t) € L=(IR"), equality (5.2.3) can be proved arguing as in the proof
of Lemma 2.1 in [44]. The proof is complete. O

5.4.2. Proof of Theorems 5.2.10-5.2.11. If in Lemma 5.3.1 we replace assumption
(H2) by (Hs), we obtain the following stronger result.

LEMMA 5.4.6. Let assumptions (Hy) — (i),(Hs) be satisfied. Suppose f € C(IR") N
L>*(R"). Let U be a bounded solution of equation (5.4.3). Then there exists A € IR such
that

(5.4.1) lim U(z) = A.

|z|—00
To prove Lemma 5.4.6 we need a preliminary result.

LEMMA 5.4.7. Let assumption (Hy) — (i) be satisfied; suppose f € C(IR") N L>®(IR"™) and
A € IR. Let there exist a positive supersolution V' of equation (5.2.4) satisfying

(5.4.2) lim V(z) = 0.

|x|—00
Then there exists a solution U of equation (5.4.3) such that (5.4.1) is satisfied.

Lemma 5.4.7 can be proved by standard methods; we give its proof for further purposes.
Proof of Lemma 5.4.7. For any R > 0 denote by Ugr the unique solution of the problem

AU = —pf in Bp
(5.4.3)
U=A on 0Bp.

It is easily seen that the function ||f||ccV + A is a supersolution to problem (5.4.3). In
fact, fix any R > 0, ; and 1 as in Definition 5.4.1. Since

(5.4.4) (Vip,v) < 0 on 09,
by Definition 5.4.2 we have

/ {HfuoowA}was/ {rrfr\oov+A}<vw,u>da—/ 1flloe pto da <
(951 o (91

<[ (Ml AN o+ [ AT o
01\OBR o\

Q1NdBR
here use of inequalities V' > 0 and (5.4.4) has been made. Then the claim follows (see
Definition 5.4.1) .
It is analogously checked that the function —| f|l.cV + A is a subsolution to the same
problem; thus by comparison principles we have

(5.4.5) ~flcV+A < Ur < [[fllV+A in Bg.

By usual compactness arguments (see [32]) there exists a subsequence {Ug,,} C {Ur},
which converges uniformly in any compact subset of IR™. Set

U:= lim Ug, in R".

m—00

Clearly, U is a solution to equation (5.4.3); moreover, from (5.4.5) we obtain
(5.4.6) —|fllcV+A<U < |flloV+A in R".
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In view of (5.4.2) and (5.4.6) we get (5.4.1). This proves the result. O

Let us now prove Lemma 5.4.6.
Proof of Lemma 5.4.6. Define

Po ‘= B )
Cp i [R+oo);
here )
C := —— max{max p, 5(R)} € (0,00).
p(R) Bj
Clearly, p, € C([0,00)); moreover, by assumption (Hz) — (7)
(5.4.7) p(x) <py(|z]) for any x € IR".

Assumption (H3) again implies that

. 1 N "o
H := lim [r? / 1" po(n) dn—/ 160 (1) dn] < 0.
r—oon — 2 0 0
Define
1 —-n " n—1— - n

(548)  V(z)=V(r):= n_z[rz /0 1" po(n) dn—/o noo(n) dn] — H (z € R").
We have that V € C?(IR™) and
(5.4.9) AV(z) = =po(r) < —plx) (z€R");
here use of inequality (5.4.7) has been made. In addition, as is easily seen,
(5.4.10) lim V(r) =0,
(5.4.11) V>0 in R".

By Lemma 5.4.7 there exist a solution U; to the equation
(5.4.12) AU = —pft in R"
such that
(5.4.13) |l‘im Ui(z) =0
and a solution Us to the equation
(5.4.14) AU = —pf~ in R"
such that
(5.4.15) ‘llirn Us(x) = 0;

here f* := max{%f, 0} . Observe that Uy, Us € L>(IR™). Then the function U — (U; — Us)
is a bounded solution to the equation (5.4.3) with f = 0. Hence, in view of Remark 5.4.3,

(5.4.16) U=U;—-U+A in R"

for some A € IR. From (5.4.13) and (5.4.15)-(5.4.16) the conclusion follows. O
Proof of Theorem 5.2.10. The result can be obtained arguing as in the proof of Theorem
5.2.6, applying Lemma 5.4.6 instead of Lemma 5.3.1. O

Proof of Theorem 5.2.11. We can repeat the proof of Theorem 5.2.8, using the same notation,
to construct the family {Ur} of solutions of problem (5.4.9) such that Ug,, — U in St .
Let V be defined as in (5.4.8); hence (5.4.9)-(5.4.11) hold true.
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We claim that
(5.4.17) —2MV(x) 4+ A(t) < U(x,t) < 2MV(x) + A(t) ((x,t) c R" x (O,T]) ;

here M is given by (5.4.7).
From (5.4.10) and (5.4.17) we obtain (5.2.5), hence the conclusion.

It remains to prove the claim. It is easily seen that for any fixed ¢t € (0,7] and R > 0
the function 2MV — Ug + A is a supersolution, while the function —2MV — Ugr + A is a
subsolution of problem

AU =0 in Bp
(5.4.18)
U=0 on 8BR .

In fact, fix any Q4, ¥ as in Definition 5.4.1, R > 0 and ¢ € (0,7]. Then by (5.4.10) and
Definition 5.4.2 we have
(5.4.19)

/ (2MV — Up + A) Avrde < / @MV + A)(Vb, 1) do+
Q o0

—/ Ur <V1/J,1/)da—/ A (Vy,v)do — / (2M +urp —ug)ppder =
891\83R 0Q1NIBR Q1

- / OMV (Vi, ) do + / (2MV — Ug + A)(Vi, v) do+
0Q1NOBR 8Q1\8BR

—/ (2M + up —uo)ptpdx;
Q1

as before, here upr denotes the solution of the problem (5.4.6).
From (5.4.7) and (5.4.11) we have

(5.4.20) 2M > Uy — UR in Ql s
respectively
(5.4.21) 2MV >0 on 0Bp

for any R > 0. From (5.4.4), (5.4.19)-(5.4.21) we obtain

/ @MV — Up + A) At dz < / @MV — Un + A)(V, 1) do
o 901\0BR

for any R > 0. This shows that the function 2MV — Ugr + A is a supersolution to problem
(5.4.18) for any R > 0 (see Definition 5.4.1). It is similarly seen that —2MV —Ur + A is a
subsolution of the same problem for any R > 0.

By comparison results we obtain
—2MV (z) + A(t) < Ug(z,t) <2MV(z) + A(t)  ((z,t) € Br x (0,T))

for any R > 0. This implies (5.4.17), thus the proof is complete. O
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5.4.3. Proof of Theorems 5.2.14-5.2.15. If in Lemma 5.4.6 we suppose that (Hy) is
satisfied instead of (H3), then we obtain the following weaker result.

LEMMA 5.4.8. Let assumptions (Hp) — (i),(Hy) be satisfied. Suppose f € C(IR") N
L>*®(IR"). Then there ezists a sequence {z,} C IR",|zy| — o0 as m — oo with the fol-
lowing property: for any bounded solution U of equation (5.4.3) there exists A € IR such
that

lim U(zy,) = A.
m—0o0

In the proof of Lemma 5.4.8 we make use of the following auxiliary result (see [60], [65]

for similar results for more general parabolic, respectively elliptic problems).

LEMMA 5.4.9. Let assumption (Hy) — (i) be satisfied; suppose f € C(IR") N L*®(IR"™) and
A € IR. Let there exist a supersolution V' of equation (5.2.4) satisfying

(5.4.1) infV =0.
Bn

Then there exist a sequence {xm} C IR™,|Ty| — 00 as m — oo and a solution U of equation
(5.4.3) such that
lim U(zy,) = A.

m—0o0

To prove Lemma 5.4.9 we need the following result, which is proved in [60], Lemma 2.6.

LEMMA 5.4.10. Let assumption (Ho) — (i) be satisfied, A € IR. Let there exist a su-
persolution V' of equation (5.2.4) satisfying condition (5.4.1). Then there exists a sequence
{zm} C R",|zm| — 00 as m — oo such that
(5.4.2) lim V(z,) = 0.

m—00

Proof of Lemma 5.4.9. By Lemma 5.4.10 there exists a sequence {x,,} C IR",|zy,| — oo as
m — oo such that (5.4.2) holds. Arguing as in the proof of Lemma 5.4.7 we obtain (5.4.6),
whence the conclusion follows . U

Proof of Lemma 5.4.8. In view of Remark 5.2.16 the function I' % p is well-defined in IR";
moreover it is positive and satisfies equation (5.2.4). Hence, by Lemma 5.4.9 applied with
V =T % p—infpn (T *p), there exist a solution Uy to the equation (5.4.12) such that

lim Uy (zm) = 0

m—0o0
and a solution Us to the equation (5.4.14) such that

lim Us(am) = 0

m—0o0
for some sequence {x,,} C IR", |z;,| — 00 as m — oo. Then the conclusion follows arguing
as in the proof of Lemma 5.4.6.

Proof of Theorem 5.2.14. The result can be obtained arguing as in the proof of Theorem
5.2.6, applying Lemma 5.4.8 instead of Lemma 5.3.1. 0

Proof of Theorem 5.2.15. QObserve that V := I' x p — infpn (F * p) is a supersolution to
equation (5.2.4) satisfying condition (5.4.1). In view of Lemma 5.4.10 there exists a sequence
{zm} C R", |x;,| — 0o as m — oo such that (5.4.2) is satisfied. Then by the same arguments
used in the proof of Theorem 5.2.11 we get the conclusion. g



CHAPTER 6

Uniqueness and nonuniqueness of bounded solutions to
singular nonlinear parabolic equations

6.1. Introduction

We address singular nonlinear parabolic equations of the following type:
(6.1.1) poru=A[Gu)] in Qx(0,T]=:Qr;

here (2 is a connected bounded open subset of IR", T' > 0, p is a positive function of the space
variables. A typical choice for the function G is G(u) = |u|™ tu, m > 1.

An extensive literature is concerned with equation (6.1.1), which arises in various areas
of science (e.g., see [45]). Particular attention has been devoted to the Cauchy problem
associated with equation (6.1.1)

pOu=A[G(u)] inR"x (0,T]=: Sr
(6.1.2)

u = ug in R"™ x {0};
here p € C(IR"), up € L>*(IR"). In fact, it is well-known that problem (6.1.2) is well-posed in
L*>°(St) when n < 2; moreover, it is well-posed also when n > 3 and p(x) — 0 ”not too fast”
as |x| — oo (or does not vanish at all at infinity; see [43], [62]). On the contrary, if n > 3
and p(x) — 0 sufficiently fast as |x| — oo, some constraints at infinity are needed to restore
well-posedness (see [23], [43]-[44], [62]) .

In the case of a bounded domain, inspired by [47] where n = 1 is assumed, we allow the
density p either to vanish or to diverge, or not to have a limit as the distance d(x,S) goes to
zero, S being a subset of the boundary 0f2 referred to as the singular boundary. On the other
hand, p is supposed to be well-behaved both in ©Q and on the regular boundary R := 002\ S.
More precisely, we always assume the following;:

(i) RUS=090,RNS =10;
(Hyp) (14) R and S are (n — 1) — dimensional compact submanifolds
of IR"™ of class C? ;

(1) peCOQUUR),p>0in QUR;
(H)) (i) G € CY(IR), G(0) =0, G'(s) > 0 for any s € IR\ {0},
! G’ decreasing in (-4, 0) and increasing in (0,6), if G'(0) =0
(i6d) up € L(9) .

In view of conditions (Hy) — (H1), it is natural to study the following initial-boundary
value problem associated to equation (6.1.1):

pOu=A[G(u)] inQr
(6.1.3) u=0 in R x (0,7)

u = U in Q x {0}.

The question arises, whether problem (6.1.3) is well-posed in the class of bounded solutions
not satisfying any extra condition at . Formally, for problem (6.1.3), the singular boundary

117
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S plays the same role played by the point at infinity for the Cauchy problem. Thus, whereas
for problem (6.1.2) the well-posedness depends on the behaviour of p at infinity, for problem
(6.1.3) it depends on the behaviour of p as d(z,S) — 0. In fact, in [47] it is proved that when
n=1=(0,R),S ={0},R = {R},up > 0, there exists a unique nonnegative bounded
solution to problem (6.1.3), if fOR rp(r)dr = oco. Instead, if fOR rp(r)dr < oo, to restore well-
posedness some extra constraints at S = {0} are needed. Moreover, the case G(u) = u, n > 1
is treated in a large number of papers, using both analytical and stochastic methods (see [26],
[31], [56], [58], [70]). In particular, in [58] uniqueness in L°°(Qr) is proven if p(z) — oo fast
enough as d(x,S) — 0, whereas nonuniqueness in L (Qr) holds otherwise. In probabilistic
parlance (e.g., see [31], [70]), uniqueness prevails if the singular boundary S is unattainable
by Markovian particles with generator %A, starting at xg € 2.

The aim of this paper is to prove the following:

(7) uniqueness of bounded solutions to problem (6.1.3), not satisfying any additional
condition at S, when p(x) — oo sufficiently fast as d(z,S) — 0 (see Theorem 6.2.2) ;

(77) existence of bounded solutions to problem (6.1.3), satisfying at S possibly inhomo-
geneous conditions of Dirichlet type, when p(z) — oo sufficiently slow as d(z,S) — 0, or p
does not diverge as d(z,S) — 0 (see Theorems 6.2.5 and 6.2.9) . Observe that these existence
results, in particular, imply nonuniqueness of bounded solutions to problem (6.1.3).

Moreover, we shall prove that prescribing Dirichlet conditions at S implies uniqueness,
when such conditions are homogeneous, or when G(u) = u (see Theorems 6.2.11-6.2.12 and
Remark 6.2.14).

The results outlined in the above (i) —(iz) generalize to the case of several space dimensions
those given in [47] in one space dimension (see Remark 6.2.4); moreover, they extend to
nonlinear parabolic problem analogous results stated in [58] for general singular linear elliptic
and parabolic problems (see Remarks 6.2.6-6.2.10, 6.2.14). Finally, they can be regarded as
the counterpart for initial-boundary value problems of uniqueness and nonuniqueness results
stated in [23], [43]-[44] and [62] for the Cauchy problem.

6.2. Uniqueness and nonuniqueness results

To begin with, observe that solutions, sub- and supersolutions of the problem (6.1.3) are
always meant in the sense of Definition 6.3.1 below, thus they are bounded in Qr .

6.2.1. No conditions at the singular boundary. Let us recall an existence result of
solutions to problem (6.1.3), which follows by Theorem 2.5 in [60].

THEOREM 6.2.1. Let assumptions (Hy) — (H1) be satisfied. Then there exists a solution
of problem (6.1.3).

Concerning uniqueness, the following result will be proved.

Set 8 := {z € Q] d(z,8) < e} (¢ > 0 small enough).

THEOREM 6.2.2. Let assumptions (Hy) — (Hy) be satisfied and S # (). Moreover, suppose
that the following condition is satisfied:

there exist € > 0 and p € C((0,€]) such that

(Ho) (i) p(x) > p(d(z,S)) > 0 for any x € S°, and
(i) fo np(n)dn = oo.
Then there exists at most one solution of problem (6.1.3).

REMARK 6.2.3. A natural choice in Theorem 6.2.2 is p(n) :=n~* (n € (0,£]) for some
a€[2,00) and € > 0.
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REMARK 6.2.4. (i) Let Q = (0, R), ug > 0 and assumptions of Theorem 6.2.2 be satisfied
with & = {0} and R = {R}. Then by Theorem 2.3 and Lemma 2.5 in [47] there exists
at most one nonnegative bounded solution of problem (6.1.3). This is in agreement with
Theorem 6.2.2.

(74) Results similar to Theorem 6.2.2 are proved in [58] for more general linear degenerate
elliptic and parabolic equations and in [62] for the Cauchy problem (see also [43] for the case
with radial symmetry).

6.2.2. Additional conditions at the singular boundary. Concerning existence of
solutions to problem (6.1.3) satisfying additional conditions at S we shall prove the following.

THEOREM 6.2.5. Let assumptions (Hy) — (Hy) be satisfied, S # () and A € Lip([0,T])
with A(0) = 0. Moreover, suppose that the following condition is satisfied:

there ezist € > 0 and p € C((0,€]) such that
(H3) (i) p(z) <pld(z,S)) forany x € 8, and
(id) Jo np(n)dn < oo,
Then there exists a solution u of problem (6.1.3) such that

6.2.1 li U(x,t) ) =0
(6.2.1) U 1) — A)

uniformly with respect to t € [0,T]; here

(6.2.2) / G(u(z, 1) ((z,t) € Qr) .

REMARK 6.2.6. Let Q = (0, R), up > 0 and assumptions of Theorem 6.2.2 be satisfied
with § = {0} and R = {R}, A = 0. Then by Theorem 2.4 and Lemma 2.5 in [47] there
exists a nonnegative bounded solution of problem (6.1.3) satisfying the condition

lim U(z,T) = 0
z—0
with U defined in (6.2.2). This is in agreement with Theorem 6.2.5.

Observe that when assumptions (H;) — (i) and (Hs) are satisfied, it could exist a point
zo € S such that

lim p(z;,) = 0, lim p(ym) = oo;

m—0o0
here {z;,} C Q, {ym} C Q with z,, — 20, Ym — Tg as M — 0.
If we avoid that situations of this type occur (see conditions (6.2.4)-(6.2.5) below), then
we obtain the following refinement of Theorem 6.2.5.
For any 2o € IR" and R > 0 set Bg(xzg) :={z € R" ||z — x| < R}.

THEOREM 6.2.7. Let assumptions (Ho) — (H1), (Hs) be satisfied, S # 0 and A € C(S x
[0,T1), with A(z,0) =0 for any x € S. Let there exist a constant L > 0 such that

(6.2.3) |A(z,t) — A(x,s)| < L|t—s| forany x € S5 t,s€0,T].
In addition, suppose that for any xo € S there exists R > 0 such that

(6.2.4) BR(I:IclOf)me >0,

or

(6.2.5) p € L>(Bp(zo) N Q).

Then there exists a solution u of problem (6.1.3) such that for any xo € S
(6.2.6) xllrgo |U(z,t) — A(zo,t)| = 0

uniformly with respect to t € [0,T], with U defined in (6.2.2) .
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REMARK 6.2.8. A natural choice in Theorem 6.2.5 is p(n) := n~* (n € (0,€]) for some
a € (—00,2) and € > 0. Moreover, the same choice can be made in Theorem 6.2.7, if in
(Hs) — (i) the equality sign holds true.

If in Theorem 6.2.5 instead of condition (Hs), we assume that there exists a supersolution
V to the first exit time problem (see [35])

AU = —p inQ

(6.2.7)
U=0 on R,
satisfying the condition
(6.2.8) inf V=0<infV,
QUR R

we obtain the following weaker result.

THEOREM 6.2.9. Let assumptions (Ho)— (Hy) be satisfied, S # 0 and A € Lip([0,T)) with
A(0) = 0. Moreover, let there exist a supersolution V' to problem (6.2.7) such that condition
(6.2.8) is satisfied. Then there exist a sequence {zpy} C Q, d(xm,S) — 0 as m — oo and a
solution u of problem (6.1.3) such that

(6.2.9) lim |U(zm,t) — A(t)] = 0

m—00

uniformly with respect to t € [0,T], with U defined in (6.2.2) .

REMARK 6.2.10. Nonuniqueness results similar to Theorem 6.2.9 are proved in [58], [60]
and [62].
In the particular cases A = 0 or G(u) = u we can also prove that imposing condition

(6.2.1) at S implies uniqueness. In fact, we obtain the following.

THEOREM 6.2.11. Let assumptions (Hy) — (H1), (Hs3) be satisfied, ug > 0 in Q and S # 0.
Then there exists at most one nonnegative solution u of problem (6.1.3) satisfying condition
(6.2.1), with A=0 and U defined in (6.2.2) .

THEOREM 6.2.12. Let assumptions (Ho)—(H1), (Hs) be satisfied, S # () and A € Lip([0,T1])
with A(0) = 0. In addition, suppose G(u) = u. Then there exists at most one solution u of
problem (6.1.3) satisfying condition (6.2.1), with U defined in (6.2.2) .

REMARK 6.2.13. Clearly, since S in compact (see assumption (Hp) — (7)), if condition
(6.2.6) is satisfied, then (6.2.1) holds true. Hence Theorems 6.2.11-6.2.12 are valid, if we
replace condition (6.2.1) by (6.2.6) .

REMARK 6.2.14. (i) Results corresponding to Theorem 6.2.11 are proved in [47] in the
case of one space dimension, and in [23] and [43] for the Cauchy problem.
(73) A similar result to Theorem 6.2.12 is obtained in [44] for the Cauchy problem .

6.3. Mathematical background and proofs
Let us make the following definitions.
DEFINITION 6.3.1. By a solution of problem (6.1.3) we mean a function u € C((QUR) x
(0,77) N L*(Qr) such that

/T/ {pudnp + Gu) Ay} dudt = / p [u(z, )¢z, 7) — uo(z)y(z,0)] de+
0 J 1951

(6.3.1) '
—I-/O /891\RG(u)<Vw, v)do dt
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for any open set Q1 C Q with smooth boundary 0, Q1 C QUR, 7 € (0,T], v € C*1(Qy x
[0,7]),% > 0,1 =0 in 0Q x [0, 7]; here v denotes the outer normal to Q1 and (-,-) the scalar
product in IR™.

Supersolutions (subsolutions) of (6.1.3) are defined replacing” =" by ” <7 (7 > 7,
respectively) in (6.3.1).

DEFINITION 6.3.2. By a supersolution to problem (6.2.7) we mean a function U € C(QQU
R) such that

.3. A —
(6.3.2) /S21U z/Jd:US/am\RU<V¢,I/>dJ /lez/zdx

for any open set Q1 C Q with smooth boundary 0 , U C QUR, ¢ € C?(Q),v > 0,9 =0
in O ; here v denotes the outer normal to 1. Subsolutions and solutions of problem (6.2.7)
are defined accordingly.

6.3.1. Proof of Theorem 6.2.2. Later on, let g > 0 be given by Lemma 3.4.3; set
A ={z e Q|dx,8) =} (e€(0,e0)).

We prove the following

LEMMA 6.3.3. Let assumption (Hp) be satisfied. Let 1. be the solution of the elliptic

problem:
AU = —F inQ\S&°
(6.3.3)
U=0 on RU A*,
where € € (0,g9), F € C®(Q), F >0, supp F C Q\ S0 . Then the following statements hold
true:

(1) for any e1,e2 € (0,£0), €1 > €2 we have
(6.3.4) 0<te < ¢y in Q\S;

(73) there exists C' > 0 such that for any € € (0,e0/2) we have
(6.3.5) —C < (Vipe,ve) <0 on A°,

ve denoting the outer normal to Q\ S¢ at A®;
(iii) there exist £ € (0,0/2) and C > 0 such that

(6.3.6) Yo(z) > Cd(z,S) for any xz € S°,
where
(6.3.7) o = lim ., n QUR

for some sequence {epn} C (0,60/2), €m — 0 as m — oo
Proof of Lemma 6.3.3. (i) By the strong maximum principle 1. > 0 in Q\S¢ for any € € (0, £¢);
hence the function 9., — 1., (0 <e2 <e1 < gg) is a subsolution of problem

AU =0 inQ\ 8=
(6.3.8)
U=0 onRUA?,

Then again by the maximum principle we get (6.3.4).
(ii) Clearly, by the strong maximum principle it follows that
(Vipe, ve) <0 on A°
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for any € € (0,£0/2).

We claim that there exists M > 0 such that
(6.3.9) 0<v¢.<M in Q\S&
for any € € (0,£¢0/2) .

In fact, since €2 is bounded, we can suppose that € lies in the slab

{z=(21,...,2m) € R"|0 <z < d}
for some d > 0. Then it is easily seen that the function
V(a) = (expld) —exp{e}) [ Fllimia) (r€Q\ 5.

is a supersolution to problem (6.3.3) for any € € (0,e0/2).
In fact, V" > 0 in R U A®; moreover,

AV(x) < —exp{z1}|Fllpeo) < —F(x) forany € Q\S°.

By comparison principles we have for any ¢ € (0,¢0/2)

(6.3.10) Ye <V < M :=exp{d}||F|| () in Q\S*.
From (6.3.4)-(6.3.10) it follows (6.3.9) .
Define
(6.3.11) Z(x) := Clexp{—pue} — exp{—pd(z)}] (z € S%;e <€ (0,£0/2)),
where
(6.3.12) pi=(n-1)C, C:= M (z) =d(z,S).

d
exp{—peo/2} — exp{—peo}
For any ¢ € (0,e0/2) and i,j = 1,...,n we have

(6.3.13) agij) = C’uagif) exp{—pd(z)};
?Z(x) - od(z) dd(z)  0%d(x)
8.1‘2'81‘3' - C'u exp{—,ud(:n)} [ —H 8:@ 8.7}j + 81‘,8.%'3 '

By Lemma 3.4.3 we have
AZ(z) < pCexp{—pd(z)}—p+ (n—1)Co] =0 for any = € S°

for some Cp > 0 independent of x, since it is not restrictive to assume that condition (C) of
Chapter 3 is satisfied at any x € S°. Hence Z is a supersolution to the problem

AU =0 in &%\ 8§
(6.3.14) U=0 onA°

U=M on A%,

On the other hand, the function ¢, (¢ € (0,e09/2)) is a subsolution to problem (6.3.14).
Then by comparison principles

Y. < Z in 8\ S (e€(0,60/2)) .
Observe that for any € € (0,e0/2), x € A® we have
(6.3.15) ve(z) = —Vde(z) = —Vd(z), ‘Vd(x)‘ =1;
here d.(z) := dist(z, A%) (z € Q\ S§°).
Since 9. = Z on A%, from (6.3.13) and (6.3.15) we have
(Vipe,ve) > (VZ,ve) > —(Cuexp{—pue}Vd(z),Vd(z)) = —Cpexp{—pue} on A°
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for any ¢ € (0,¢0/2) . Hence (6.3.5) follows with C := uC.

(797) From (6.3.9) and usual compactness arguments (see [32]) there exists a subsequence
{te,,} C {1} which converges, with its first and second derivatives, uniformly in any compact
subset of Q UR. Let ¢o := lim 1., in QUR.

m—0o0

Clearly, 19 € C*(2UR) solves the problem
AU =0 inQ

(6.3.16)
U=0 onR.

Moreover, we claim that 1y € C?(Q) and ¢y =0 on S.
In fact, in view of assumption (Hy) — (ii), 2 has the outer sphere property at S; then (see
[82]) for any o € S there exist R > 0 and a function h € C?(Ng(x0)) N C(Ng(z0)), h > 0 in

Nr(zo) \ {z0}, h(zo) = 0 satisfying
(6.3.17) Ah(xz) < 0 for any = € Ng(xo) := Br(zg) NQ;
Set

NRe(xo) := Nr(wo) N (Q\ &)
for any e € (0,€), where € := min{eo/2, R} .

Let
~ M
(6.3.18) m:= min h >0, C:=—.
OBR(z0)NQ m
Observe that for any ¢ € (0, &) there holds
(6.3.19) ONRe(x0) = [0BRr(x0) N (2 8%)] U [Nr(zo) N A"
moreover, by (6.3.18) and h > 0 in Ng(xg) we have
(6.3.20) Ch—1.>M—1.>0 on dBgr(x)N(Q\S),
(6.3.21) Ch—1.>0 on Ng(zg)NA°.

From (6.3.17), (6.3.19)-(6.3.21) we deduce that the function Ch — 9. (¢ € (0,£)) is a
supersolution to problem
AU =0 in Nge(zo)
(6.3.22)
U=0 ondNge(zo).

It is similarly seen that the function —Ch — 1. (¢ € (0,€)) is a subsolution to the same
problem. Then by comparison principles we obtain

~Ch < . < Ch in Npc(zo)
for any € € (0,€). Hence
(6.3.23) —Ch < 99 < Ch in Ng(zo).

Letting * — 2z in (6.3.23) we deduce that 1y € C*(QUR)NC(Q) and 19 = 0 on S.
Moreover, by usual regularity results (see [32]) it follows that 1y € C?(2). Thus the claim
has been proved.

By the strong maximum principle and assumption (Hp) — (ii), there exists C > 0 such
that

(6.3.24) (Vipo,v) < —2C on S,

v being the outer normal to (2 at S.
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Moreover,
(6.3.25) (VICd(z)],v(x )) = —C(Vd(z),Vd(z)) = —C for any = € S;
here use of equalities Vd(x) = ) and {Vd ‘ =1 for any € S has been made.

Since g(z) = Cd(x) = 0 for any x € S, from (6.3.24)-(6.3.25) it follows (6.3.6). This
concludes the proof. O

We shall prove the following.

LEMMA 6.3.4. Let assumptions of Theorem 6.2.2 be satisfied. Let vi,vs be any two solu-
tions of problem (6.1.3) such that vi > va in Qr. Then
e—0

T
(6.3.26) lim inf /0 B {G(v1) = G(v2) } dodt = 0.

Proof of Lemma 6.3.4. From problem (6.1.3) we have
p (Oyv1 — Opva) = A[G(vl) — G(’Ug)] in Qr

(6.3.27) vl — vy =0 in R x (0,7)
’01—1}2:0 in QX{O}.
Then equality (6.3.1) with Q1 = Q\ 8¢ (e € (0,50/2)), 7 € (0,T] yields

/Q\ssp(x) [Ul(va) - 'UZ(va)] Q;Z)E(SU) dx + /0 /Q\SS [G(U1) — G(Ug)]F(:C) dx dt =

. / {Gl01) = Glv2) (Vi v.) dor dt
0 JAs

where 1), denotes the solution of (6.3.3) .
Set

(6.3.28)

T
_ / / {G(r1) ~ G(w)}dodt (¢ € (0,0/2)).
0 Az

Suppose, by absurd, that
hn’liélf ple) =1v>0;
E—

then there exists € € (0,e0/2) such that

2

(6.3.29) p(e) > B for any € € (0,¢).

Since F' > 0, v; > vg and (H;) — (4¢) holds true, from (6.3.5) and (6.3.28) we have

/ /Q\Sa [v1 (2, 7) — w22, 7)|e () dwdr <

(6.3.30) < /0 /0 AE{G(vl)—G(vg)}\<vwa,ua>

T T
<2 max |G(r)]/ / /
—M<r<M 0 0 €

for any e € (0,e9/2); here C' is a positive constant such that |A%| < C for any € € (0,0) .
Letting ¢ — 0 in (6.3.30), by (6.3.4), (6.3.7) and the monotone convergence theorem we
have

dodtdr <

dodtdr <2 max |G(r)|T2CC

—M<r<M

<V7/}57 Va)

(6.3.31) / / [v1(z, 7) — va(@, 7)o (z) dedT < 2_&%);M|G(T)\T2éc.
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On the other hand, we have

/ / [v1(, ) — w2z, 7)|%0 () dzdr >

> 1 /0 [ p@[G01) = Glea)] dol) do

here € := min{é,&,&}, L := G'(s).
ere £ := min{é, ¢,¢} se[I?J%/I),(M] (s)

By (H3), (6.3.6) and (6.3.29) we have

(6.3.32)

i/T/ p() [G(v1)=G(v2)]1ho() dwd7>/ / d(z,8))[G(v1)~G (va)]d(z, S) dzdr >

/ / / / G(v2)]dodedr = / )ep(e)de >

> 2L/ ple)ede = o0.

The previous inequalities and (6.3.32) yield

/ / v1 x,T) — vo(x, T)]l/)g( )dxdr = oo,
in contrast with (6.3.31). Hence (6.3.26) follows. The proof is complete. O

For any ¢ € (0,20/2) consider the auxiliary problem

([ pu=A[G(w)] in [Q\S] x(0,T] =: Qe
w =0 in R x(0,T)
(6.3.33)
u=¢ in A°x(0,T)
u = ug in [Q)\ S¢] x {0},

where ¢ € L>®(A° x (0,7)).

DEFINITION 6.3.5. By a supersolution of problem (6.3.33) we mean a function u € C([Q\
S¢] x (0,T]) N L>®(Qe,1) such that

/ / {pud + G(u) Ay} dzdt < / p [u(z, T)(z, 7) — uo(2)(z,0)] do+

// (u)(Ve, v dadt+// 6)(Vip, v)do dt
80\ (RUA) 6910/15

for any open set 1 C Q\ 8¢ with smooth boundary 9, 7 € (0,T], ¢ € C*1(Qy x[0,7]), >
0,1 =0 in 0 x [0,7]; here v denotes the outer normal to 1. Solutions and subsolutions
are defined accordingly.

It is well-known that existence, uniqueness and comparison results hold true for problem
(6.3.33) (e.g. see [60]; see also [23]).

Now we can prove Theorem 6.2.2. The proof is modelled after that given in [47] for the
case n =1 (see also [43] and [62] for the Cauchy problem) .

Proof of Theorem 6.2.2. Let uj, ug be any two solutions of problem (6.1.3); set

M := max{ ||u1||o, ||u2||oc} -
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For any € € (0,£0/2) let u. be the unique solution of problem (6.3.33) with ¢ = —M. By
comparison results we have:

(6.3.34) —M <u.<wu; and —M <wu.<uy in Q.r.

By usual compactness arguments there exists a subsequence {u., } C {u.} which converges
uniformly in any compact subset of [Q UR] x (0,T]. Set

w:= lim w,, in[QUR]x(0,7].

m—00

The function w is a solution of problem (6.1.3); moreover, from (6.3.34) we obtain

(6.3.35) ~M<u<wu and —M<u<uy in Qr.

Set w = uy or w = ug for simplicity. The conclusion will follow, if we show that

T
(6.3.36) /0 /Q (G(w) — G(u)] Fdedt = 0

for any F' € C§°(Q).
In fact, in view of assumption (H;) — (i¢) and the arbitrariness of F', (6.3.36) implies

(6.3.37) up =u = uz inQr,
whence the conclusion.

_ Let us prove equality (6.3.36). Without loss of generality, we suppose supp F' C (€2
S%0), F >0, F £0.

In view of the inequality w > u (see (6.3.35)), arguing as in the proof of Lemma 6.3.4, we
obtain

/Q PO 7) e, () o+ /0 ' /Q &[0~ G F@) e =
(6.3.38)

_ / /A [G(w) — G(w) N Vipe, v2) dor di
0 £
where 1), denotes the solution of (6.3.3), € € (0,£0/2), 7 € (0,T]. Since F > 0, ). > 0, w > u
and (Hy) — (ii) holds true, equality (6.3.38) with 7 = T gives

T
/0 /Q [G(w) — G(W)]F(z)dvdt <
(6.3.39)

e—0

< lim inf ‘ /OT 3 {G(w) — Gu) V., 1) do dt’ .

Hence, if we can prove that

T
(6.3.40) timinf | /0 [ {6) = G} (Vo) dodi| = 0,

e—0
the conclusion follows.

Define .
(2 ::/0 [ {6tw)—Gbdoar (e e (0.20/2).

By (6.3.26) with v; = w and v = u we have
(6.3.41) liminf 3(c) = 0.
e—
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From (6.3.41) we immediately deduce (6.3.40). In fact, by (6.3.41) there exists a sequence
{em} € (0,€0/2), €m — 0 as m — oo such that
(6.3.42) lim @(en) = liminf @(e) = 0.
m—00 e—0

By (6.3.5) and (6.3.42) we obtain

‘/ /Asm G (W) }( Ve, Ve, ) do dt| <

< c/ (G(w) - G(w))do dt = Cd(en) — 0
0 Jaem

as m — oo, whence (6.3.40) and the conclusion follow. This proves the result. O

6.3.2. Proof of Theorems 6.2.5, 6.2.7 and 6.2.9. Observe that for any A € Lip([0,T7)
the derivative A’ exists almost everywhere in [0, 7] and belongs to L>((0,7)).

For any ¢ € (0,£0/2) we will make use of the following auxiliary problems

p(?tu = A[G(U)] in QE,T

u=0 in R x (0,7)
(6.3.43)
u=G (A in A° x (0,T)
[ u = in [\ S¢] x {0}
and
AU =f inQ\ &
(6.3.44) U=0 iR

U=~ in A%,
where f € C(Q\ S¢) and v € C(A%).
DEFINITION 6.3.6. By a supersolution of problem (6.3.44) we mean a function U € C(Q2\
SE) N L>®(Q\ §¢) such that

/ U A de < f¢dw+/ U (Vi u>d0+/ + (V, v)do
Q1 001\ (RUAS) IN1NAE

for any open set Q1 C Q\ S with smooth boundary 0, 1 € C?(Q1),v > 0,9 = 0 in 8y;

here v denotes the outer normal to 1. Solutions and subsolutions are defined accordingly.

Q1

Proof of Theorem 6.2.5. For any ¢ € (0,£0/2) let u. be the unique solution to problem
(6.3.43); then by comparison results we have

6.3.45 < Gil = M 1 .
(6:3.45 el < o+ o (G = M i Qur

By usual compactness arguments there exists a subsequence {u.,, } C {u.}, which converges
uniformly in any compact subset of [2 U R] x (0,7 to a solution u of problem (6.1.3).
Define U as in (6.2.2) and

(6.3.46) (x,t) / Gus(z,7))dr  ((z,t) € Qorr) -

Observe that U.,, — U in [QUR] x (0,T] as m — oo.
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It is direct to show that for any ¢ € (0,77 the function U.(-,t) satisfies the problem

AU = —plup —us(-,t)] in 2\ S
(6.3.47) U=0 on R

U = A(t) on A°.
In fact, by Definition 6.3.5 we obtain

/Q Ue(z,t) A (z) dx :/Q p(z) [ue (2, t) — uo(z)]|¢(z) do+
(6.3.48) ! !

—I-/ Ue(z,t) (V(x),v) do + / A(t) (Vi(z),v(x)) do
991\ (RUA?) o01NA°

for any Q; and ¢ = 1(x) as in Definition 6.3.6 and ¢t € (0,77 .

Arguing as in 7the proof of Theorem 2.18 in [58], we can construct a positive supersolution
V € C?(8%) N C(Q) to problem (6.2.7) satisfying conditions (6.2.8) and

(6.3.49) V=0 onS.

We shall prove that there exists a constant K > 0 such that

(6.3.50) —KV(z)+ A(t) < U(z,t) < KV(z)+ A(t)  ((z,t) € [2\ 8] x (0,T]) .

From (6.3.49) and (6.3.50) it follows (6.2.9), whence the conclusion.

It remains to prove (6.3.50). To this purpose, if R # 0, set
1
(6.3.51) m:= i%fV > 0, K :=2max{— ||Al|cc, M } ;
m

otherwise, set
(6.3.52) K :=2M;
here M is given by (6.3.45).

Fix any {); and a ¢ as in Definition 6.3.2. Let us approximate ¢ by a sequence of functions
{m} € C°°(Q2) such that supp ¥y, C Q1 (m € IN), by — 1 as m — oo in C(§1) and in
C?(Qy) for any open subset Qy with Qy C Q. By Definition 6.3.2 we have for any m € IV

(6.3.53) / V Ay, dx S/ V(Vipm, v) da—/ P dx.
(951 o 0
As m — oo in (6.3.53) we obtain (see the proof of Lemma 2.6 in [60])
(6.3.54) / VAYde < / V(VY,v) do —/ pYdr.
Q1 o 91

It is easily seen that for any fixed ¢ € (0,7 the function KV — U, + A is a supersolution,
while the function —KV — U, + A is a subsolution of problem

AU =0 inQ\ S
(6.3.55) U=0 onR

U=0 onA®
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for any € € (0,£0/2). In fact, fix any €, ¢ as in Definition 6.3.6 and ¢t € (0,7]. Then by
(6.3.48) and (6.3.54) we have

(6.3.56)
/ (KV - U. + A) A de < / (KV = U. + A)(Vib, v) do+
971 001\ (RUA®)
—1—/ (KV+A)<V@Z),1/>dJ—|—/ KV(Vi,v)do — / (K +ue —up)ppde =
O NR 0N1NA® 2
for any € € (0,¢0) .
From (6.2.8), (6.3.51)-(6.3.52) we get
(6.3.57) KV >0 on A,
(6.3.58) KV+A>0 onR
and
(6.3.59) K>uy—wu. in
for any € € (0,e0). Moreover, it is easily checked that
(6.3.60) (Vip,v) <0 on 09 .
From (6.3.56)-(6.3.60) we obtain
(6.3.61) / (KV — U. + A) Apdz < / (KV — U. + A)(Vi, v) do
931 001\ (RUA*®)

for any € € (0,&0). This shows that the function KV — U, + A is a supersolution to problem
(6.3.55) for any € € (0,g9) (see Definition 6.3.6). It is similarly seen that —K'V — U, + A is
a subsolution of the same problem for any ¢ € (0, ¢g).

By comparison principles we obtain
—KV(z)+ A(t) < U(z,t) < KV(z)+ Al)  ((z,t) € [Q\ 8] x (0,T7)
for any € € (0,¢0). This implies (6.3.50), thus the proof is complete. O

To prove Theorem 6.2.7 we use arguments similar to those used to show Lemma 6.3.3-
(7i7). Observe that the same role played by problem (6.3.3) in the proof of Lemma 6.3.3
will be played by problem (6.3.47) in the proof of Theorem 6.2.7. However, we dealt with
classical solutions to problem (6.3.3), whereas solutions of (6.3.47) are meant in the sense of
Definition 6.3.6. This leads, as we will see later, to consider a companion problem to (6.3.22)
in a domain with regular boundary (see (6.3.65) and Definition 6.3.7 below). Observe that,
in general, ONg(x0) in (6.3.22) is not regular at [0Bgr(z¢) N Q) N A°.

More precisely, let g € S, R > 0 arbitrarily fixed. For any ¢ € (0, R) we construct the
domain NRE(JBO) taking the set Np . (zo) and making smooth ONg - (xo) at [0Br(xo)NQNA°.
We can suppose that the following properties are satisfied:

NR,e(on) C Nge(o) ,
8NR75(.%'0) is smooth ,
~ 3 . . .
(6.3.62) ONg.e(20) = | Yhe(@0) , Yhe(zo) Nk (w0) =0 (1,5 =1,2,3, i # ) ,
=1

(6.3.63) Vre(z0) C A%, Y c(20) C Br(x0) NQ, Vi o(z0) C [(2\ S%) N Na(xo)] \ [Ng(20)]



130 6. SINGULAR NONLINEAR PARABOLIC EQUATIONS

for any € € (0, R) and for some R € (0, R) independent of ¢; moreover,

(6.3.64) U Ng,(20) = Ng(z).
e€(0,R)

We will use auxiliary problems of the following type:

AU = f in NRﬁ(a}())
(6.3.65) )
U=~ on ONg.(zo),

where € € (0, R), f € C(NRja(xo)), o= C’(’yés(wo) U 'yi’zﬁ(wo)) N L™ (8]\7&8(370)) .

DEFINITION 6.3.7. By a supersolutior} of problem (6.3.65) we mean a function U €
C(NR@(JS())) U ’)/12%,8(.%'0) U ’y%’g(xo)) N L>® (NR,g(xo)) such that

/ UAypdr < f¢d:c+/ v {(V, v)do
Q1

OUNANR «(z0)

for any open set Q1 C NR,E(xo) with smooth boundary 01, ¥ € C%(Q1),1) > 0, = 0 in Oy ;
here v denotes the outer normal to 1. Solutions and subsolutions are defined accordingly.

Q

Observe that in the above definition v is well-defined, since 9N R.e(zo) is smooth for any
e€(0,R).

Let us prove Theorem 6.2.7. o
Proof of Theorem 6.2.7. Condition (6.2.3) implies that for any = € S the partial derivative

% exists almost everywhere in [0,7]; in addition, o € L>(22x (0,7)). Then we can

repeat the proof of Theorem 6.2.5, replacing in problem (6.3.43) G~1(4’) by G_l(%) . Hence
we construct the sequence {U.} (¢ € (0,min{eg,£})) of solutions of problem (6.3.47) with
A(t) repaced by A(x,t). Thus for any € € (0, min{eg,é}) by Definition 6.3.5 we have

/Q Ue(z,t) At (z) doe = /Q p(z) [uc(z,t) — uo(z)]|¢(z) do+
(6.3.66) ! !

+/ Ue(z,t) (V(z),v(x)) do + / Az, t) (Vi(x),v(z)) do
801\ (RUA?) 201N A

for any € and ¢ = ¢ (z) as in Definition 6.3.6, ¢ € (0, min{eg,&}) and ¢t € (0,77 .
Equality (6.3.66) with 2,1 as in Definition 6.3.7 implies that the function U.(-,t) is a
solution to problem

AU = —plug — ue(-,t)] in Ng (o)
(6.3.67) U= A(-,1) on v . (o)

U= US(‘? t) on 712375(1’0) U /Y%,s(mo)
for any e € (0, min{ep,&}) and t € (0, T7.
(i) Suppose that condition (6.2.4) is satisfied. Let z¢p € S arbitrarily fixed; hence from

(G.ZS)ﬁwe have pg := infy_(z,) p > 0.
efine

(6.3.68) h(z) == 2[V(z) + %\w —zo’] (2 € Nr(20));

here V is the function introduced in the proof of Theorem 6.2.5 and R € (0, min{R, £}).
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Clearly, h € C?(Ng(z0)) N C(Ng(zo)) and satisfies the following:
(6.3.69) Ah(z) < —p(z) for any x € Ng(zo),

(6.3.70) h>0 in NR(x()) \ {xo}, h(x()) =0.
This implies that the function h is a supersolution to problem

AU = —p in Ng.(zo)
(6.3.71) )
U=~h on ONg (o)

for any € € (0, min{eg,£}). In fact, since h € C*(Ng(z0)) N C(Ng(x0)), by (6.3.69) we get

(6.3.72) h Ay dx < h{Vi,v)do —/ pdx
o o o

for any ©; and % as in Definition 6.3.7 and € € (0, min{eg,}) .
We claim that there exists a constant X > 0 such that

(6.3.73) —Kh(x)+A(zo,t) <U(x,t) < Kh(z)+A(zo,t) for any (x,t) € Nr(zo)x(0,T].
Sending x — z in (6.3.73) we deduce (6.2.6), whence the conclusion.

Let us prove (6.3.73). To this purpose fix any o > 0. Since A € C(S¢ x [0,7]), we can
find € = ¢(0) € (0,&) such that

(6.3.74) |A(x,t) — A(xo,t)] < o for any (x,t) € 'y}%,g(xg) x [0,7T] and € € (0,¢).
Observe that in view of (6.3.63) and (6.3.70), we have for any ¢ € (0, &)

inf h > inf h>0;
V.o (0)UYE - (20) Nr(z0)\Ng(zo)

here € := min{ep, g, R}). Set

2
(6.3.75) K = %maX{T max |G(r)|, [|Allzee(s2x(0,1)), mM}

—M<r<M

Let €1, be arbitrarily fixed as in Definition 6.3.7. Since for any € € (0,¢) and ¢ € (0,77,
as we have already observed, the function U,(-,) is a solution to problem (6.3.67), while the
function h is a supersolution to problem (6.3.71) we arrive to:

/Q [Kh(z) + A(zo,t) + 0 — Ue(z,t)] AY(z) dz <

s/' Kh(z) + Alxo.t) + o — Us(a, ) (Vo(a), v(a)) dot

(6.3.76) o \vg . (zo0)

+/ [Kh(z) + A(zo,t) + 0 — A(z, t)(V(x), v(z))do—
89107}3,5(%)

_AM%%WM—WWM@W@W

for any € € (0,€) and ¢ € (0,7]. From (6.3.70), (6.3.74)-(6.3.75) we get for any ¢ € (0, &)
(6.3.77) Kh(x)+ A(xg,t)+0—U(z,t) > 0 for any (x,t) € [712375(:170) Uﬁk(mg)] x (0,77,

(6.3.78) Kh(z) + A(zg,t) + 0 — A(z,t) > 0 for any (z,t) € ’7}1%’6(1'0) x (0,T]
and

(6.3.79) K > ug(z) — us(z,t) for any (x,t) € Q1 x (0,7T].
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Moreover, it is easily checked that
(6.3.80) (Vip,v) <0 on 09 .
From (6.3.76)-(6.3.80) we obtain

/Q (Kh(z) + A, 1) + 0 — Us(z, 1)) Av(z) dz <

(6.3.81)
<

/ ) (Kh(x) + A(z,t) + 0 — Us(, ) (Vi(x),v(x)) do
91 \ONR (x0)
for any € € (0,€) and t € (0,7].
This shows that (see Definition 6.3.7) for any ¢ € (0,€) and ¢ € (0,7] the function
Kh+ A(zg,t) + 0 — Ue(+, 1) is a supersolution to problem

AU =0 in NR@(CC())
(6.3.82) )
U =0 ondNpg.(xp).

It is analogously checked that the function —Kh + A(zg,t) —o — UL(-,t) (¢ € (0,€)) is a
subsolution of the same problem for any ¢ € (0,¢) and t € (0, 7.

By comparison principles we obtain as o — 07
—Kh(z) + A(zo,t) < Us(2,t) < Kh(z) + A(wo, 1) ((2,t) € Npe(0) x (0,77

for any € € (0,£€). This combined with (6.3.64) implies, as ¢ — 0, (6.3.73).

(73) Suppose that condition (6.2.5) is satisfied. As observed in the proof of Lemma 6.3.3,
() satisfies the outer sphere property at S. Hence we can find € IR" \ Q and R > 0 such
that Bp(2) NQ = {zo}.

Define

(6.3.83) h(z) := A\ exp{—=A2R?} — exp{—Xa|z — Z|2}] (x € Ng(z0))

with A; > 0, Ao > 0, R € (0, R) to be chosen later,
Clearly, h € C?(Ng(x9)) NC(Ng(zg)) and satisfies (6.3.70). Moreover, in view of (6.2.5)
we can choose A1 > 0, A2 > 0 big enough and R > 0 small enough such that

Ah(z) = 2X\1 g exp{—Xo|z — Z|*} [n —2Xs|z — :%]2} < —p(z) for any = € Ng(zg).

Then we arrive to the conclusion as well as we made in (i) above. The proof in complete. [J

To prove Theorem 6.2.9 we need a preliminary result, which follows by Lemma 2.6 in
[60] .

LEMMA 6.3.8. Let assumption (Hy) — (i) be satisfied. Let there exist a supersolution
to problem (6.2.7) such that (6.2.8) is satisfied. Then there exists a sequence {x,} C
Q, d(xm,S) — 0 as m — oo such that
lim V(z,) = 0.
m—0o0
Proof of Theorem 6.2.9. By Lemma 6.3.8 there exists a sequence {z,,} C Q, d(z,,S) — 0

as m — oo such that V(z,,) — 0 as m — oo. Then the conclusion follows repeating the proof
of Theorem 6.2.5. O



6.3. MATHEMATICAL BACKGROUND AND PROOFS 133

6.3.3. Proof of Theorems 6.2.11-6.2.12. For further purposes observe that, when
A = 0and ug > 0 the proof of Theorem 6.2.5 provides a solution u to problem (6.1.3) which
satisfies at S the constraint (6.2.1); in addition, it is minimal among all nonnegative solutions
to the same problem.

Proof of Theorem 6.2.11. Let w be any solution to problem (6.1.3) satisfying condition
(6.2.1) and u the minimal solution to the same problem satisfying (6.2.1).

To get the conclusion we use the scheme of the proof of Theorem 6.2.2. Then the result
will follow if we show that (6.3.40) holds true.

From (6.2.1) and (6.3.5) we obtain

T
liminf | / {Gw) ~ G} (Voo ) dodt] < C lim (G(w) - Gu)ydodr = 0,
./45 Ae

e—0 e—0 Jo
whence (6.3.40); this completes the proof. O

Let us prove Theorem 6.2.12. We adapt to the present situation the proof of Theorem
1.3 in [44], concerning the Cauchy problem.

Proof of Theorem 6.2.12. Let uy, uz be any two solutions to problem (6.1.3) satisfying
condition (6.2.1); set w := u; — uz. Then w is a solution to problem

p@tu =Au in QT

(6.3.84) w=0 in R x (0,T)
u=0 in Q x {0}.

Define
t
Ui, 1) = / iz, rydr ((e,1) € Qrsi=1,2)

0

and

t
W (x,t) ::/0 w(z,7)dr = Uy(z,t) — Us(z,t) ((z,t) € Qr) .

Since condition (6.2.1) is satisfied, we have

lim }W (x,t ‘da = hrn ‘Ul (z,t) Ug(x,t)‘da <

(6.3.85)

< lim { \m@ﬂ-ﬂMm+/|@mw—MMw}:o
€ A€

uniformly with respect to ¢t € [0,7].

The conclusion will follow if we prove that

T
(6.3.86) / /dexdt =0
0 Q

for any F' = F(z,t) € C5°(Qr). It is not restrictive, as we do in the sequel, to assume
supp F CQ\ 8%, F >0.

For any € € (0,e09/2) consider a sequence of positive functions {pm c tmenw € C>(Q2\ S°)
such that

(6.3.87) pme — p in LH(Q\SF) as m — 0.
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For any m € IN,e € (0,e09/2) let 1, the classical solution to the backward problem
Pm.e Opp+AY = —F in QE,T

(6.3.88) ¢ =0 in (RUA%) x (0,T)

P =0 in (Q\ &°) x {T}.
Observe that the regularity of pp, . implies ¢, € C*(Q. 1) (m € IN, & € (0,£0/2)) .
From (6.3.84) and (6.3.1) with Q; = Q\ S¢, 7 = T we have

T
(6.3.89) / / wFdxdt = / W (p — Pmc)Opthm e dx dt — / / W(Vme, Ve) dodt,
O\&F o S

where 1), . denotes the solution of problem (6.3.88), m € IN, € € (0,£0/2) .

We claim that
(1) for any € € (0,e0/2)

T
m—oo ! g O\T*

(79) there exists a positive constant C' such that for any m € IN, e € (0,£0/2)

T T
‘/ / W (Ve g, ve) dor di| < c/ / W do dt .
0 e 0 €

Let us put-off the proof of claims (1) — (i7) and get the conclusion.
From (6.3.89) and claims (i) — (i) we obtain for any € € (0,e0/2)

’// dexdt‘<C/ / W do, dt .
Q\Ss £

This comblined with (6.3.85) yield, as € — 0, (6.3.86) and the conclusion.

It remains to prove claims (i) — (#i). To this purpose observe that for any m € IN, ¢ €
(0,€0/2) the function vy, . = 04thm  solves the backward problem

Pme O + Ay = — O F in Qe

(6.3.90) P =0 in (RUA®) x (0,T)

Y =0 in (Q\ &%) x {T}.
Let us show that there exists M > 0 such that for any m € IN, ¢ € (0,£0/2)
(6.3.91) [Ymel < M in Qer.

In fact, since €2 is bounded, we can suppose that €2 lies in the slab
{z=(z1,...,2n) € R"|0 < 21 < d}
for some d > 0. Then it is easily seen that the function
v(z,t) = (exp{d} — exp{@1})|0:F |l (@) ((z,) € Qer)

is a supersolution to problem (6.3.90) for any ¢ € (0,e09/2), while —v is a subsolution to the
same problem. By comparison principles we have for any ¢ € (0,e0/2)

(6.3.92) 0 < Ppe <v in Qer.
Hence (6.3.91) follows with M := exp{d}||0;F || (q,) -
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Then for any € € (0,e0/2)

m—00

T
lim ‘/ / W (p — Pme)¥medrdt] < lim ||wHOOMT/ |p — pmeldz = 0;
O\&F m—00 O\&F

here use of the limit (6.3.87) has been made. Thus claim (i) is shown.

To prove claim (éi) consider the function Z defined in (6.3.11)-(6.3.12) with M given by
(6.3.91). Hence Z is a supersolution, while ¥, . (m € IN,e € (0,£0/2)) is a subsolution to
the problem

[ pme O+ A = 0 in (8 \ SF) x (0,T]
v =M in A% x (0,T")
(6.3.93)
P =0 in A x (0,7)
v =27 in (8% \ &¢) x {T}.
Then arguing as in the proof of Lemma 6.3.3 we obtain for any m € IN,e € (0,£0/2)
(6.3.94) (Vi e, ve) > —C on A° x (0,T),

where C := uC with g and C given by (6.3.12). It is similarly seen that for any m € IV, e €
(0,€0/2)
(6.3.95) (Ve ve) < C on A°x (0,T).

Integrating by parts, since W = 0 in A® x {0} and (V0. v:) = 0in A x {T'} (m €
IN,e € (0,60/2)) we obtain

// V?j}mg,l/z_;)dadt—/ / OW (Npp e, V) do dt = //WVLZJmE,ue}dadt
£ AE £

for any m € IN, e € (0,£9/2) . Hence by (6.3.94)-(6.3.95) it follows claim (i7). This completes
the proof. 0






CHAPTER 7

Phragmen-Lindelof principles for fully nonlinear elliptic
equations with unbounded coefficients

7.1. Introduction

We deal with viscosity solutions of fully nonlinear elliptic equations of the following form:
(7.1.1) F(z,u,Du,D?*u) =0 inQ;

here €2 C IR" is a connected open, possibly unbounded set with boundary 9€), F' is a real-
valued continuous function defined in 2 x IR x IR™ x X", ¥™ being the linear space of n x n
symmetric matrices with real entries; precise assumptions will be made in Section 7.2.

We always express the boundary 0f2 as the disjoint union of the reqular boundary R and
the singular boundary S, for the nonlinear operator F' is well-behaved in QUR; on the contrary,
it can become hill-behaved, when dist(x,S) — 0, or when |z| — oo, if © is unbounded (see
assumptions (F;)— (Fy) in Section 7.2). Then it is natural to prescribe the Dirichlet boundary
condition on R; this leads to the following problem:

F(z,u,Du,D*u) =0 in Q
(7.1.2)
u =g in R.

When F' is a linear operator with bounded coefficients, uniqueness results for problem
(7.1.2), in the class of bounded solutions, have been proved both by analytical (e.g., see [7],
[26], [56]) and probabilistic methods (e.g., see [31]). Such results are generalized in several
respects in [58], [65](see also [59],[60], for parabolic problems), where linear degenerate oper-
ators whose coefficients can become unbounded at S are dealt with; moreover, uniqueness is
obtained in the class of solutions satisfying a suitable growth condition at S, as a consequence
of Phragmen-Lindel6f type results (e.g., see [61], for classical Phragmen-Lindel6f principles).

For fully nonlinear operators, fulfilling natural structural conditions, Phragmen-Lindel6f
principles have been proved in [15]-[16], when 2 is unbounded, R = 02 and (2 satisfies specific
geometric conditions; roughly speaking, it is necessary that there is "enough boundary” near
any point of . Following the arguments of [13], in [15]-[16] at first a boundary weak
Harnack inequality is shown, then Alexandrov-Bakelman-Pucci estimates and Phragmen-
Lindel6f principles are obtained.

On the other hand, in case of a bounded domain, in [2] comparison principles for problem
(7.1.2) are given, if S is a sufficiently smooth (n — 1)—dimensional submanifold of IR", F €
C(Ql x R x IR" x ¥") and F fulfills suitable conditions at S, which extend to the nonlinear
case those introduced in [26].

Our purpose is to establish Phragmen-Lindelof principles for problem (7.1.2), when F' can
diverge or need not to have a limit when dist(x,S) — 0. Beside problem (7.1.2), we shall
consider also the problems:

F(x,u,Du,D?*u) =0 in Q
(7.1.3)

137



138 7. FULLY NONLINEAR EQUATIONS

and

F(x,u,Du, D*u) =0 in Q
(7.1.4) u=g in RuS;

since, if Phragmen-Lindel6f principle fails for problem (7.1.2), it is natural to try and recover
it by prescribing a sign condition on some subset S; of the singular boundary S, and/or a
condition at infinity, if €2 is unbounded. Indeed, under certain hypotheses, we shall prove that
any subsolution to problem (7.1.3) with g = 0, which is nonpositive on R US; and satisfies a
suitable growth condition at Sz := &\ S; is necessarily nonpositive in Q (see Theorem 7.3.1).
In other words, the sign of u at R U S; propagates in the whole €, even if we do not require
a sign condition of u on the portion Sy of the singular boundary S. Moreover, observe that
no regularity conditions on F' at S are imposed (see (Fy) — (F») in Section 7.2).

The Phragmen-Lindel6f principle we state relies on the existence of suitable supersolu-
tions to a companion problem of problem (7.1.2) and on their behaviour as dist(z,S2) — 0
(see Subsection 7.3.1). In Subsection 7.3.2 we address the actual construction of such super-
solutions, aiming to give explicit conditions for the Phragmen-Lindelof principle, for special
classes of equations, such as semilinear degenerate equations (see Theorem 7.3.4), fully nonlin-
ear equations related to extremal Pucci operators (see Theorem 7.3.6). Regarding this aspect,
a central role will be played by geometrical properties of So, in particular by its dimension.
In Subsection 7.3.3 we state some comparison results for problem (7.1.2), under suitable as-
sumptions on F' and the singular boundary §. Furthermore, in Subsection 7.3.4 we discuss
some generalizations of previous results to singular fully nonlinear operators, which can not
to be defined where the gradient vanishes. These general results are used in Section 7.5 to
discuss a few of examples, where nonlinear operators which are unbounded at the singular
boundary S are employed.

Finally, let us point out that the methods we use in the sequel are quite similar to those
of [58] and [65], where the linear case is addressed.

7.2. Mathematical framework and auxiliary results

In what follows, concerning the regular boundary R and the singular boundary S, we
always assume:
i) =RUS, RNS =0, S#0;
ii) R C 09Q, R open and smooth enough ;
ZZZ) S=85 UGS, 8108220;
(iv) Sj and Sy have a finite number of connected components.

(
(H1) E

The following assumption concerning F' will be made:

(1) FeEC(QUR)xRxR"xX"IR);

(13) F(x,r,p,X)— F(z,s,p,X)> 0forany z € Q,r,s,€ R,r >s,pc R", X € ¥";

(131) F'is (degenerate) elliptic, that is F(z,r,p,X)— F(z,r,p, X +Y) >0
foranyx € QUR,pe R", X, Y ¢ X" Y >0;

(F1)

We say that F' is proper if it satisfies (Fy) — (i7), (i4i) .

Let Q; C Q. We denote by USC(€1) and, respectively, by LSC(€;) the sets of upper and,
respectively, lower semicontinuous functions in §2;. Let us make the following definitions.
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DEFINITION 7.2.1. (i) A function v € USC(R) is a viscosity subsolution of equation
(7.1.1), provided that the following condition holds:

zo € Q0 € C*(Q) and u— 1 has a local mazimum at o implies

F (o, u(o), D(x0), D*¢(0)) < 0.
(73) A function u € LSC(R) is a viscosity supersolution of equation (7.1.1), provided that
the following condition holds:

zo € Q,1p € C*(Q) and w — Y has a local minimum at xo implies
F(l’o,u(l‘o), Dw(l'O)a D2¢(5U0)) > 0.
(7i1) A function w € C(Q) is a viscosity solution of equation (7.1.1), if u is both a sub-
and a supersolution of equation (7.1.1).

Later on, we only consider wiscosity sub-, supersolutions to equation (7.1.1).

DEFINITION 7.2.2. Let £ C 0 and g € C(£). A function u € USC(QUE) is a subsolution
of problem
F(x,u, Du, D*u) =0 in
(7.2.1)
U =g in &,
provided that

(1) w is a subsolution of equation (7.1.1),
(ii) u<goné.
Supersolutions and solutions of problem (7.2.1) are defined accordingly.

Let 1 be a subset of Q such that Q; C Q UR. We say that comparison principle holds
for F'in QU R, if for any subsolution u € USC(£21) to equation

(7.2.2) F(z,u, Du,D*u) =0 in Q,

and for any supersolution w € LSC(£21) to the same equation such that u < @ on 0Q; we
have
u<wu in Q.
Sufficient conditions for such a comparison principle are well-known (e.g., see [5], [18],[39]).
We always assume the following;:
there exists a function E € C((QUR) x IR x IR™ x ¥"; IR) such that:
(i) F(x,r,p,X)> E(x,r,p,X) forany x € QUR,r > 0,p e R", X € X",
(F») (ii) E is proper;
(747) comparison principle holds for £ in QUR;
(iv) E(2,0,0,0) <0 for any = € Q2.
In the sequel we exhibit a large class of operators F satisfying assumptions (Fy) — (F).
To this aim, consider the Pucci extremal operators:

(7.23)  PyA(X) = Meif\li,\{_Tr(MX)}’ P;:A(X) = Mg}\l}l) {-Tr(MX)} (X € £");

here 0 < A < A, Myp:={M € S" |\ < M < AI}.

Let us recall, in the following lemma, some properties of the operators P)jf A (e.g., see [14],
[49]). As usual, we will say that F' is uniformly elliptic (with ellipticity constants A < A), if

Mr(Y) < F(z,r,p,X) — F(z,r,p, X +Y) < Atr(Y),
forany x e QUR,r€ R,pe R", X, Y € ¥ Y > 0.



140 7. FULLY NONLINEAR EQUATIONS

LEMMA 7.2.3. Let 0 < A < A. For any X,Y € ¥" we have:
(i) PaA(X) = ATr(X7) = ATr(XT), PYA(X) = ATr(X™) = ATr(XT), where X >
0,X~ >0, X=X X", XtTX™ =0;
(44) P/j\fA(X) are uniformly elliptic operators with ellipticity constants X\ and A;
(idi) Py (X) = =Py 5 (=X);
(1v) P/j\fA(aX) = aP/j\fA(X) for any a > 0;
(v) P;CA 18 conver in X, P):A 18 concave in X ;
(vi)
PiA(X) + Py (Y) SPLA(X+Y) <

SPIAX) +FPIAY) SPIAX +Y) <PLAX) +PEAY).

Observe that F' is uniformly elliptic (with ellipticity constants A < A), if and only if the
following condition, involving the Pucci operators, holds true:

(7.2.4) PalY) < Fa,r,p, X +Y) — F(z,r,p, X) < Py, (Y),
forany z € QUR,r€ R,pe R", X,Y € X"
We have the following

LEMMA 7.2.4. Let assumptions (H1) and (F1) be satisfied. Moreover, let the following
condition hold true:

7 there exist B,y € C(QUR;[0,00)) such that
(F3) F(z,r,p,X) > P):A(X) — B(z)|p| + ~y(x)r for any € QUR,r >0,pe R", X € X".

Then assumption (F3) is satisfied.
Proof of Lemma 7.2.4 . It suffices to take
(7.25)  E(z,r,p,X) =Py ,(X) = B(z)|p] + v(z)r (z€QUR,r>0,pe R", X € X").

O
Moreover, next lemma holds true.

LEMMA 7.2.5. Let assumptions (A1) and (F1)— (i) be satisfied. Moreover, let the following
condition hold true:

(1)  F is uniformly elliptic with ellipticity constants A < A;
(i7) there exists a function € C(QUR;[0,00)) such that
(Fy) F(z,0,p,0) > —0(2)|p|, for anyz € QUR,p € R"™;
1 (i7i) there exists a functiony € C(2UR;[0,00)) such that
F(.’L‘,T,p,X) - F(x?svva) > ")/(.’E)(T’ - 3)7
foranyxr e QUR,r,se R,r>s,pe R", X € X"

\

Then assumption (Fy) is satisfied.
Proof of Lemma 7.2.5. By (Fy) and (7.2.4) it follows that
F(x,r,p,X) =2 Py A (X) + F(a,r,p,0) =

> Py A(X) + F(2,0,p,0) +y1(2)r > E(z,r,p, X)

for any x € QUR,r > 0,p € R", X € X", where E is the function defined in (7.2.5). Hence
the conclusion follows by Lemma 7.2.4. O

Set uy :=sup{u,0} and u_ := sup{—wu, 0}. The following standard result holds true.
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LEMMA 7.2.6. Let assumptions (A1), (F1) — (F2) be satisfied. Let uw € USC(Q2) be a
subsolution of equation (7.1.1). Then the function uy is a subsolution of equation
(7.2.6) E(z,u, Du,D*u) =0 in Q.

Proof of Lemma 7.2.6. Clearly u, € USC(), since u € USC(Q). Take ¢ € C?(2),z¢ € Q
such that uy(xg) = ¥ (xp) and

ut () — ¥(x) < ug(2o) — Y(zo) for anyx € Bs(wo)
for some § > 0. If uy(z9) = 0, then ¢(xp) = 0 and
Y(x) > uq(x) >0 for anyz € Bs(xo),

hence v has a relative minimum at zg. Therefore Di(zg) = 0, D?(x9) > 0. Then by
(Hs) — (i1), (v) we deduce

(7.2.7) E(z0,uy(20), DY(x0), D*Y(x0)) = E(x0,0,0, D*)(x0)) < E(x0,0,0,0) < 0.
Now consider the case u(zg) > 0; then u(zg) = us(zo) = ¥(x0),
u(@) < us(2) < ¥x) for anya € By(wo);

hence the function u — v has a relative maximum in zg. By (H3) — (i) and the fact that u is
a subsolution of equation (7.1.1), we have

E(xo, ut(x0), Dy (o), D*(w0)) < F(ao, u(xo), D(x0), D*h (o)) < 0.
This inequality combined with (7.2.7) gives the conclusion. O

7.3. Results
7.3.1. Phragmen-Lindel6f principle. We shall prove next
THEOREM 7.3.1. Let assumptions (Hy), (F1) — (F3) be satisfied; suppose So # 0. Let there
exist a supersolution W > H > 0 of problem

E(x,u, Du, D*u) =0 in
(7.3.1)
u =0 on R

such that, for any a € (0,ap), oW is a supersolution of the same problem (ap > 0). If Q is
bounded, then any subsolution w € USC(QUR U S1) of problem (7.1.3) with g = 0 such that

(7.3.2) lim sup u(z) <0
dist(x,S2)—0 (.%')

satisfies u < 0 in €.
If Q) is unbounded the same conclusion holds true under the additional condition

7.3.3) lim sup <0.

In the above Theorem, the sign condition on the portion Sy of the singular boundary,
where the subsolution u need not to be defined, is replaced by a growth rate condition with
respect to a suitable supersolution to problem (7.3.1). Observe that condition (7.3.2) reduces
to a sign condition for u at S2, whenever W is bounded in a neighbourhood of Ss.

REMARK 7.3.2. Theorem 7.3.1 holds true also in the following cases:
(1) if condition (7.3.3) is replaced by the sign condition
(7.3.4) limsup u(z) < 0;

|z|—00
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(7i) if condition (7.3.2), respectively (7.3.3), is replaced by the weaker assumption

u
(7.3.5) liminf{ sup —} <0,
e—0 {AZ\SQ W}
respectively
u
7.3.6 lim inf —1 <0.
( ) iminf {  sup W} <

e=0 " QURINGB

1
In the above inequalities and hereafter we set B, (z) := {|z — z| <r} (z € R"),B,(0) = B,
and

Si={r € Q|dist(x,S) = ¢}
for any ¢ € (0,e9), (with g9 > 0 suitably small).

7.3.2. Special classes of operators. The Phragmen-Lindel6f principle stated in Sub-
section 7.3.1 is implicit in character, for it relies on the actual construction of the supersolution
W of problem (7.3.1). In this Subsection, for special classes of nonlinear operators F', we es-
tablish sufficient conditions for the construction of such supersolution W, aiming to give
explicit criteria for the validity of Phragmen-Lindel6f principle for problem (7.1.3).

Concerning the regular boundary and the singular boundary, beside (H;) the following
assumption will be made:
(i) RN& =0,5N8 =0;
(Ha) (ii) Ss is a compact k — dimensional submanifold of IR™ of class C3
with k=0,1,...,n— 1.

7.3.2.1. Semilinear degenerate equations. Consider semilinear degenerate problems of the
following type:

—tr(A(z)D?u) + H(z,u, Du) =0 in Q

(7.3.7)
u =g in RUSt,

where
(1) aij =ay; € Co(Q), oij € COYQUR), A(z) = o(z)o(z)” (x € QUR);
(i1) Z?le aij(2)&&; > 0 for any z € Q and (&1, ..,&,) € R™;
(tit) He C((QUR) x R x IR™);

(Fs) (1v) there exists € C(QUTR;[0,00)) such that
5

H(z,0,p) > —p(x)|p| for any z € QUR,p € R";
(v) there exists v € (QUR;[0,00)) such that
H(z,r,p) — H(z,s,p) > v(z)(r — s)
[ (vi) v+ XL 05> 0in QUR for some j = 1,...,n.

To state our result we need some preliminary remarks. For any fixed y € S there exist
orthonormal vectors nM(y),...,n" ¥ (y) € IR™, which are orthogonal to Sy at y. Consider
the matrix A (y) = (aun(y)) € "%, where

n

am(y) = Y an wn" @) Gm=1...n—kiyes).
ij=1

Let us make the following definition (see [31]).

DEFINITION 7.3.3. Lety € So. The rank r(y) of the matriz A (y) is called the orthogonal
rank of the diffusion matrix A at y.
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The above definition is well posed, for r(y) is independent of the choice of the set
)|l = 1,...,n — k}; observe that r(y) < n — k. In view of assumption (Hs) — (i),
there exist y', ...,y € Sy such that:

Sy is the union of the graphs i; of C? functions, say

(7.3.8) 00 : Br,(yi,...,h) C R — R"*,60) = (8], , 6
(i=1,...,N), up to reorderings of the coordinates.

We shall use the following assumption:

(i) n>2,dimSy <n-—2;
(ii) r(y) > 2 for any y € Sy;
(797) for any y € U; (i =1,..., N) there exist orthonormal vectors
(£6) nW(y), ..., n™F(y) € IR™, which are orthogonal to S, at y,
nW() e C*(U;; R") (I=1,...,n—k), such that the matrix
L A (-) has unit eigenvectors of class C%(U;; IR %) .

(here the notation in (7.3.8) has been used).
Now we can state the following

THEOREM 7.3.4. Let Q be bounded, assumptions (H1)— (Hz) and (F5) — (Fg) be satisfied,
Sy # 0; suppose v >0 in Q, or S = 0. Let there exist By > 0 and 7 € [0,1) such that

By

(7.3.9) Bx) < W

for any x € Q.

Let u e USC(QURUS) be a subsolution of problem (7.3.7) with g = 0.
(1) If

7.3.10 lim sup - <0,
( ) dist(2,S2)—0 | log dist(x,S2)|

then u < 0 in .

(i) Let av:= inf r(y) —2>1. If
yES2

, u(z)
(7.3.11) limsup ————5—— <0,
dist(z,S2)—0 [dlSt(x782)] ¢

then u < 0 in Q.

REMARK 7.3.5. For linear degenerate equations, Theorem 7.3.4 is proved in [58] using
similar methods.

7.3.2.2. Fully nonlinear equations related to Pucci operators. We shall prove the following
results.

THEOREM 7.3.6. Let Q be bounded, assumptions (Hy)— (Ha), (F1), (F3) be satisfied, So #
0; suppose v >0 in Q or S = 0. In addition, let n —1 — % >0,
A
(7.3.12) k<n-1-%

and condition (7.3.9) be satisfied. Let w € USC(QU R U Si) be a subsolution of problem
(7.1.3) with g =0 such that (7.3.10) is verified, then u < 0 in Q.
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7.3.3. Comparison results. Let us make next assumption:
(i) FECOQUXxRxR™xX%IR);
(ii) F(x,7,p,X)— F(z,s,p,X) > 0forany x € Q,7,5,€ R,r >s,pc R", X € ¥";
(7i7) F' is uniformly elliptic with ellipticity constants A, A ;
(tv) for any R > 0 there exists L > 0 such that
\F(x,r,p,X)_— F(xanan)‘ < L‘p - Q‘
for anyxz € Q,r € [-R,R],p,q, € R", X € ¥™;
[ (v) comparison principle holds for F' in Q.

We can prove the following

PROPOSITION 7.3.7. Let 2 be bounded, assumptions (Hy1) — (H2) and (F7) be satisfied;
suppose S = Sy # (). Let condition (7.3.12) be satisfied. Then problem (7.1.2) admits at most
one bounded solution.

Concerning semilinear degenerate equations, we have next

PROPOSITION 7.3.8. Let §) be bounded, assumptions (Hy)—(Hz) and (F5)—(Fg) be satisfied
with H € C(Q x R x R"), 8,7 € C(Q;[0,00)); suppose S = Sa # 0. Then problem (7.3.7)

admits at most one bounded solution.

7.3.4. Generalizations of previous results to singular operators. Let us assume
the following:

' (2) F(ﬂj‘,’l“,p,X) = F(xaan) + ’p|ﬁ<b($),p> - f(?“) (ﬁ > _1)
forany x e QUR,r € R,p € R"\ {0}, X € ¥";
(ii) FeC(QUR)x R x (IR"\{0}) x " R) ;
(Fy) (#i7) F' is proper )
(iv) there exist A >0, A > 0 with A < Asuch that F(z,p, X) > |p|’Py 4 (X)
forany x € QUR,p € IR" \ {0}, X € X"; 7
(v) beCH(QUR; R™);
(vi) fe C(R;R), f(0) =0, f is strictly increasing in IR .

Operators F' satisfying assumption (Fg) are singular, in the sense that they may not be
defined at p = 0. Some examples of such singular operators are given in the following (see

[8]):

(i) F(p,X) = [p]"PyA(X) (8> -1);

(i1) F(p, X) := —tr(X) + FE (see [24]);

(iii) F(p, X) := —Ap = —|p|™2tr(X)+(2—m)|p|™ 4 (Xp,p) (m > 1), i.e. the opposite
of the m— Laplacian ;

here p € R" \ {0}, X € X"

When F' satisfies (F3), the notion of viscosity solution of equation (7.1.1) will not be
meant in the usual sense; following [8]-[9], [24] and [41] we do not take test function whose
gradient is zero at the test point, where the operator F' may not be defined (see (Fg) — ()).
To be specific, let us make next

DEFINITION 7.3.9. A function uw € C(2) is a viscosity subsolution of equation (7.1.1)
provided that, for any xg € €1, either
- u =c in Bs(zg) CQ, for some § >0, c € IR, and f(c) <0,
or

- for any ¢ € C?(Q) such that u—1 has a local mazimum in xo and D (xg) # 0 there
holds

F(wo, u(wo), D (20), D*(w0)) < 0.
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A function u € C(Q) is a viscosity supersolution of equation (7.1.1) provided that, for any
xg € S, either
- u =c in Bs(zg) C Q, for some § >0, c € IR, and f(c) >0,
or
- for any ¢ € C?(QY) such that u—1) has a local minimum in xo and D) (zg) # 0 there
holds
F (0, u(z0), D (o), D*(w0)) = 0.
A function u € C(Q) is a viscosity solution of equation (7.1.1), if u is both a sub- and a
supersolution of equation (7.1.1).

We shall prove the following

THEOREM 7.3.10. Let Q be bounded, assumptions (Hi) — (Hz), (F3) be satisfied and S =
82 # 0. Moreover, suppose that conditions (7.3.9) and (7.3.12) are verified. Let u € C(QUR)
be a subsolution of problem (7.1.2) such that condition (7.3.10) is satisfied. Then u <0 in Q.

REMARK 7.3.11. (i) If F = —A,, (2 <m < n), then condition (7.3.12) reads k < n—m.
In this case, Theorem 7.3.10 is in agreement with the nonlinear potential theory (see e.g.
[36]).
(i7) If F(p,X) = —trX + O;T’zp) (p € R™\ {0},X € ¥"), then condition (7.3.12) reads
k<n-—3.

7.4. Proofs

7.4.1. Proof of Theorem 7.3.1. We adapt to the present situation proofs given in [65],
for linear problems. We keep the same notations of Section 1.4.

Proof of Theorem 7.53.1. (a) Let 2 be bounded. We give the proof when condition (7.3.2) is
replaced by the weaker assumption (7.3.5) (see Remark 7.3.2).

(1) In view of inequality (7.3.5), there exists a sequence {e;} C (0,e9), e — 0 as k — oo,
such that

(7.4.1) lim { sup ui} <0.

Then for any o € (0, ag) there exists k = k(a) € IN such that for any k& > k there holds

(7.4.2) UW+ <a in AF\S.

(#1) Define, for any « € (0, ap),

(7.4.3) Va(x) == aW (z) (x e QUR).
Observe that
(7.4.4) aH <V, in QUR.

In view of (1.4.1)-(?7?), (7.4.4) the following claim is easily seen to hold.
Claim 1: For any a € (0,0), € € (0,0), 6 € (0, 5) the function V,, defined in (7.4.3) is a
supersolution of the problem

E(z,u,Du,D*u) =0 in Q\Z%
(7.4.5) u=0 on RO

u =V, on Fe .

(7i7) We shall prove the following
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Claim 2: For any «a € (0, ag) there exists k = k(a) € IN with the following property: for any

k > k there exists 8 € (0,%) such that the function w4 is a subsolution of problem (7.4.5)
with € = e, d = 0, where {ex} is the infinitesimal sequence of inequality (7.4.2).

From Claims 1 and 2 the conclusion follows immediately. In fact, by assumption (F3)—(#74)

we obtain for any « € (0, ), k > k
uy <V, in Q\ Zex0%

Letting @ — 0 in the latter inequality we obtain u < 0 in any compact subset of {2 (observe
that & — oo, thus € — 0 as o — 0); hence the result follows.

To prove Claim 2 we use the following facts:

e for any a € (0,a0), € € (0,e0) there exists 6 € (0,5) such that for any § € (0,9)
there holds

(7.4.6) uy < o in .7:18’5;

e for any a € (0, ap) there exists k = k(a) € IV such that for any k& > k and for any
6 € (0, %) the function V,, satisfies

(7.4.7) up < Vo o in FiRO,
Let us put off the proof of (7.4.6)-(7.4.7) and complete the proof of Claim 2. Plainly, from
(7.4.4) and (7.4.6)-(7.4.7) we obtain
(7.4.8) uy < Vi o in ForOk
for any o € (0,aq), k > k and some & € (0, ). On the other hand, by Lemma 7.2.6, the
function w4 is a subsolution of the problem
E(x,u, Du, D*u) = 0 in
(7.4.9)
u=20 on RUSy,
thus in particular v < 0 on RekO% C R. Hence Claim 2 follows.

It remains to prove inequalities (7.4.6)-(7.4.7). Concerning (7.4.6), observe that uy < 0
on Sj, thus in particular v < 0 on Si¢, and uy € USC(QUR U S;). As a consequence, for
any T € S1 and any o > 0 there exists § = §(Z, o) > 0 such that

uy(x) <o for any =z € [QUR|N Bs(T) .
It is immediately seen that Sy is closed, thus compact. Hence from the covering { B5(7) }zes, .
we can extract a finite covering {B;, (Zr) }n=1,..n (7 € IN), namely
8175 C UZ:lB(Sn (i’n) =: Bs,o .

Set
€

§ := min{éy,..., 0, g},

then
{r € QUR |dist(x,S1.) <6} C[QURINB.,,
thus in particular
FP CIQUR|NB., for any § € (0,0).
This shows that for any o > 0, ¢ € (0,&¢) and § € (0,6) there holds

Uy <o in .7:1875;

choosing o = aH we obtain (7.4.6).
Inequality (7.4.7) follows immediately from (7.4.2), since ]:25’“’6 C A5\ S for any § €
(0, 5). This completes the proof for bounded .
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(b) Let Q be unbounded. We shall use the family Q%% of subsets of €, introduced in
Section 1.4. We give the proof when condition (7.3.3) is replaced by the weaker assumption
(7.3.4) (see Remark 7.3.2). (i) In view of inequalities (7.3.6), there exists two sequences
{ex} € (0,€0), ek — 0 as k — oo and {Fx} C (0,00), B — 0 as k — oo, such that

(7.4.10) lim { sup ui} <0, lim { sup ui} >0.
k—+o0 k—+o00 [QUR]Q&B%
k

Then for any o € (0, ) there exists k = k(a) € IN such that for any k > k

(7.4.11) “W*<a in AZF\S, %—Sa on [QUR]NOB, .

(74) As in (a), it is easily seen that the function V, := aW is a supersolution of the problem

( E(z,u,Du,D?*u) =0 in Q%8
_ 0N R,
u =V, on [fa’éﬂ?%}u[ﬁ\ﬁﬁéB%

for any a € (0, a0), € € (0,£0), 0 € (0,5),58 > 0.

Arguing as in (a) the conclusion follows from the following
Claim: For any a € (0,ap) there exists k = k(o) € IN with the following property: for

any k > k there exists 6, € (0,%) such that the function w4 is a subsolution of problem

(7.4.12) with ¢ = ey, 0 = 6k, 3 = Pk, where {ex} and {fi} are the infinitesimal sequences of
inequalities (7.4.11).

To prove the Claim, it suffices to prove that
(7.4.13) uy < Vo on [f%ék N Bﬁi} U [Q \T+5 0B L
k k

with a, k, ek, O, Bx as above. Notice that (7.4.4) and (7.4.7) are still valid. Moreover, in view
of the compactness of S - N B% (e € (0,g9), B > 0), arguing as in the proof of (7.4.6), we get

that
e for any a € (0,a9), € € (0,0), 3 > 0 there exists 6 € (0,5) such that for any
§ € (0,6) there holds

(7.4.14) uy < aH  in FON By

wl

Then by (7.4.4), (7.4.7), (7.4.14), the inequality

7.4.15 w, <V, in Fr*RAB,
( ¥ E
k

follows. Concerning the inequality

(7.4.16) up <Vo  in Q\T®HN0B,,
k

it follows immediately from (7.4.11) since Q \ Z5+% C QU R for any § € (0, %) (see (1.4.1)).

Then inequality (7.4.13) and the conclusion follow. O

Proof of Remark 7.3.2. Case (i) holds, since (7.3.4) implies (7.3.3). Case (i) has been dealt
with already in the proof of Theorem 7.3.1. U
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7.4.2. Proof of Theorem 7.3.4. Arguing as in the proof of Theorem 2.12 in [58] we
obtain the following

PRrOPOSITION 7.4.1. Let assumptions of Theorem 7.3.4 be satisfied. Then there exists a
supersolution W > H > 0 to problem

—tr(A(x)D?*u) — B(x)|Du| +yu =0 inQ

(7.4.17)
u =0 in R
such that
{ W(z) ~ —log[dist(x,S2)] as dist(x,S2) — 0, if a:= ;relgr(y) —-2>0;
W(z) ~ [dist(z,S52)]7% as dist(x,S2) — 0, if a>1.

Now we can prove Theorem 7.3.4.
Proof of Theorem 7.8.4. Define

F(z,r,p,X) = —tr(A(z)X)+ H(z,r,p) (t€QUR,re Rpe R" X e€X").

In view of assumptions (F5) — (Fg) and comparison principles stated in [5], we deduce that
(F1) — (Fy) are satisfied, if we choose

E(a,r.p, X) == —tr(A@)X) — B@)lp| +7(2)r (v € QUR,7 > 0,p € R", X € ")
Applying Theorem 7.3.1 and Proposition 7.4.1 the conclusion follows. O

Using Lemma 3.4.3 we can prove next

PROPOSITION 7.4.2. Let assumptions of Theorem 7.3.6 be satisfied. Then there exists a
supersolution W > H > 0 to problem

P):A(Dzu) — B(x)|Du| +yu=0 in Q
(7.4.18)
u =0 n R

such that

W(z) ~ —log|dist(x,S2)] as dist(x,S2) — 0.
Proof of Proposition 7.4.2. Let g9 be given by Lemma 3.4.3. Define
(7.4.19) W (z) := —log[d(z)] — C1[d(x)]*"™ (= € 85°);
here d(x) = dist(z,S2) (x € QUR) and C) is a positive constant to be fixed in the sequel.
Clearly W € C?(S5). We claim that, for some € € (0, ), the function W satisfies
(7.4.20) Pia(D*W () — B(z)|DW (z)] + v(z)W () > 0 for any z € S5.

In fact, let € € (0,¢0) and z € S5 arbitrarily fixed. In order to prove inequality (7.4.20),
it is not restrictive to assume, as we will do in the following, that condition (C) of Lemma
3.4.3 is satisfied. Then, from Lemma 3.4.3, we have

= —{ld@)]" + (1 = )[d(@)] 7 }oin
for any i = 1,...,n. Moreover, there holds:
WD) (a2 + (1 - a7y 20D 200)
(7.4.22) i ad(;) J

—{[d(z)] 7" + C1(1 = 7)[d(=)] Ox;0x;
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forany i,7=1,...,n.

By Lemma 3.4.3, (7.4.21)-(7.4.22), we deduce that
(7.4.23) D*W(z) < P(z) = (pij(z)) (i,j=1,...,n),
where
Co{ld(@)] '+ Ci(1 = 7)[d(zx)]" "} ifi=j=1,...,k
(7.424)  pij(x) =1 —[d@)])2-Ci(1—7)d(x)] "t ifi=j=k+1,...,n—1

[d(z)] 2+ C17(1 = 7)[d(2)]7""t  ifi=j=n.
It is easily seen that
(7.4.25) P(z) = P*(2) — P (x), PT(x) >0, P (z) >0, P (2)P (z) = 0,
if we set

P*(z) = (pjj(2)), P~ (z) = (p(=)) (1,5 =1,...,n),

Co{ld(@)] ' +Ci(1 = 7)[d(2)]""} ifi=j=1,....,k
(7.4.26) pi(x) = [d@)] 2+ Cir(1 = 7)[d(x)) 7 ifi=j=n.
0 otherwise ;
[d(x)]2+C1(1—7)[dx)] ™" ifi=j=k+1,....n—1

(7.4.27) p;(x) = {
0 otherwise .
From (i) and (i¢) in Lemma 7.2.3, we obtain
(7.4.28) P;A(DQW(:U)) > Pya(P(z)) = Atr(P™(2)) — Atr(P*(z)).
By (7.3.9), (7.3.12) and (7.4.25)-(7.4.28), we have

Py a(D*W () — 8| DW ()| >
> [d(m)]_Q{/\(n —k—1)—A—AkCohd(z) — Bo[d(x)}l_T—i—

+C1(1 = 1) [Mn — k= D)[d(x)]" = 7A[d(z)]"" — ACok[d(z)]* — Bo[d(x)]%l—ﬂ]} >

> [d(a:)]_l_T{Cl(l —7)[AMn—k—1) — 7A — AkCod(z) — Bg[d(m)]l_q +

—~AkCold(2)]” = Bo} >0,

provided that € > 0 is small enough and C7 > 0 is large enough; here use of the inequality
AN —k —1) —7A > 0 has been made.

Notice that v(x)W (z) > 0, if € > 0 is small enough. This fact combined with the previous
inequality gives the Claim. It remains to extend W in the whole Q U R.

(i) Suppose v > 0 in €. Let us consider a function y € C?(Q) such that 0 < y <1, x =1
in 826/2, x =0 in Q\ S5. Define
W (z) := W(x)x(z) +C2 (x € QUR),

C5 being a positive constant to be chosen later.
Clearly, we have that

(7.4.29) Pia(D*W) = BIDW|+~4W >0 in S5/2U[Q)\ S5).
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Moreover, for some constant C3 > 0, there holds
(7.4.30) Pra(D?W) = BIDW|+ AW > —~C3+7C2 >0 in S5\ S5/,

taking Cy > %, where 79 := min v > 0.

s5\85"

Observe that W > 0 on R, if we choose C5 > 0 big enough, hence W is the supersolution we
had to exhibit.

(ii) Suppose S; = (). Let us consider the solution W of the problem

PyA(D*W) = Bi|[DW| =0 inQ\S°

(7.4.31) W =0 in A°
W =-1 in R;

here By := min . By the strong maximum principle, since A® is compact, there exists a > 0

such that ne

(7.4.32) (DW (2),v(z)) < —a (x € A%);

here v denotes the outer normal at S¢. Define

W +loge + Ciel™ ™ +2 in &°
(7.4.33) W=
HW +2 in (QUR)\ S°,
with H > 0 to be chosen.
We claim that if H > 0 is sufficiently large, then for any x¢ € A® no test functions 1 as
in Definition 7.2.1 exist, or equivalently (see [49]),

J> "W (x0) := {(p, X) € R" x 2" ‘

W) > W (o) + (p,z — m0) + (X (@ — 0), 2 — a0) +olfz — wo[")} = .

In fact, by absurd, suppose that (p, X) € J>~W (xq). Then it follows that

W (x4 dv(w0)) — W (20)
)

> (p,v(20)) + 0(0)

for any § > 0 small enough. Letting § — 0T in the previous inequality, we obtain
(7.4.34) (p,v(xo)) < H(DW,v(x0)) < —aH .

Arguing with similarly we get

(7.4.35) (p,v(xo)) > (DW,v(x0)) > —Cs,

for some positive constant Cy independent on zg (see (7.4.19)). From (7.4.34) and (7.4.35),
when H > % we obtain a contradiction. Hence the Claim follows and we can conclude that
W is the desired supersolution. The proof is complete. O

Proof of Theorem 7.3.6. Lemmas 7.2.3-(iv),7.2.4 and Proposition 7.4.2 yield the result. O
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7.4.3. Proof of Propositions 7.3.7-7.3.8 . We make use of the following
DEFINITION 7.4.3. Let Q; C Q.

(i) A function u € USC(Q) is a viscosity subsolution of equation
(7.4.36) F(x,u, Du, D*u) = 0 in Q,

provided that the following condition holds:
zo € Q1,9 C? in a neighbourhood of Q1 and u — 1 has a local mazimum (relative to Q1) at
xo implies that

F(an u(xO)v DW?UO), D2¢($0)) <0.

(ii) A function uw € LSC(Q) is a viscosity supersolution of equation (7.4.36), provided
that the following condition holds:
zg € Q1,% C? in a neighbourhood of Q1 and u — 1 has a local minimum (relative to Q) at
xo implies that
F (0, u(z0), DY(x0), D*1(x0)) > 0.

The proof of Theorem 7.3.7 is based on next

PROPOSITION 7.4.4. Let assumptions of Proposition 7.3.7 be satisfied. Then the following
statements hold true:

(i) Ifu € USC(Q) is a subsolution to equation (7.1.1), then u is a subsolution of equation
(7.4.37) F(z,u,Du,D?u) = 0 in QUS;

(13) If u € LSC(R) is a supersolution to equation (7.1.1), then u is a supersolution of
equation (7.4.37) .

Proof of Proposition 7.4.4. We adapt to the present situation the idea of the proof of Lemma
4.4 in [2]. Take z € S and ¢ € C?(QUS) such that z is a point of local maximum for u — ).
Without loss of generality, we can assume that z is a point of strict local maximum for w — 1,
that is

(7.4.38) u(z) —(z) > u(x) —(x) for any z € Bs(z) N [QUS]
for some § € (0,0); here o is defined as in Lemma 3.4.1. Define
Z(z) :=logld(x)] + Cd(z) (z€Q),

Pe(z) i=u(z) —¥(x) +eZ(x) (v e€Q);
here d(x) = dist(z,S) (x € Q), C; > 0 is a constant to be fixed in the sequel and ¢ > 0. Let
ze € Q (e > 0) be a point of local maximum of . (relative to Bs(z) N ); we have

(7.4.39) Te = 2, Ye(xe) = u(z) —9P(z) as e—0.

Take & > 0 such that x. € §7 for any € € (0,£). From Lemma 3.4.3, assumptions (Fy) —
(7i1), (iv) and condition (7.2.4) we deduce for any ¢ € (0, &)

F(z,u(xe), Dy (ae), D*(xe)) + Py p (—eD*(Z(xe))) — Le| DZ(xe)| <
< F(a,ul@e), Dy (w:) — eDZ(xe), D*)(x) — eD*Z(x.)) < 0.

Inequality (7.4.40) and Lemma 7.2.3-(4i7) yield for any ¢ € (0, €)

(7.4.41) F(az,u(z:), DY(x.), D*)(x:)) < Le|DZ(x.)| + Piy (eD*(Z(x2))) .

The same computations made in proof of Proposition 7.4.2 give, for C; > 0 big enough and
€ > 0 small enough,

(7.4.42) Le|DZ(x.)| + Py (eD?*(Z(x2))) < 0.
Sending € — 0 in (7.4.42), using (7.4.39), (7.4.41)-(7.4.42), we arrive to
F(z,u(2), D (2), D*(2)) < 0,

(7.4.40)
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thus (i) has been shown. Analogously (i7) can be deduced. O

Proof of Proposition 7.53.7 Suppose, by contradiction, that there exist two bounded solutions
uy, uz to problem (7.1.2). Let us prolong ui,us on S setting
up(x) :=limsupuq(y), uz(x) :=liminfus(y) (x€S).
Yy—x Yy—x

Proposition 7.4.4 implies that u; € USC(Q2) is a subsolution to equation (7.4.36) with ; =
QUS, while uy € LSC(Q) is a supersolution to the same equation; in addition, u1 = us = g
on R. By standard comparison principles (e.g., see [18]) we get u; < wug; analogously we
have uy; > ug, thus the result follows. O

The proof of Proposition 7.3.8 goes along the same line of the previous one; thus we omit
it.

7.4.4. Proof of Theorem 7.3.10. As a particular case of results given in [8], the
following comparison principle is valid.

LEMMA 7.4.5. Let assumption (Hy) be satisfied, R be of class C*, A > 0,A > 0, < A
and 3 > —1. Let Qq an open bounded set with smooth boundary 0 such that Q C QUR ;
moreover, let g € C(0Q1). If u is a subsolution and u is a supersolution of problem

|DulPP5 y (D?u) + [Dul®(b, Du) = f(u) in
(7.4.43)

uw=g on 0,
then u <uw in 7 .

Using Lemma 7.4.5, by minor changes in the proof of Theorem 7.3.1 we obtain next

PROPOSITION 7.4.6. Let Q be bounded and assumptions (Hy)— (Ha) and (F3) be satisfied,
S =38y #0. Let there exist a supersolution W > H > 0 of problem

P):A(D2’LL) + (b,Du) =0 inQ
(7.4.44)
u =20 on R.

Let u e C(QUR) be a subsolution of problem (7.1.2) such that
. U
(7.4.45) hgn_)lglf { S}isp W} <0.

Then v <0 in €.

Proof of Theorem 7.83.10. Arguing as in the proof of Proposition 7.4.2 we can construct a
supersolution W to problem (7.4.44). Thus the conclusion follows applying Proposition 7.4.6 .
O

7.5. Examples

Throughout this Section we always assume the following:

(i) FeC(QUR)xRxR"xX™R) (melN);
(ii) F is proper and uniformly elliptic with ellipticity constants A < A;
(F7) (797) there exist 3,7 € C(2UR;[0,00)) such that

Pz, r,p, X) > Py o (X) — B@)lpl + (o)1,
foranyz € QUR,r>0,pe IR™, X €¢ ¥™.
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EXAMPLE 7.5.1. Application of Theorem 7.3.1. Consider the problem

F(z,y,u,0"Du,cT’D*uc) =0 in (1,00) x (0,1)
(7.5.1)
u =0 on 0f2,

where )

z¢ 0
o(z,y) = < 0 1 ) ((z,y) € Q).
Suppose that 3 in (F7) is given by

Bz, y) = Az ((x,y) € Q)
Clearly,
F(z,y,u, Du, D*u) := F(z, y,u, 0 u, 0! D*u o) >
> F(z,y,u, Du, D*u) := ’P):A(O'TDQUU) — BloT Du| ((z,y) € Q);
notice that (F}) — (Fy) are satisfied (see [5]). The function W (z,y) = logz + 1 satisfies
P~ (6T D*Wo) — Blo" DW| +~4W > A(2? —2) >0 in Q.
Moreover

W>1, lim W(z,y)=00 (y€(0,1)).

Hence, if u € USC(2) N L*°(£) is a subsolution of problem (7.5.2), then v < 0 in Q, by
Theorem 7.3.1.

EXAMPLE 7.5.2. Application of Theorem 7.3.1. Consider the problem

F(z,y,u,0” D*uc) 4 (b(x,y), 0" Du) =0 in Q= (0,1) x (0,1)
(7.5.2)
uw=0 on RUGS,

where
ota) = (YT ) b = -4/ () <)
R =((0,1] x {1}) U ({1} x (0,1)), S = {0} x (0,1], S; = [0,1] x {0}. Clearly,
F(x,y,u, Du, D*u) := F(z,y,u,0  u,0’ D*uo) + (b(z,y), o Du) >
> E(z,y,u, Du, D*u) := ’P;’A(O'TDQ’U,O') + (b(z,y), 0l Du) ((z,y) € Q);
notice that (Fy) — (Fz) are satisfied (see [5]). The function W (z,y) = —logy + 1 solves

A
Py (eI D*Wo) + (b(x,y),0 TDW) + AW > —A+— >0 in Q;
AA y

moreover,
W >1, lim W(z,y) = +oo.
y—0F

Hence, if w € USC(QURUS;) N L>®(Q) is a subsolution of problem (7.5.1), then v < 0 in €,
by Theorem 7.3.1.

EXAMPLE 7.5.3. Application of Theorem 7.3.1. Consider the problem

—Asou — suy+u=0 in Q=(0,1)x(0,1)
(7.5.3)

u =20 onR:ﬁQ\([OJ]X{O});

here Aoou = (D*uDu, Du) is the infinity Laplacian, S := [0,1] x {0} . For any « € (0, 1] the
function Wy, (z,y) := —alogy + 1 satisfies

LOWa L w0 ((@y) € Q)

E(z,y,Wa, DWy, D*Wy) := —AocWy — —
(z,y ) 7 oy
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moreover,
Wiy >1, liIr(lel(x,y):oo.
y*)

Hence, if u € USC(QUR) N L*>®(Q) is a subsolution of problem (7.5.3), then v < 0 in Q, by
Theorem 7.3.1.

EXAMPLE 7.5.4. Optimality of condition (7.3.9) in Theorems 7.3.4 and 7.3.6. Consider
the linear problem

—-Au +@(4xu$+4yuy)+u: fin Q
(7.5.4)
u =g on R,

where Q = By \ {0} C R}, R = 0By, S = {0}, f € COL(QUR)NL>®(Q) and g € C(R).
Observe that if Theorems 7.3.4, 7.3.6 apply, then problem (7.5.4) has at most one bounded
solution. This is not the case, because in [58] it is shown that problem (7.5.4) has infinitely
many bounded solutions. This is due to the fact that the condition (7.3.9) is not satisfied,
since 4

1B(z,y)| = \/TTZF

((m,y) € Q)
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