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Preface

In the years 1948 to 1950, one of us (J.S.) had the unique opportunity of at-
tending lecture courses on elliptic differential equations given by Professors
Eberhard Hopf and David Gilbarg at Indiana University. These exemplary
lectures first awakened his interest in this theory and in particular in the
subject of the maximum principle. The other of us (P.P.) began the study
of partial differential equations at the Universities of Perugia and of Michi-
gan with Professor Lamberto Cesari, who instilled in her a deep regard for
clarity and rigor, as well as for the importance of dealing with concrete
problems. This combination is the background of the present work.

The maximum principle enables us to obtain information about solu-
tions of differential equations and inequalities without any explicit knowl-
edge of the solutions themselves, and thus can be a valuable tool in scientific
research. In particular, this book should prove useful not only to profes-
sional mathematicians and students primarily interested in mathematics,
but also to physicists, chemists, engineers and economists. The maximum
principle moreover occurs in so many places and in such varied forms that
anyone learning about it becomes acquainted with the classically important
partial differential equations and, at the same time, discovers the reason
for their importance.

We consider classical linear and quasilinear elliptic inequalities as well
as divergence structure and variational operators, with emphasis on the
important topics of comparison results and tangency theorems. This work
ultimately applies also to weak solutions in appropriate Sobolev spaces.

In order that the book may serve the purposes of reference and as a
basis for further developments, the proofs are given in detail. This has led,
at a number of points, to results either not found elsewhere, or not readily
accessible. Many of the proofs and derivations, even of the standard parts of
the theory, are new, along with the first book presentation of the modern
compact support principle and the general theory of structured elliptic
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inequalities. The proofs here, though difficult, make the subject available
for the first time to the general reader.

Problems are introduced in the conviction that no mastery of a math-
ematical subject is possible without working with it. They are designed
primarily to illustrate or extend the theory, although the desirability of
occasional concrete easy examples has not been ignored.

The most relevant related works are the classical monographs of
Gilbarg and Trudinger [43] and the earlier work of Protter and Wein-
berger [76]. While both these books remain of essential importance and
have been invaluable as background for the present work, neither contains
an up-to-date modern treatment of the maximum principle itself.

Readers should find the work valuable not only for its detailed pre-
sentation, but also as a reference work and possible graduate text material.

We are grateful to Michel Chipot and Hans Weinberger for a number
of suggested improvements in this work. We are also particularly indebted
to Antonio Ambrosetti for his initial encouragement to us for writing this
book.

Minneapolis, April 2007 Patrizia Pucci and
James Serrin

Acknowledgement

The first author was supported by the Italian MIUR project titled “Metodsi
Variazionali ed Equazioni Differenziali non Lineari”.



Chapter 1

Introduction and
Preliminaries

1.1 Introduction

The maximum principles of Eberhard Hopf are classical and bedrock re-
sults of the theory of second order elliptic partial differential equations.
They go back to the maximum principle for harmonic functions, already
known to Gauss in 1839 on the basis of the mean value theorem. On the
other hand, they carry forward to the maximum principles of Gilbarg,
Trudinger and Serrin, and the maximum principles for singular quasilinear
elliptic differential inequalities, a theory initiated particularly by Vézquez
and Diaz in the 1980s, but with earlier intimations in the work of Benilan,
Brezis and Crandall. The purpose of the present work is to provide a clear
explanation of the various maximum principles available for second-order
elliptic equations, from their beginnings in linear theory to recent work on
nonlinear equations, operators and inequalities. While simple in essence,
these results lend themselves to a quite remarkable number of subtle uses
when combined appropriately with other notions.

The first chapter concerns tangency and comparison theorems, based
to begin with on the pioneering results of Eberhard Hopf. Section 2.1 in-
cludes in particular a discussion of Hopf’s nonlinear contributions, which
are in fact not nearly as well known as his classical linear principle. We
continue with a treatment of quasilinear equations and inequalities, with
linear equations of course being an important special case. We consider



2 Chapter 1. Introduction and Preliminaries

both non-singular and singular cases, that is, in the latter case, equations
which lose ellipticity at special values of the gradient of solutions, partic-
ularly at critical points. The concern here with singular equations arises
from their growing importance in variational theory and applied mathemat-
ics, as well as their from specific theoretical interest, e.g., the celebrated
p-Laplace operator A,,.

The results of Hopf apply specifically to C? solutions of elliptic differ-
ential inequalities. In many cases, however, especially when the equations
and inequalities in question are expressed in divergence form, as in the
calculus of variations, one can expect solutions to be no more than of class
C! or even only weakly differentiable in some Sobolev space. The solutions
then must naturally be taken in a distribution sense. Correspondingly, in
such cases, the study of maximum principles requires new techniques as
alternatives to Hopf’s approach. These methods, necessarily integral in na-
ture, originally arose from the work of a number of mathematicians, going
back as far as Tonelli, Leray and Morrey in the years 1928-1935.

Sections 2.4 and 2.5 are devoted specifically to C! solutions of di-
vergence structure inequalities, allowing both singular and non-singular
operators. Theorem 2.4.1 and its attendant corollaries are of special inter-
est for their simplicity and elegance; see also the corresponding uniqueness
result for the singular Dirichlet problem (2.6.2). We note also the Tangency
Theorem 2.5.2 obtained from the weak Harnack inequality (Section 7.1).

Chapter 3 continues the study of divergence structure inequalities,
but for more general operators for which the methods of Chapter 2 are
inadequate. The principal results are:

(i) the maximum principles of Section 3.2 for homogeneous inequalities;
(ii) the “thin set”maximum principle in Section 3.3;

(iii) the generalization of Theorem 2.4.1 given in Theorem 3.4.1 (applying
to solutions in the Sobolev space W1P);

(iv) Theorem 3.5.1 for weakly singular inequalities; and

(v) the interesting Theorems 3.6.1 and 3.6.5 for strongly singular inequal-
ities.

We emphasize as well the Maximum Principles Theorems 3.7.2 and 3.7.4,
and the series of uniqueness theorems in Section 3.8. These results, which
extend well-known theorems of Gilbarg and Trudinger for the Dirichlet
problem, see, e.g., [43], Theorems 3.8.1 and 3.8.4, appear to be new in the
generality given.
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Chapter 4 is a digression from the earlier emphasis on tangency, com-
parison and maximum principles, dealing instead with two-point boundary
value problems for nonlinear ordinary differential equations. This work is
preliminary to the strong maximum principles of Chapter 5, but also has
ramifications in some unexpected byways. In particular, there are intimate
connections with the exterior Dirichlet boundary value problem and with
the existence of dead cores at infinity, see Section 4.3.

Chapter 6 is concerned with maximum principles for the complete
quasilinear divergence inequality

divA(x,u, Du) + B(z,u, Du) > 0, Du = grad u, (1.1.1)

under the general structure conditions (6.1.2); see particularly the remark-
able Theorems 6.1.3-6.1.5. The proofs involve application of special test
functions together with Moser iteration techniques. In view of the interest
and importance of the conclusions, particularly in the theory of multiple
integral variational problems, we present the proofs in careful detail. As
a byproduct of this work, in Chapter 7 we consider the important issues
of local boundedness and Harnack inequalities for solutions of (1.1.1), un-
der similar structural assumptions. This work allows us as well to extend
De Giorgi’s famous Holder continuity theorem to solutions of (1.1.1). The
proofs of the latter results rely heavily on the celebrated John—Nirenberg
inequality; for completeness we include a concise analytical proof of this
result in the appendix to Chapter 7.

Chapter 5 is concerned with the Strong Maximum Principle and the
Compact Support Principle for singular quasilinear differential inequalities.
Since these results may be less known to the reader, and at the same time
are of recent research interest, we shall pay special attention to them here.
Consider in the first instance the canonical divergence structure inequality

div{ A(|Du|)Du} — f(u) <0 (1.1.2)

in a domain (connected open set) € in R™, n > 2. To begin with, the
following conditions on the function A = A(s) and the nonlinearity f =
f(u) will be imposed.

) Ae C[R'), Rt :=(0, c0);
(A2) s+ sA(s) is strictly increasing in RT and sA(s) — 0 as s — 0;
(F1)  fe€ C(Rg);
(F2)  f(0) = 0 and f is non-decreasing on some interval (0,9), § > 0
finite.
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Condition (A2) is a minimal requirement for ellipticity of (1.1.2), allowing
moreover singular and degenerate behavior of the operator A at s = 0, that
is at critical points (Du = 0) of u. No assumptions of differentiability are
made on either A or f when dealing with the canonical model.

The operator div{ A(|Du|)Du} can be called the A-Laplace operator,
to place it in the context of well-known elliptic theory. For the Laplace
operator, that is when (1.1.2) takes the classical form

Au— f(u) <0, u >0,

we have A(s) = 1. Similarly, for the degenerate p-Laplace operator
div(|Du[P~2Du), p > 1, here denoted by A,, we have A(s) = sP~2, while
for the mean curvature operator one has A(s) = 1/v/1 + s2. A further ex-
ample is A(s) = sP72 45972, 1 < p < q, which has applications in quantum
physics, see [9]. Note also that (1.1.2), when equality holds, is precisely the
Euler—Lagrange equation for the variational integral

I[U]:/Q{g(|pu|>+F(u)}dx, F(u):/ouf(s)ds, (1.1.3)

where ¥ and A are related by A(s) = ¥'(s)/s, s > 0. Condition (A2)
implies that s — %’(s) should be strictly increasing, so that ¢(|Du/|) must
be a symmetric strictly convex function of Du. In particular, for the area
integrand ¥ (s) = v/1 4+ s2 — 1 we have A(s) = 1/V/1 + s2.

In what follows, by a classical solution (more precisely, a classical
distribution solution) of (1.1.2) in €2, we mean a function v € C*(Q) which
satisfies (1.1.2) in the distribution sense.

In order to state the Strong Maximum Principle for the inequality
(1.1.2), we shall need a further definition. With the notation ®(s) = sA(s)
when s > 0, and ®(0) = 0, we introduce the function

H(s) = s®(s) —/ O (s)ds, s> 0. (1.1.4)
0
This is easily seen to be strictly increasing, as follows from the inequality

S1
$51P(s1) — s0P(s0) > (51 — 80)P(51) > / D (s)ds
S0
when s; > sg > 0.
For the Laplace operator, the p-Laplace operator and the mean cur-
vature operator, respectively, we have H(s) = ész, H(s)=(p—1)s?/p and
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H(s) = 1—1/v/1+ s2. In the last example, note the anomalous behavior
®(00) = H(oo) = 1, a possibility which occasionally requires extra care in
the statement and treatment of results. Finally, for the variational problem
(1.1.3) one has H(s) = s9'(s) — ¥9(s), the pre-Legendre transform of ¢.

By the strong mazimum principle for (1.1.2) we mean the statement
that if u is a non-negative classical solution of (1.1.2) with u(xg) = 0 at
some point xg € 2, then u =0 in Q.

Theorem 1.1.1 (Strong Maximum Principle). In order for the strong maz-
imum principle to hold for (1.1.2) it is necessary and sufficient that either
f=0in]0,d], d> 0, or that f(s) >0 for s € (0, 6) and

ds
= 00. (1.1.5)
o+ H™1(F(s))
The choice of the base level zero for the statement of the principle is of
course a matter only of convenience, as is whether we deal with minimum
or maximum values at the base point z.

In the next result we consider the situation when the integral in (1.1.5)
is convergent. Here the appropriate hypotheses are that u satisfies the
converse inequality

div{A(|Du|)Du} — f(u) > 0, (1.1.6)

and also “vanishes’ at oo, rather than at some finite point z¢o € 2. We
formalize this in the following definition.

By the compact support principle for (1.1.6) we mean the statement
that if u is a non-negative classical solution of (1.1.6) in an exterior domain
Q, with u(z) — 0 as |x| — oo, then u has compact support in €.

Theorem 1.1.2 (Compact Support Principle). Let f(s) > 0 for 0 < s < 4.
Then in order for the compact support principle to hold for (1.1.6), it is
necessary and sufficient that

ds

< 0. 1.1.7

oo HA(F() = LD
If Theorem 1.1.2 were an exact analogue of Theorem 1.1.1, the con-

clusion would be that « = 0 in €2, but this would be incorrect since (1.1.6)

admits non-negative, non-trivial compact support solutions under assump-

tion (1.1.7), see Theorem 4.3.3.
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The existence of compact support solutions for quasilinear equations
was studied extensively in the 1980s, as well as other properties of the set
where the solution vanishes. In chemical models, for example, when the
values of a solution represent the density of a reactant, the vanishing of a
solution then delineates a region, called the dead core, where no reactant is
present (see [5], [6], [29], [81], [82], [113]). In Section 8.4 we give an extended
discussion of this phenomenon.

The results described above can be extended to a wider class of dif-
ferential inequalities by replacing div {A(|Du|)Du} in (1.1.2) or (1.1.6) by
the more general operator

O, {aij(z, u) A(| Du|) Dju}

(the obvious summation convention being used) and f(u) by —B(x, u, Du).
Here [a;;(z,u)] is a continuously differentiable positive-definite symmetric
matrix on Q x R}, and B is continuous and satisfies

—Const. ®(|€]) — g(u) < B(z,u,&) < Const. ®(|€]) — f(u)  (1.1.8)

for x € Q, u > 0 and all £ € R™ with |[£] < 1, and with f and g obeying
(F1) and (F2). See Theorems 5.4.1 and 5.6.1.

Some special cases of the above results are worth specific note. In
particular, when Apu—u? <0,p > 1, ¢ > 0, the strong maximum principle
holds if and only if ¢ > p— 1, while the compact support principle holds for
Apu—u? > 0if and only if 0 < ¢ < p— 1. Moreover, by the main results of
Section 8.4 below, there exist C? non-negative radially symmetric compact
support solutions of Apu —u? = 0 when 0 < ¢ < p — 1, this being an
explicit case of the earlier comment after Theorem 1.1.2.

When g = 0 the above analysis cannot be applied. Indeed the equation
Au — 2n = 0 in any domain {2 containing the origin admits the non-
trivial solution u(z) = |z|?, but u(0) = 0. We also note that the equation
Ay —c =0, with ¢ # 0, admits no non-negative compact support solutions
for any ¢ € R, as follows from the Hopf maximum principle.

An important prototype of the general situation is the equation

Apu — [Dul? — f(u) =0, p>1,¢>0. (1.1.9)

With ®(s) = sP~! for this case, condition (1.1.8) applies with f = g and
requires ¢ > p — 1. In turn, the strong maximum principle holds for (1.1.9)
when ¢ > p — 1 and either f =0 in [0,d], d > 0, or f obeys (1.1.5).
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On the other hand, when ¢ € (0,p— 1) the strong maximum principle
can fail, even when f = 0, e.g., the C! function u(z) = C|z|* satisfies

Apu — [Dul? =0, (1.1.10)

1/s

- 1 —n—(n-1
P—q | = Dn—(n-1)q = p1-g>0

k:s’ C s

(for p = 2, this example is due to Barles, Diaz and Diaz [8]; for general
p > 1 it is given in [84]). It is of further interest in connection with this
example that the compact support principle can fail even if (1.1.8) is sat-
isfied, namely when ¢ > p — 1! Indeed, the function u(x) = L|z|~! satisfies
(1.1.10) in Qg = R™\ B, with I = (p — q)/t > 0, provided that

n(p—1) 1 [(n—1)g—(p—1n]""

L= t=q— 1.
n—1" I " ) q—p+

q >

As we shall see in Section 2.1, for non-singular equations the Strong
Maximum Principle implies the Comparison Principle , Theorem 2.1.4.
On the other hand, for singular equations, even if they are smooth, the
situation is more delicate. Consider for example the equation

Agqu+|Dul> =0, n=2. (1.1.11)

The Strong Maximum Principle continues to hold (see Theorem 5.4.1),
while on the other hand (1.1.11) admits two unequal solutions u = 0 and
u(z) = §(R? — |z|?) in Bg, both with the same boundary values. Thus a
comparison theorem must fail. See Section 5.6 for a discussion of the more
general example

Apu+|Du|™ —u® >0, u >0, p>1, qi,q >0.

Chosen from among the many available applications of the maximum
principle, the final chapter includes recent applications to Liouville theo-
rems and dead core problems, and to differential inequalities on Rieman-
nian manifolds. In Section 8.2 we also give various radial symmetry theo-
rems for the semilinear Laplace—Poisson equation Awu + f(u) = 0 and for
the quasilinear divergence structure equation

div{A(u, |Du|)Du} + f(u,|Dul) =0
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under mild Lipschitz continuity or monotonicity conditions on the function
f. The more delicate symmetry question for over-determined boundary
value problems is treated in Section 8.3. There are of course further appli-
cations of general interest, for example Phragmen—Lindelof type theorems
and special Harnack theorems; the reader can be referred particularly to
[38], [76], [114] and the Notes to Chapter 7, and to recent work of Marcus
and Véron. The maximum principle can also be applied to obtain gradient
bounds for solutions of elliptic equations, using “barrier methods” or, al-
ternatively, the application of “P-functions”. For barrier methods, one can
consult [43], Chapter 14 and, for the P-function approach, the monograph
of Sperb [104].

It is beyond the scope of this book to consider fully nonlinear equa-
tions in any detail. To do this would minimally require the development and
presentation of the techniques of Krylov and Safonov to obtain Harnack
inequalities for non-divergence second order linear equations, as well as the
concept of viscosity solutions. This would altogether change our focus and
require a lengthy treatment of its own to cover the very large literature
which has grown up in this direction. The reader however can be referred
to the survey works [52], [53] and [17].

To conclude the introduction it is worth noting some further examples
of second order elliptic equations of physical and geometric interest.

1. The equation of prescribed mean curvature:
(1+ |Dul*) Au — 0p,u 0z u 0, u = nH(z)(1+ [Dul*)??, (1.1.12)

or, equally, in divergence form,

i Du =nH(x
dlv(\/1—|—|Du|2> =nH(x), (1.1.13)

where H is the mean curvature of the non-parametric surface z, 1 = u(z)
in the (n+1)-dimensional (x, x,1)-space. This equation arises naturally by
considering the isoperimetric problem of least surface area bounding a given
volume; it had already been derived by Lagrange in 1760. Of additional
interest is the case when H is specified as a function of x, © and Du. Some
special examples of this type occur below.

2. The surface of a fluid under the combined action of gravity and surface
tension (capillary surface)

(14 |Dul?)Au — ariuﬁzjuagixju = ru(l+|Dul?)%?,
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where k is an appropriate physical constant. In the physically central case
of two dimensions this equation arises from balancing forces of tension (pro-
portional to the mean curvature of the capillarity surface) with the weight
of the fluid supported. The constant k is positive or negative depending on
whether the surface in question is an upper or lower boundary of the fluid.

3. Central projection.Let S™ be the sphere of R™*!, which can be mapped
conformally onto the Fuclidean tangent space R™ at the South Pole by
means of stereographic projection from the North Pole. In this projection
the volume element is dm = dz/(1 + |2|?)" and the gradient V on S™ is
expressed as (1+ |x|?)D, where D stands for the Euclidean gradient in R"
and x denotes a Euclidean coordinate centered at the South Pole.

As a particular example, the p-Dirichlet norm on S™, p > 1, is then
minimized by functions u on S™ which satisfy

divgn (|[VulP~2Vu) = 0.
Reverting to the stereographic variable x this has the form
p~div(p"P|DulPT*Du) =0, plx) = 1/(1+ [z]*),

this being a particular example where the vector A depends on both z and
Du. Of course, general variational integrals on S™ can be treated in the
same way.

4. Subsonic gas dynamics. The velocity potential ¢ satisfies
div(eDy) = 0,
where the velocity D¢ and the density ¢ are related through Bernoulli’s
law. For the important case of an ideal gas the relation is
1 9 c? (v—1)/2
Q\Dcp\ + 1= Const., ¢ = sound spead ~ o7 ,
fy p—

where v > 1 is the ratio of the specific heats of the gas.

5. The general equation of radiative cooling
div(k|DulP~2Du) = ou?, p>1,

where k is the coefficient of heat conduction, depending on x and possibly
also on u, while ¢ is the radiation, assumed to be constant. Replacing the
right-hand side by various functions f = f(x,u) yields further examples of
physical interest.
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6. The Euler-Lagrange equation. For the variational problem
5/ Y (x,u, Du)dz = 0,
Q

with & = 4 (z, 2, £) being of class C*, this takes the form
div0¢¥ (x,u, Du) = 0.9 (x,u, Du).

Ellipticity is equivalent to strong convexity of ¢ with respect to £, namely
the figuratrix surface z, 1 = ¥(z, 2, £) should have positive Gaussian cur-
vature for fixed (z, 2).

If ¢ is jointly convex in z and & and satisfies mild regularity condi-
tions, then the solution of the Euler-Lagrange equation provides a mini-
mizing function for the variational problem.

The case where 4 depends only on z and |£]| is particularly to be
noted since the corresponding problem is invariant under rotations of the
underlying space.

7. The 2-dimensional Monge—Ampére equation
e(9%u 8§2u) +ad%u+2b ('ﬁyu + c@igu =d

is elliptic if and only if ac — b? +ed > 0. Here a, b, ¢, d, e depend on (z,y),
or more generally on (z,y,u, €), & = (€1, 6)-

8. Calabi’s equation

det D*u = f(x).

Ellipticity demands that the surface z,1 = u(z) be convex.

1.2 Notation

Throughout, we shall let © = (z1,...,x,) denote points of R, n > 1, and
will denote the solution variable by v = u(x). We put as before du/dx; =
Oy u, 0%u/0x;01; = 8girju when the solutions are assumed to be classical,
that is of class C? in any domain of interest. We also write Du = gradu =
(O, - .., Oy, u) for the gradient vector of u, and D?*u = [8;% u] for the
Hessian matrix of u. It is understood that repeated subscripts i, j, k etc.
are summed over the appropriate range indicated by the context.
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A domain 2 in R™ is always understood to be a connected open set in
R"™; thus any open and relatively closed non-empty subset coincides with
Q itself. We denote the boundary of €2 by 912, and the closure of 2 by €.
By Q' cC Q we mean that ' is a subdomain with compact closure in €.
The notation (-,-) is always reserved for the inner product in the (vector)
space R™.

We assume the reader to have a standard background in real analysis
including Sobolev spaces, but without need for linear operator theory. A
useful assortment of classical results and techniques can be found in [43],
Sections 7.1-7.7.



Chapter 2

Tangency and
Comparison Theorems
for Elliptic Inequalities

2.1 The contributions of Eberhard Hopf

We begin with the classical maximum principle due to E. Hopf [46], to-
gether with an extended commentary and discussion of Hopf’s original
paper by J. Serrin [97].

The maximum principle for harmonic and subharmonic functions was
known to Gauss on the basis of the mean value theorem (1839); an ex-
tension to elliptic inequalities however remained open until the twentieth
century. Bernstein (1904), Picard (1905), Lichtenstein (1912, 1924) then
obtained various results by difficult means, as well as use of regularity
conditions for the coefficients of the highest order terms. Moreover, a few
months before Hopf’s paper, there appeared an article of Picone [71] con-
taining ideas similar to Hopf’s, but with weaker conclusions. It was Hopf’s
genius to see that a “ganzlich elementares Begrinden’ could be given.
The comparison technique he invented for this purpose is essentially so
transparent that it has generated important applications in many further
directions.

Here is Hopf’s theorem in its main form:
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Hopf’s Maximum Principle. Let v = u(z), * = (x1,...,2,), be a C?
function which satisfies the differential inequality

Lu=) a;j(x)02,, u+ > bi(2)0mu >0
%, 7

in a domain Q. Suppose the (symmetric) matriz [a;;] = [a;j(z)] is locally
uniformly positive definite in Q (that is, for any given compact subset
of Q, the quadratic form

> ay(@)min

(2}

is positive and uniformly bounded from O for all x in Q' and all vectors n
in R™ with |n| = 1), and the coefficients a;;, b; = b;(x) are locally bounded
n §2.

If u takes a mazimum value M in ), then u = M in Q.

Hopf’s proof (Section I of [46]), now a classic of the subject, is repro-
duced in the monographs [76], [43], [38] and in many other texts as well,
particularly the second volume of [22]. We give a proof in the Appendix of
this chapter, Section 2.8.

The hypothesis that u is twice differentiable is essential for the theo-
rem, though not always strictly noted in presentations of the result.

In Section IT of [46] Hopf notices two important corollaries (Sétze 2,
3) dealing with the differential inequality Lu + c¢(x)u > 0. First, for the
case ¢ = c¢(z) < 0 and a positive maximum, and second, when there is
an extremum M = 0 irrespective of the sign of c¢. The latter possibility is
mentioned only in passing in [43], and not at all in Courant and Hilbert
[22]. The formal statement of these corollaries is as follows.

Theorem 2.1.1. Let u be a C? function satisfying the differential inequality
Lu+c(z)u>0 (<L0) (2.1.1)

i a domain 2, where the coefficients of L satisfy the previous conditions,
and ¢ = c¢(x) <0 in Q. If u takes a positive mazimum (negative minimum)
value M in ), then u= M.

The result is easy to prove. That is, near a positive maximum M of
u we would have
Lu > —c(z)u > 0.
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Hopf’s main theorem then yields u = M near the maximum point; in turn
u= M in all Q (the set {x € Q: v = M} is non-empty and both open and
closed in the connected set Q).

Hopf’s second result is

Theorem 2.1.2. Let the hypotheses of Theorem 2.1.1 hold, except that one
now assumes alternatively that the function c is locally bounded below in
Q. If u takes on a vanishing maximum (minimum) value M = 0 in §, then
u = 0.

Proof. (Hopf.) Let v < 0 in Q and define v(z) = e~ *“"1u(x), x € Q, a > 0.
Clearly v € C?(), is non-positive and satisfies the differential inequality

Lv+ Z bi(2) Dp,v > — &(z) e, ¢=c+a’an + ab,
i

where b; = 2aa;;. In any domain €’ with compact closure in £ we have
c(x) > —const., |by(x)| < const., aji(x) > const. > 0.

Therefore we can choose « sufficiently large so that ¢(z) is positive in .
In turn Lv + 3, 0;05,v > 0 in Q. Let y € Q be such that u(y) = 0 and
take Q) containing y. Then v(y) = 0 and by Hopf’s main theorem we get
u=v =0 in @, from which it follows at once that © = 0 in the entire Q.
The case u > 0 in 2 is treated in the same way. (]

It may be remarked that earlier statements of Theorems 2.1.1 and
2.1.2 have usually imposed stronger boundedness conditions on the function
¢(z) than those required here. Observe also that Theorem 2.1.2 can be
slightly generalized as follows:

Theorem 2.1.2’. Let u € C?(Q) satisfy

Z a0, w < b(x) (u+ | Dul),
irj

with a;j, b locally bounded in €2, and a;; locally uniformly positive definite.
If u >0 in Q and u is zero at some point xq in 2, then u =0 in €.

We omit the proof (see Problem 2.3).
As is customary, the term strong mazimum principle will be used here
to denote the main results of Hopf stated above, as well as related results,
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e.g., Theorem 2.1.1. On the other hand, the term mazimum principle (in
contrast to strong maximum principle) is reserved to denote results in
which a bound for a solution u of an elliptic equation, or inequality, is
given in terms of an a priori bound for u on the boundary of its domain of
definition. This terminology follows, e.g., Gilbarg and Trudinger [43] and
Fraenkel [38].

Continuing with the discussion of Hopf’s work, in Section II of [46]
Hopf observes that one can allow the coefficients a;;(x), b;j(z), c¢(z) to
depend on the solution u itself, provided that when they are evaluated
along the solution the resulting functions a,;(z), bi(x), é(x) satisfy the
conditions of the main theorems. This allows him to deal explicitly with
nonlinear as well as linear equations.

The real depth of Hopf’s nonlinear analysis shows up only in Section
III, where he considered the fully nonlinear equation of second order

ZF (x,u, Du, D*u) = 0, (2.1.2)

the structure of the equation being determined by the function % (x,z,£,s),
where z, € and s are respectively placeholders for u, Du and D?u. Here
(2.1.2) is said to be elliptic if the matrix Ds.% is positive definite for all
relevant values of its variables.

Hopf’s presentation is, however, seriously obscured by the restriction
to exact equations, rather than corresponding differential inequalities as
in the preceding results, as well as to the case where one of the solutions
in question is assumed to vanish identically (“engere Voraussetzungen” ac-
cording to Hopf). Accordingly we shall restate the results in slightly greater
generality and in more usual notation. Hopf’s first result is a beautiful tan-
gency principle, essentially Satz 3’ of [46].

Theorem 2.1.3 (Tangency Principle). Let u,v be C?(Q) solutions of the
nonlinear differential inequality

ZF(x,u, Du, D*u) > .Z(z,v, Dv, D*v),

where the function F = % (x,z,&,8) is continuously differentiable in the
variables z, §, s, that is, the derivatives 0,.F, 0¢.%, 0s.F exist and are
continuous functions of (x, z, €, s) € Q@ x R x R™ x R™ ™. Suppose also
that the matriz Q = [Q;;] given by

Qij = 0sF (z,u, Du,0D*u + (1 — 0) D*v),

is positive definite in x €  and all 6 € [0, 1].
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If u <vin Q and u = v at some point xg in Q, then u = v in Q.
The terms u, Du in @ can be replaced by v, Dv.

Proof. Essentially following Hopf’s proof of Satz 3’ of [46], we write

0 > Z(x,v, Dv, D*v) — Z (z,u, Du, D*u)
zﬁ(quuD%) F(z,u, Du, D*u) + F (x,u, Dv, D*v)
(quuD2) ZF (x,v, Dv, D*v) — .Z (x,u, Dv, D*v)
= a; (v—u —i—ZbE)wl —u) 4 c(v —u)

=L(v-— )—I—C(v—u)

where, for some values 6, 61, 6> € [0,1], depending on z, we have by the
mean value theorem

a;j = 0% (x,u, Du, 9D*v + (1 — 0)D?*u) = Qijlo=6(x)
b; = 0¢, 7 (x,u,0: Dv + (1 — 01)Du, D2v)|91:91(x),
¢ = 0,7 (x,000+ (1 — 02)u, Dv, D*v)|g,—p, (x)-

Since Q;; is continuous for x € 2 and 6 € [0, 1], the principal condition on
Qi; shows that in fact it is uniformly positive definite for x € ' and 6 €
[0, 1], when € is a compact subset of 2. Consequently the coefficient matrix
[a;;] is locally uniformly positive definite on . By the same argument it
is clear that also a;;, b;, ¢ are locally bounded in 2. Since by assumption
v—u>0and (v—u)(xrg) =0, it now follows from Theorem 2.1.2 that
v =wu in €.

To obtain the final conclusion of the theorem, one proceeds in the
same way, though starting from the alternative decomposition

0> Z(x,v, Dv, D*v) — .Z (z,u, Du, D*u)
= Z(x,v, Dv, D*v) — .Z (z,v, Dv, D*u) + % (z,v, Dv, D*u)
— Z(z,v, Du, D*u) + .% (z,v, Du, D*u) — % (z,u, Du, D*u),

but otherwise leaving the proof unchanged. (]

Hopf’s Theorems 2.1.1 and 2.1.2 are in fact tangency principles in
which the second solution v is constant (= M).

The next result (essentially Satz 2’ of [46] in a more general context
and formulation) is stated here as a comparison result, rather than a max-
imum principle, this being the underlying content of Hopf’s theorem. By



18 Chapter 2. Tangency and Comparison Theorems

u < v on 02 we mean explicitly that for every d > 0 there is a neighborhood
of 00 in which v < v + 6.

Theorem 2.1.4 (Comparison Principle). Let u,v be C?(Q) solutions of the
nonlinear differential inequality given in Theorem 2.1.3. Suppose that the
matriz Q = [Qi;] is positive definite in Q and that for every fized x € Q
the function

ZF(x, -, Dv(z),D*v(z)) : R - R (2.1.3)

is non-increasing on the semi-line [v(x),00) — but not necessarily differen-
tiable. If u < v on 09, then u < v in Q.1

The terms u, Du in Q can be replaced by v, Dv if at the same time
the terms Dv, D?v in (2.1.3) are replaced by Du, D?*u and the semi-line
[v(x),00) is replaced by (—oo,u(x)].

Proof. Suppose for contradiction that the conclusion v — u > 0 in € fails.
Then there will be a subdomain Q' of  in which v —u < 0 but is not
identically constant, and in which also v — u takes on a negative minimum
M at a point y. As in the proof of Theorem 2.1.3, one obtains with the
help of (2.1.3) that L(v — u) < 0 in @, where L has the obvious meaning.
Hence by Hopf’s main theorem we get v — u = M in §', a contradiction.
The final conclusion is obtained from the alternative decomposition
in the proof of Theorem 2.1.3. (]

Using other decompositions, one can obtain various related results,
see, e.g., Theorem 31 of Chapter 2 of [76].

A direct consequence of Theorem 2.1.4 is a uniqueness theorem for
the Dirichlet problem for the nonlinear equation .% (x,u, Du, D?*u) = 0, a
fact mentioned by Hopf in the final paragraph of [46], though not explicitly
formulated by him. Since the result is important, and a precise formulation
is in fact not immediate from Hopf’s analysis, it is worth stating the definite
result here.

Theorem 2.1.5. Let u and v be C?(Q) solutions of the nonlinear equation
ZF (x,u, Du, D*u) =0 (2.1.4)

i a domain Q, with v = v on 0. Suppose Q is positive definite in 2
for all 6 € [0,1], and that F(z, -, Dv(x), D?v(x)) is non-increasing on the
entire line R; see (2.1.3). Then u = v.

n fact by Theorem 2.1.3, if 9,.% is also continuously differentiable, then either u = v
in Qor u < v in Q.
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This is an immediate corollary of Theorem 2.1.4, the main result being
used to establish that v < v, and the final part used to get v < u. Here it
is crucial that (2.1.3) holds on the entire line R.

It is surprising that the matrix ) in the hypothesis of Theorem 2.1.5
is, insofar as its second and third arguments are concerned, to be evaluated
solely on the functions v and Du, without any symmetric reference to v and
Dw.

The maximum principle, simple enough in essence, nevertheless lends
itself to a quite remarkable number of uses when combined appropriately
with other notions. We discuss several here, reserving more subtle applica-
tions until the final chapter of the book.

A general quasilinear equation of second order, for example, has the
form

a(z,u, Du)D*u+ B(x,u,Du) =0, x€Q, (2.1.5)

where a = a(x,z,€) and B = B(x,z,£&) are respectively a given n X n
matrix [a;;] and a given scalar function of the variables (z, z,£) € Q@ x R x
R™. The notation a D*u denotes the natural contraction Z” aijf)gimju.

A classical solution u € C?(Q2) of (2.1.5) is called elliptic if the matrix
a(z,u, Du) is positive definite when evaluated at v = u(x), x € Q. The
equation itself is called elliptic in §2, or simply elliptic, if a(z, z, €) is positive
definite for all (z,2,€) € Q@ x R x R™.

In view of Theorem 2.1.5, a sufficient condition for uniqueness of the
corresponding Dirichlet problem for (2.1.5), with u € C?(Q) N C(Q2) and u
given on 012, is that the matrix a is independent of z, the scalar function
B(x,z,€) is non-increasing in z for arbitrary arguments x, &, and there
exists at least one (1) elliptic solution u. This conclusion is essentially due
to Hopf, though not explicitly mentioned or stated by him; it seems to have
appeared first in [43], first edition, Chapter 8.

This result applies at once to the quasilinear operator
(1+ |Du)Au— Y 0y, u0,,ud2,, u
3
(mean curvature) for which the corresponding matrix
Qij = ai; = (1+|Dul*)8;j — Oy, udy,u

is positive definite for all values of its arguments (that is, the mean cur-
vature operator is elliptic). Here of course there is no need to use the full
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strength of Theorem 2.1.5. On the other hand, if we consider the Dirichlet
problem

(1+ |Du*)Au—2) " 0p,udpuds, u=0
i?j

in , with 4 = 0 on 0¢2, then the matrix is not positive definite for arbitrary
arguments D?u. Nevertheless Q = I for the function v = 0, whence it
follows that 0 is the unique solutionof the Dirichlet problem.

A second and more subtle example is the elementary Monge—Ampere
equation in R2,

ngu(?;gu - (agyu)2 =g(x,y).

Here one checks that
Qij&i&j = 0ou &l — 202, u&i&o + 02uds.

The determinant of @, det (@, is then equal to detHu = 822u8§2u —

T

(agyuf , which is precisely g = g(z,y) when evaluated at a solution u.

Suppose in particular that g > 0. It is easy to see then, that any solu-
tion u is either everywhere strictly convex or everywhere strictly concave.

From this, one can check without difficulty that if u and v are two
convez solutions, then Q) is positive definite for the arguments 82“6], (Ou +
(1—0)v).

Hence the Dirichlet problem for the elementary Monge—Ampere equa-
tion above has at most one convex solution. On the other hand, if v and
v are concave solutions, then —u and —v are convex solutions and so,
similarly, the Dirichlet problem can have at most one concave solution;
altogether then the problem can have at most two solutions. This result is
a special case of a theorem of Rellich [88]; see [22, page 324].

Other related maximum and comparison principles are discussed in
the Notes to Chapter 2 of [76], to which the reader is strongly referred;
see also the references cited on page 314 of [114]. Several recent maximum
principles for singular fully nonlinear equations are given in [7], [14], based
on the “wviscosity’” method.

Hopft’s proof technique, as noted above, leads to other results of fun-
damental interest, particularly the celebrated Boundary Point Lemma and
a Harnack principle for nonlinear elliptic equations in two variables, see
Theorem 2.8.3, [83, Section 5.5] and [43, Chapter 3.
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2.2 Tangency and comparison principles
for quasilinear inequalities

We consider the pair of differential inequalities
2
aij(@, u, Du)0y, , u+ B(z,u, Du)
2
aij(x,v, Dv)0;, , v + B(z,v, Dv)

(2.2.1)

>0,
<0, (2.2.2)
where the standard summation convention is assumed to be in effect. Let
P be an open subset of R™ and let the matrix of coefficients

[aij]:[aij(xazas)]:KHRnZ, K:QXRXP,

be continuous, and also continuously differentiable with respect to z and
&, in the set K. Moreover, let B = B(z,z,£) : K — R be locally Lipschitz
continuous with respect to £ in K.

The set P is called the regular set, while @ = R™\ P is the singular set
for (2.2.1) and (2.2.2). It is not necessary that the inequalities (2.2.1) and
(2.2.2) even have meaning for points x in 2 for which Du(zx) or Dv(z) are
in the singular set. These conditions apply in particular to the p-Laplace
operator A, where

£2¢
€2 1

this is singular when p # 2, with the singular set @ = {0}. (The matrix
la;;] is even undefined at £ = 0 when p < 2.)

The inequalities (2.2.1), (2.2.2) are called elliptic if a(x, z,£) is pos-
itive definite for (x,z,&) € 2 x R x P. Similarly, a solution v of (2.2.2) is
called elliptic if the matrix a(x,v, Dv) is positive definite when evaluated
at v = v(z), z € Q. The corresponding terminology applies of course to
solutions of (2.2.1).

[aij] = [ai; (€)] = 161"~ | T + (p - 2) §#0;

Theorem 2.2.1 (Tangency Principle). Let v be an elliptic solution of (2.2.2)
in Q, with Dv(z) € P for all x € Q, and u be a solution of (2.2.1) in Q,
of class C? in the open set U = {x € Q : Du(z) € P}, where P is the
reqular set for the inequalities (2.2.1) and (2.1.2).

Assume moreover that B(x, z,€) is locally lower Lipschitz continuous
with respect to the variable z in K .2

If u <wvin Q and u = v at some point xg € Q, then u =v in Q.

2That is, for every compact subset of K there is a number bz > 0 such that if z > z,
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The conclusion can be informally restated as saying that if v and v
are one-sidedly tangent at a point in €2, then they coincide. It is interesting
to note that no condition of ellipticity is required of (2.2.1) itself. The same
remark applies also to the next two theorems.

When the regular set is all of R (that is, @ = () Theorem 2.2.1, as
well as later theorems, has a simpler formulation.

Theorem 2.2.2 (Tangency Principle). Let P = R™. Suppose that u and v
are respectively solutions of (2.2.1) and (2.2.2) in Q of class C*(Q), with
v being elliptic in €.

Assume also that B(x, z,&) is locally lower Lipschitz continuous with

respect to z in K. If u <wv in Q and u = v at some point in ), then u = v
in €.

Proof. 1t is enough to prove Theorem 2.2.1. Let £ = {z € Q : u(z) =
v(z)}. By assumption E # (), while of course E is closed. Fix y € E. Since
w=u—v<0inQ and w(y) =0, we have Dw(y) = 0.

Since Dv(y) € P and Du(y) = Dv(y), there is a suitably small o > 0
such that Du(x), Dv(z) € P for all x € B,,, where B, = B, (y) is the closed
ball with center y and radius o in €. Obviously B, C U. As in the proof
of Theorem 2.1.3, but now with .Z (z, u, Du, D*u) = a;;(z, u, Du)@%ixju +
B(x,u, Du), we obtain the inequality

a;j(z,v, Dv)agimjw + b;(2)0p,w + c(z)w > —b(w + [Dw|) in By, (2.2.3)

where b is a non-negative constant depending on the given conditions of
Lipschitz continuity of B in z and &, and on B,, while

b, = (0e, aij(z,v,0: Du+ (1 — 91)Dv))8§ixju,
c = (8.a(z,02u + (1 — 62)v, Du))aixju

for some values 6, 6, € [0,1]. Clearly a;;, b; and ¢ are bounded in B,,
and equally by continuity the coefficient matrix [a;;(x, v, Dv)] is uniformly
positive definite in B,. Because w has a zero maximum in B,, it now follows
from Theorem 2.1.2" applied to the nonlinear inequality (2.2.3) that w =0

then
B(x’g’ ﬁ) - B(Q?,Z,&) > 7b2(2 - Z)
in the subset.
In the formulation of Theorem 2.2.1 the inequalities (2.2.1) and (2.2.2) could be
taken in the form Lu— Lv > 0. The present formulation is equivalent and perhaps easier
to visualize.
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in By, that is B, C E. Hence F is also an open set. By the connectedness
of Q it follows that E = 2, as required. O

Theorem 2.2.3 (Comparison Principle). As in Theorem 2.2.1, let u and
v be of class C?(Q) with Dv(z) € P for all z € Q. Suppose that u is a
solution of (2.2.1) in the open set U = {x € Q : Du(z) € P}, while v is
an elliptic solution of (2.2.2) in Q.

Assume that [a;;] is independent of z and that B is non-increasing
with respect to z in K. If u < v on 082, then u < wv in Q.

Remark. The reader should note the rather different hypotheses in Theo-
rems 2.2.1 and 2.2.3. It can be shown by example that the specific mono-
tonicity stated for B in these results cannot be reversed.

In view of conclusion u < v of Theorem 2.2.3, solutions of the inequal-
ities (2.2.1) and (2.2.2) are frequently called, respectively, subsolutions and
supersolutions of the equation

a;j(z,u, Du)aiwju + B(z,u, Du) = 0.

Proof of Theorem 2.2.3. The proof is by contradiction, essentially the same
as for Theorem 2.1.4. Let ' be a subdomain of Q in which w =u—v >0
but is not identically constant, and in which also w takes on a positive
maximum M at a point y. Obviously Dw = 0 at y.

Hence, as in the proof of Theorem 2.2.1, there exists a closed ball
B, C Q' centered at y such that Du(x), Dv(x) € P for all x € B,. Clearly
B, C U. Moreover, as in the proof of Theorem 2.2.1, but using the fact
that [a;;] is independent of z and also the monotonicity of B in z, we get
(see (2.2.3))

aij(x, Dv)aizj’w + b0y, w > —b|Dw| in B,.

Since the inequality is invariant up to constants, it now follows from The-
orem 2.1.2" that w = M > 0 in B,. The subset of ' where w = M is
thus both open and relatively closed. Hence w = M in §’ and this fact
contradicts the definition of . O

As in the case of Theorem 2.2.1, when the regular set is all of R™ the
proof can be considerably simplified.

Norman Meyers [59] has shown that the comparison Theorem 2.2.3
fails if the coefficient matrix [a;;] depends on the z variable. At the same
time, by considering the function v in Theorem 2.2.3 as a “comparison
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function”, the conclusion can be interpreted as a maximum principle. We
take up this idea in the next section.

The next result applies to semilinear rather than quasilinear inequal-
ities, for example

Au+ f(z,u) >0, Av+ f(z,v) <O0.

Theorem 2.2.4 (Comparison Principle). Let L be the linear differential op-
erator given in Hopf’s main theorem (Section 2.1), and let u, v € C?()
be solutions of the differential inequalities

Lu+ f(x,u) >0, Lv+ f(z,v) <0

in Q with v > 0 in €.

Suppose that z — f(x,2)/z, z > 0, is a non-increasing function for
each fized x € Q. Then if u < v on 0 we have u < v in 2.

The condition on f here is more general than simple monotonicity, as
one sees from the example f(z) = 2%, which is non-increasing when ¢ < 0,
while f(2)/z = 297! is non-increasing when ¢ < 1.

Proof. Put w = w(z) = u(z)/v(x) in Q, so

U
2LUZ
v

{f(m) (@)

v u

}w. (2.2.4)

Since v < v and v > 0 on 0N it follows that also w < 1 on 9. If the
conclusion w < 1 fails at some point in €2, there would be a point xg in 2
where w takes a maximum value M > 1. In the neighborhood of xy the
right side of (2.2.4) would then be non-negative according to hypothesis,
so by Hopf’s main theorem, with b; replaced by b; +(2/v)a;;0,,v, we would
have w = M > 1 in this neighborhood, and then w = M in §2, which is
impossible. U

2 1
Lw+ a;j0;;v0,,w= Lu—
v v

An alternate proof of Theorem 2.2.4 can be given based on the sub-
stitutions w = log u, w’ = logv.

Example. As a consequence of this theorem, Protter and Weinberger [76]
have observed that when L = A and f(z,u) = 2u, there can be no positive
solutions of Av+2v < 0 in the 2-dimensional square Q = {|z| < 7/2, |y| <
7w/2}. Indeed, if this were the case, then any solution of Au + 2u = 0
in Q with w = 0 on 99 would be bounded above by v. But obviously
u(z,y) = csinxsiny is a solution, which can be made as large as one
wishes by taking the constant ¢ > 0 suitably large.
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2.3 Maximum and sweeping principles
for quasilinear inequalities

As a main consequence of the comparison Theorem 2.2.3 of the previous
section we have the following

Theorem 2.3.1 (Maximum Principle). Let v € C?(Q) be a comparison
function for (2.2.1), in the sense that there exists M such that

(i)  wv(z) > M and Dv(z) € P for all x € €;

(il) v is an elliptic solution of the inequality
a;j(z, z, Dv(m))@imfu + B(z,z,Dv(x)) <0 (2.3.1)

for all fized values z > M.

If u € C*(Q) is a solution of (2.2.1) in U = {x € Q : Du(x) € P} and
u < v on 99, then either u(x) = v(z) or u(zx) < v(z) in Q.

P’/’OOf. Define aZJ(xag) = (Lij(l',’lt(l'),g), B(l’,f) = B(w,u(x),ﬁ) and
L] = a;;(x, Dv)@ixjv + B(zx, Dv).

By (ii) the function v is an elliptic solution of the inequality Z[v] < 0
when u(z) > M. Moreover, obviously, Z[u] > 0 in U.

Let O ={z€Q :u(x) > M} and U' ={z € Q' : Du(x) € P} CU.
Since u = M on 9’ N Q and u < v on 99, it follows that v < v on OY.
Then by Theorem 2.2.3 applied to any component ¢ of 2’ we have u < v
in ¢, and so v <wvin €. Hence u < v in Q.

The required conclusion now follows at once with the help of Theo-
rem 2.2.1. (|

Theorem 2.3.1 is somewhat abstract, in that it depends on the exis-
tence of the comparison function v. When [a;;] and B are more specialized
we can avoid this difficulty. In particular, consider the case where Q C B,
for some ¢ > 0 (the possibility P = R" is included when ¢ = 0). Assume
that in Q x RT x P

[a;j(z,2,€)] 1is positive definite,
B(z,z,§) < al| E(z, 2,€) +7, (2.3.2)
where E(l’, 2, 5) = aij(xa 2, £)£Z£J/|£|27

and «, v are non-negative constants.
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Theorem 2.3.2 (Maximum Principle). Let A and B satisfy (2.3.2), and
suppose that
€1B(r,€) > V() in QxR xP, P=R"\Q, (233)

where ¥ = V(t) is a strictly increasing function on (p,00), 0 > 0.
Let u € C?(Q) be a solution of the boundary value problem

a;j(z,u, Du)@%ixju + B(x,u,Du) > 0 in €, (2.3.4)
u<0 on 012, e
where @ C {x € R™ : 0 <z < R}. Then there holds
u(z) < Rmax{p, C}(e” — 1), (2.3.5)
where?
C=V"YRy),k=1+aR, when tlim U(t) > 2vR,
C=9"10), k=1+(a++/0R, (2.3.6)
when tlim U(t) =20 <2vR.

For the important subcase of the p-Laplace operator one has E(t) =
(p—1)tP=2, W(t) = (p— 1)tr~! and RU~(Rry) = [y/(p — 1)]/ =1 RV,

Proof. Tt is enough to construct a comparison function v = v(z) such that
v(z) > 01in Q and (2.3.1) holds. Accordingly, we choose

v(z) = K(emt — emon), x € Q,
where m = k/R, K > Rmax{p, C'}. Then

Op,v(z) = —Kme™™

31 U(p) = 1kli111_~_\I/(t) = ¢ > 0 then we define ¥~1(s) = ¢ when s < ¢'. Note that the
—e
case lim;—. o U(t) < oo is possible. That is, take for & # 0,

ey 2 &E
WO e 1 e
an easy computation yields
20 20t s
E(¢) = , W)= , “(s) = ,
©= gy YO=0 =,"

so U(t) — 2¢ as t — oo. (In fact in this case U~1(¢) = 1.)
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so |Dv| > mK and Dv € P, since m > 1/R. Also
8%1)(37) = —Km?e™* = —m|Du|.
With the help of (2.3.2), a calculation shows that (2.3.1) is valid provided
m |Dv| a1 (x, 2z, Dv) > o |Dv| E(x, 2z, Dv) + v (2.3.7)
forallz € Q and z > 0. But E(z, z, Dv) = a1 (x, 2z, Dv), so (2.3.7) becomes
m|Dv| E(z, z, Dv) > a|Dv| E(z, z, Dv) + 7. (2.3.8)

Obviously (2.3.8) is satisfied if (m — «) |Dv| E(z, z, Dv) > ~ for all z > 0.
At the same time

|Dv| E(z, z, Dv) > ¥(|Dv|) > ¥(mK) > ¥ (C) > min{yR, (},

since mK > (k/R)Rmax{p, C} > C. Therefore (2.3.8) holds when k and
C' are given as in (2.3.6), and in turn (2.3.1) holds, as required.

We now apply Theorem 2.3.1, giving
u(z) < v(z) < K(eF —1) in Q.
Letting K’ — Rmax{p, C'} completes the proof. O

Remarks

1. The condition v < 0 on the boundary can obviously be replaced by
u < M, by adding M to the right side of (2.3.5).

2. The condition Q C {x € R™ : 0 < x; < R} can (by appropriate
translation and rotation of coordinates) always be satisfied by any
domain whose minimum diameter is R.

3. Finally, the theorem simplifies considerably when either Q@ = ) or
{0} and Range ¥ = R™. Then ¢ = 0 and u(x) < R~ (yR) [exp (1 +
aR) —1].

4. The possibility that Q 2 {0}, say Q = B, ¢ > 0, is discussed later
in Section 3.7.

The next result shows that when B is homogeneous the global con-
dition (2.3.2) need be assumed only for |£| small, clearly of importance in
applications.
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Theorem 2.3.3. Assume P = R™ or P = R™ \ {0}. Let the hypotheses of
Theorem 2.3.2 hold, with the exceptions that v =0, and (2.3.2) and (2.3.3)
are assumed to be valid only in QxRT xRy, Ry = {£ € R" : 0 < |€| < 1}.
Let u € C?(Q) be a solution of the boundary value problem (2.3.4) where
Q is now an arbitrary bounded domain in R™. Then u < 0 in Q.

In the generality of the present hypotheses, this seems to be a new
result.

Proof. Since v = 0 only the first case of (2.3.6) applies and so C' =
U=1(0) = o = 0. In this case the constant K > 0 in the proof of The-
orem 2.3.2 can be chosen arbitrarily small, and in particular so small that
|Dv(x)] < Kme™ <1 in Q. The rest of the proof of Theorem 2.3.2 then
applies without change, giving v < 0 whatever the value of R. OJ

Theorem 2.3.3 is false if one weakens condition (2.3.2), as follows from
the example

Aqu+|Dul* =0 in Bp C R% (2.3.9)

Indeed, this equation has the solution u(z) = §(R* — |z|?) in Bg, which
vanishes on the boundary, and at the same time is positive in the interior.

Theorem 2.3.4. Let the hypotheses of Theorem 2.3.2 be satisfied, with the
exception that (2.3.2) is replaced by the condition that

B(z,z,€) < (al€] + Bl§|) E(z,2,§) +7,  0<g<]1,

in Q x RT x P, where o, 3, v are non-negative constants.
Then (2.3.5) holds with the previous constant C replaced by C +
BY (=9 and the previous constant k replaced by k + 1.

The proof is essentially the same as before. The additional term 3|&]4
(in the case ¢ = 0) was first introduced by Gilbarg and Trudinger ([43],
Theorem 10.3).

The idea of Theorem 2.3.1 can be extended in the form of a “field
version” of the result.

Theorem 2.3.5 (Sweeping Principle). For A € [0,1], let A — vy = v(x, \)
be a family of C%(2) N C(Q) functions which are strictly increasing in \
for each x € Q, and are such that v is of class C(2 x [0,1]). Define

Lu)(z) = a;j(z,u, Du)d2 , u+ B(x,u,Du), z € Q. (2.3.10)
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Figure 2.1: Proof of the Sweeping Principle: a contradiction with the Tan-
gency Principle occurs at Q.

Assume that
LAl <0 inQ, 0< A<,

that L[u] > 0 and that L is elliptic either for u or for the family {v}x.
If u<wyin Q and u < vg on 082, then either u = vy or u < vy in §2.

The proof is an immediate consequence of Theorem 2.2.1, the idea be-
ing illustrated in the accompanying Figure 1, where the (solid line) function
u is shown satisfying the conditions v < v in  and v < vy on 0f2, but
at the same time contradicting the conclusion of the theorem. Note that
in Theorem 2.3.5 no statement need be made concerning ellipticity of %
along u or the monotonicity of B(z, z,£) in z. The setting of Theorem 2.3.5
can be compared with the usual notion of a field used for sufficiency proofs
in the calculus of variations.

The maximum principle Theorem 2.3.1 can be considered as essen-
tially the special case vy = v+C\ of the sweeping principle, C' being chosen
so that u < v+ C in . A version of the sweeping principle in which the
operator has a singular set ¢ can be left to the reader.
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2.4 Comparison theorems for divergence
structure inequalities

We consider the pair of differential inequalities

divA(z, Du) + B(z,u)
v

0, (2.4.1)
divA(x, Dv) + B(x,v) <0,

(2.4.2)

in a bounded domain 2 C R". Let A : Q x R" — R" be in LS (2 x R"),
and B: Q xR — R bein L (2 x R).

For the purpose of this section, by a solution of (2.4.1) or (2.4.2)
in Q we mean a (classical) distribution solution of class C1(f2), with the
test function space consisting of all non-negative functions ¢ € C1()
such that ¢ = 0 near 0. As is well known (see [43], Section 7.3) the
test function space can without loss of generality be enlarged to include
Lipschitz continuous functions which vanish near the boundary.

>
<

We shall treat here the simplest comparison theorems for divergence
structure inequalities. More general results are given in Sections 3.4-3.6.
Strong comparison theorems, under alternative hypotheses, have been ob-
tained by Tolksdorf [108] and by Cuesta and Tak4c [23].

Theorem 2.4.1 (Comparison Principle). Let u and v be respective solutions
of (2.4.1) and (2.4.2) in Q. Suppose that A = A(x,&) is independent of z
and monotone in &, i.e.,

(A(z,&) — A(z,m),6 —n) >0, when & # n; (2.4.3)

while B = B(x, z) is independent of €& and non-increasing in z.
If u < v on 9, then u < v in Q.

Proof. Assume for contradiction that there exists 2y €  such that u(zg) >
v(xg). Let I" be the open set {x € Q : u(x) —v(x) > £}, non-empty for
e > 0 sufficiently small. The function ¢ = (u—v—¢)* is uniformly Lipschitz
continuous, has compact support in 2, and Dy = 0 a.e. in Q\ T

Subtracting (2.4.2) from (2.4.1) and using ¢ as test function yields
/ (A(z, Du) — A(x, Dv), Du — Dv)
r
<

< /F[B(a?,u) — B(z,v)](u —v —¢).
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By (2.4.3) the left-hand side is positive unless Du = Dwv in T", while the
right-hand side is < 0 since B is non-increasing in z. Let % be any compo-
nent of ', so that u — v = const. = ¢ in €. If 3¢ NQ # (), then ¢ = ¢ which
contradicts the fact that u — v > ¢ in €. Otherwise € = Q and ¢ must be
positive since u(zg) > v(x). This violates the fact that u < v on 0Q2. O

Remark. If B is non-increasing only for values z € (—0o0, d), then the con-
clusion of Theorem 2.4.1 continues to hold provided u < § in €.

Because the condition (2.4.3) is somewhat abstract, it is of interest
to exhibit explicit vector functions A for which (2.4.3) is satisfied. One of
the simplest examples is

A= A@E) = A€DE, €£0;,  A(0) =0, (2.4.4)

where s — A(s), s > 0, is positive and ®(s) = sA(s) is strictly increasing
on RT. We state this as

Proposition 2.4.2. Let & and 1 be vectors in R™. Then for the function
(2.4.4) we have
(A(&) —A(m),E—m) >0

whenever € # 1.

Proof. If one of the vectors is 0 the assertion is trivial. Otherwise, &, 1 # 0
and (&,n) < |&| - |n|, so that

(A(&) — A(m), & —n)
= A(€DIEI* + A(InD)Inl* — A(€) (€ n) — A(nl)(n, &)
> O([€])[€] + @(|nl)In| — ([&)) 0| — 2(In])[€]
= {@(I&]) — 2(In)} (|&] = n])

and the conclusion now comes from the strict monotonicity of ®. OJ

Proposition 2.4.2 obviously covers the p-Laplace operator A(s) =
sP72 p > 1, as a special case. A second example of interest is the fol-
lowing

Proposition 2.4.3. Suppose that A(x,&) is continuous in Q@ x R™ and con-
tinuously differentiable with respect to € in the set Q x R™\ {0}, with the
Jacobian matriz [0, A;(x,§)] being positive definite.

Then (2.4.3) is valid.
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Proof. First we observe that if & # n and the line segment [€, 1] does not
include the point 0, then by the mean value theorem, for some point ¢ in
the segment,

(A(«Taf) - A(l’ﬂ?)aﬁ - 77> = (8§A(:1;,C)(£ - TI);E - 77> > 07

since [0g A(x, §)] is positive definite in 2 x R™ \ {0}.
When 0 € [€,7n], we apply the mean value theorem in each segment
[€,0], [0,7n], using the continuity of A with respect to £ in Q x R™. O

Remark. In view of Proposition 2.4.3, when A is only continuous in the
variable € the condition (2.4.3) is a generalization of the usual concept of
ellipticity.

A delicate application of this proposition occurs when
A= A(z,§) = A([¢)a(x)§,  A(z,0) =0,

where a = a(x) = [a;;(x)], 4,7 = 1,...,n, is a continuous real symmetric
matrix defined in €2, uniformly positive definite and satisfying

)\|C|2 < aij(x)CiCj < A|C|2, A > 0, (245)

for all x € 2 and all ¢ € R™; we assume A has the properties noted before
Proposition 2.4.2 and is continuously differentiable in RT.
Proposition 2.4.4. Let 0 < 7 < 0o and assume

/ /!
inf sA(s) =c1 > —1, sup sA(s)

= 2.4.
o<s<r A(s) o<s<r A(S) 2<% (246)

and

24 c+2V1+c

o (2.4.7)

VA < minoten). o), oto

Define P = {€ € R" : 0 < [£]| < 7}. Then the operator A is elliptic in
Qx P, in the sense that the Jacobian matrixz [0¢ A(x,&)| is positive definite
in Q x P. Moreover, for x € €,

(A(I€N)a(z)€ — AllnDa(x)n,.§ —n) >0
whenever £, n € P and § # n.

The terms ¢(c1) or ¢(c2) respectively should be omitted from (2.4.7)
if ¢y or cg = 0. If ¢; = co = 0, then (2.4.7) itself should be omitted. Also,
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since ¢(c) > 1 for all ¢ > —1 it is evident that (2.4.7) is automatically
satisfied whenever a is a multiple of the identity.

Proof. We have ¢, A;(z,§) = A(|€|)air(z)br;(§) in Q@ x P, where

oe o lEAE)
Cep =)=y

The eigenvalues of b are 1, with multiplicity n — 1, and 1 + ¢. Then from
the Nicholson—Strang theorem, see [20, Theorem 2.1], it follows that a b,
the product of the real matrices a and b, will be positive definite provided

c=0or
A :
(\/A—1> (Vi4e—1) <2 if ¢>0,

(A-1) (V2 1) <2 oo

This however reduces to

\/A 24c+2V/1+¢
< =
A |c|

b=1[b;(&)] =1+

(c). (2.4.8)

By (2.4.6) we have ¢; < ¢ < ¢y so by the monotonicity properties of ¢
there holds ¢(c) > min{¢(c1), ¢(c2)}, see Fig. 5.1 on page 114. Therefore
in view of (2.4.7) the condition (2.4.8) holds for all £ € P. Thus [0¢ A(z, §)]
is positive definite in 2 x P.

Application of Proposition 2.4.3 then completes the proof (replacing
R™ \ {0} in the proposition by the more general set P causes no diffi-
culty). O

With the help of the abstract comparison Theorem 2.4.1, the pre-
ceding Propositions 2.4.2 and 2.4.4 give explicit comparison principles for
operators of the type

A=A(g) = A(E)g, A= A(z,£) = A(|f)a(x)§, (A=0at{=0).

For the special p-Laplace case A(s) = sP72, p > 1, that is A(z,£) =
|€]P~2a(z)€, we have ¢; = ¢ = p—2 > —1 in (2.4.6), whence (2.4.8) takes

the form (for p # 2)
\/A p+2vp—1
A p—2[
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2.5 Tangency theorems via Harnack’s inequality

Tangency theorems for non-divergence inequalities also have counterparts
in the divergence structure case. We begin by considering the singular
differential inequality

divfi(m,u, Du) + B(z,u,Du) <0 in Q, u > 0, (2.5.1)

where A and B are in L () and have the following homogeneity and

ellipticity properties for all z € 2, z € RT and &€ € R™:

<A(.’L‘,Z,£>,£> Z a1|£|p - a2zpa
|A(2,2,8)| < asl€P~! + agz"", (2.5.2)
B(l’,z,&) Z _b1|€|p—1 - bQZp_l,

with p > 1; a1, ag > 0; ag, aq, by, by > 0 being constants (see [92], where
these conditions apparently appear first). The p-Laplace operator A(E) =
|€|P~2¢, p > 1, clearly obeys the first line of (2.5.2) with a; = a3 = 1 and
a9 = a4 = 0.

Trudinger [109, Theorem 1.2}, closely using the ideas of [92], has ob-
served that under these conditions the following beautiful weak Harnack
inequality is valid for non-negative solutions v € C'(Q) of (2.5.1); see in
particular Theorem 7.1.2.

For any ball Br such that 0 < R <1 and Bag C €, there holds
[ullg, B < C|R|™* inf u(z), (2.5.3)
R

where C' depends only on p,n,q;aq,as,as,aq,b1,ba, while ¢ € (0,(p —
n/(n—p)) (or g € RT if p>n).

This theorem holds equally for non-negative solutions of (2.5.1) in
WP (Q) N C(Q). The case when (2.5.1) is a linear inequality (p = 2) is of

loc
course included in the result.
The Harnack inequality immediately implies the following Strong

Maximum Principle.

Theorem 2.5.1 (Strong Maximum Principle). Assume that the conditions
(2.5.2) are valid only for v € Q, 0 < 2z <1 and |¢] < 1. Let u € C*(Q) be
a (non-negative) distribution solution of (2.5.1) in Q.

Then either u=10 in Q oru > 0 in .

4The special case a2 = a4 = 0 and B = 0 was noted by Granlund [44].
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Proof. We first modify A and B for values u > 1 and |£| > 1, so that
the modified functions remain in L (2) but now also satisfy (2.5.2) for
the complete set of variables. Then, corresponding to any classical (non-
negative) solution of (2.5.1) for which u(y) = 0, there is some neighborhood
A of y where u < 1 and |Du| < 1.

Let Byg be a ball centered at y, with R so small that Bog is in A,
Then ming, u(z) = 0. In turn ||u||q,5, = 0 by (2.5.3). That is, v = 0 in
Bpgr. The conclusion v = 0 in 2 now follows from connectedness, see the
argument in the proof of Theorem 2.1.1. a

Corresponding to Theorem 2.2.1, it is natural to seek a tangency
principle which applies to C! solutions of divergence structure inequalities.
To this end, we consider the partial differential inequalities

divA(x,u, Du) + B(x,u, Du) >0 in Q,

2.54
divA(z,v, Dv) + B(z,v,Dv) <0 in £, ( )

where A and B are, respectively, a given vector and a given scalar function.
Specifically, we assume that

A(z,z,€) : QX RxR" - R"”

is continuous, and continuously differentiable in the variables z and &; at
the same time

B(z,z,€6) : QO xRxR" >R (2.5.5)

is locally Lipschitz continuous in £ and locally lower Lipschitz continuous
in z, that is,

B(z,v,n) — B(z,u,&) > —biln — €| — L(v — u), when v > u,

for any compact set of arguments. The principal result of [94] is now the
following

Theorem 2.5.2 (Tangency Principle). Let v = u(z) and v = v(z) be
functions of class C1(Q), satisfying the respective differential inequalities
(2.5.4). Suppose that u < v in 2, and that at least one of the matrices

[0¢ Az, u, Du)] or [0 Az, v, Dv)] (2.5.6)

is positive definite in €. Then either u = v or else u < v throughout €.
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In [3] Almgren has obtained a related result for variational problems
under somewhat less smoothness of the integrand than required above.
This generalization is paid for, however, by a weaker conclusion, namely,
that either u = v in ) or else the set of equality is at most of capacity zero.
Moreover, his theorem applies only to extremals and not to differential
inequalities as is the case here.

At the end of the section, we also discuss the corresponding case when
the solutions v and v are strongly differentiable rather than of class C*.

Proof of Theorem 2.5.2. Let Q' denote the subset of 2 where u = v. Ob-
viously € is relatively closed with respect to Q. To complete the proof of
the theorem it is therefore enough to show that € is open, for then it must
either be empty or coincide with €, since €2 is a connected set.

Thus assume that € is not empty, and let y be an arbitrary point in
. Obviously u = v and Du = Dv at y. Let Bgr denote the closed ball of
radius R centered at y, with R € (0, 1] so small that Bsg is contained in
Q. By subtracting and using the definition of weak solution we obtain, for
T in B3R,

div{A(z,v, Dv) — A(z,u, Du)} + B(z,v, Dv) — B(x,u, Du) < (R.5.7)
By assumption, we have in B3g

|A(z,v, Dv) — A(z,u, Du)| < a|Dw| + bw,

2.5.8
—{B(z,v, Dv) — B(z,u, Du)} < by|Dw| + bow, ( )

where w = v —u > 0 and a, b are suitable constants depending only on
the structure of A and B and on bounds for u, v, Du, Dv in Bsg. Let us
assume that the matrix [0 A(x,u, Du)] in (2.5.6) is positive definite in Q
(the other case is treated similarly).

By continuity, the least eigenvalue of [0¢ A(x,u, Du)] in Bsp is then
positive, say equal to A. In turn, for some vector ¢ in the line segment
joining Du and Dv we have

(A(z,u, Dv) — A(x,u, Du), Dw)
= (0¢A(z,u,¢)Dw, Dw)
= (0¢ A(x,u, Du) Dw, Dw) + o(| Dw|?)
> yA|Dwf?,

if R is taken even smaller if necessary (since Dw = 0 at y).
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Again using the differentiability properties of A, we have next, for
x € Bspg,

(A(z,v, Dv) — A(z,u, Du), Dw)
= (A(x,u, Dv) — A(x,u, Du), Dw)

+ (A(z,v, Dv) — A(z,u, Dv), Dw) (2.5.9)
A 5 A , b,

> — > _

> 2|Dw| bw|Dw| > 4|Dw| NG

by the Cauchy inequality.

We are now in position to apply the Harnack inequality (2.5.3). In
particular, let the non-negative function w = v — u be considered as a
solution of the differential inequality (2.5.7), which we can write in the
form (2.5.1) with w replacing u. Then in view of (2.5.8) and (2.5.9) the
hypotheses (2.5.2) are satisfied with p = 2. Consequently, since w = 0 at
y, we obtain the inequality (take ¢ = 1)

/ w < 0.
Bar

Hence w = 0 in Byg. Therefore € is an open set, completing the proof. [

If the continuity and differentiability hypotheses on A and B in The-
orem 2.5.2 are strengthened to hold uniformly in their variables, one can
obtain a result applying not only to C! solutions of (2.5.4) but even to so-
lutions in VV{L?(Q) NC(Q). Supposing also that at least one of the matrices
(2.5.6) is uniformly positive definite in any compact subset of £, we have
the following conclusion.

Theorem 2 5.3. Let u = u(x) and v = v(z) be solutions of (2.5.4) in the
class Wh2(Q) N C(Q). Suppose that u < v in Q. Then either u = v or else

loc

u < v throughout €.

2.6 Uniqueness of the Dirichlet problem

A first case concerns semilinear equations in R™:

Lu+ f(x,u) = h(z) in €2,

u=g(x) on 012, (2.6.1)

where L is the elliptic operator in Section 2.1.
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Theorem 2.6.1. Suppose z — f(x,z)/z, z > 0, is a non-increasing function
for each fixred x € Q, and assume h(x) < 0, g(z) > 0. Then the Dirichlet
problem (2.6.1) can have at most one positive solution.

Proof. Since h(z) < 0, one sees that the function [f(z,z) — h(x)]/z is non-
increasing in z. Let u, v be two positive solutions of (2.6.1). Since u < v
on 012, it follows from Theorem 2.2.4 that u < v in . Similarly v < w in
), and the proof is done. O

As observed earlier, the problem (2.6.1) may possibly have no positive
solutions at all; one can only state that if there does exist a positive solution
it is unique.

The structure built up in Section 2.4 has as a consequence several
uniqueness theorems for C'!' solutions of the singular Dirichlet problem

div A(z, Du) + B(x,u) =0 in Q,

U = Ug on 012, (2.6.2)

where ug € C(09), Q is a bounded domain of R", and A and B are as in
Section 2.4.

Theorem 2.6.2. Let condition (2.4.3) hold and assume that B is non-
increasing in z. Then problem (2.6.2) can have at most one C*(Q) solution.

This is an immediate consequence of Theorem 2.4.1. The special cases
A=A =A(§)g, A=Az =A(¢)a(x)f (A=0at£=0),

given in Section 2.4 are of particular interest. For example, for the p-Laplace
operator, p > 1, one has the following conclusion.

Corollary 2.6.3. Let B = B(x,z) be non-increasing in z. Then the Dirichlet
problem

Ayu+ B(z,u) =0 in €,

U = Ug on 0f, (2.6.3)

where ug € C(09Q), has at most one C1(Q) solution.

Of equal interest is a corresponding uniqueness theorem for C! so-
lutions of the (non-singular) mean curvature equation (1.1.12); the formal
statement can be omitted. For the restricted class of C? solutions this re-
sult was already noted in Section 2.1 as a consequence of the uniqueness
theorem for solutions of non-singular quasilinear equations.
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2.7 The boundary point lemma

Hopf’s tangency Theorem 2.2.1 does not apply when u — v attains a max-
imum at a boundary point of €). The following boundary point theorem
treats this case.

Theorem 2.7.1. Let uw = u(x) and v = v(z) be solutions of the inequalities
(2.2.1) and (2.2.2) in Q, of class C*(Q)NCH(Q). Assume P =R", so that
in particular the coefficient matric [a;;] is continuous, and continuously
differentiable with respect to z and & in the set K = Q x R x R™, while
similarly the scalar term B is continuously differentiable with respect to &
mn K.

Assume that at least one of the solutions u and v is elliptic, and that B
is locally lower Lipschitz continuous in the variable z, as in Theorem 2.2.1.

If u < vin Q, and v = u at some point y on the boundary of ()
admitting an internally tangent sphere, then

dpu > 0y,v  aty.

McNabb [58] has treated the fully nonlinear version of Theorem 2.7.1,
though his assumptions, when reduced to the quasilinear case, are stronger
than required here. The theorem as stated follows directly from the bound-
ary point Theorem 2.8.4, after applying the differencing procedure of The-
orem 2.2.1 to obtain an appropriate linear inequality for the function u — v.

When we turn to C'*(€2) solutions v and v of (2.5.4), it is a surprising
fact that the analog of Theorem 2.7.1 is no longer true. This is shown by the
following example due to Gilbarg ([42], page 169). Consider the function

u=u(z,y) = ze— V| log4/r| P2 = 22 42,

where n = 2 and Q is the domain (z — 1)? + y? = 1 in the (x,y)-plane.
This function is of class C! in the closure of 2 and satisfies there the linear
elliptic equation divA(z,y, Du) = 0, where

A((L’, Y, DU) = (aaxu + bayu7 baxu + cayu)

with continuous coefficients

1 21
a= —i—M v, b

_1—M2 1 op?=1,
= X
por?u

7“2M xy, c= u + 7’2,u

Y

and p = 1+ (2¢/|log4/r|)~t. Clearly u > 0 in ©, but u and Du are zero
at the origin, contradicting the conclusion of Theorem 2.7.1.
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In spite of this negative result, there are nevertheless two related
results, analogous to Theorem 2.7.1 but applying to C! solutions of the
divergence structure inequalities (2.5.4).

In the first case, the boundary point lemma holds for C*(Q) solu-
tions of (2.5.4) when A(z,&) is linear in & and continuously differentiable
in x, and B satisfies condition (2.5.5).> This is a consequence of Hopf’s
construction (Lemma 2.8.2), together with the comparison principle The-
orem 2.4.1. The proof can be left to the reader. Whether the condition of
linearity can be avoided is an open question.

For convenience in stating the second result, we shall say that a
boundary point y of Q admits an internal cone condition provided there

exists a right circular cone V' with height h and vertex y which is contained
in Q.

Theorem 2.7.2. Let u = u(z) and v = v(x) be functions of class C1(Q),
satisfying the respective inequalities (2.5.4). Suppose that u < v in Q, and
that at least one of the solutions is elliptic in 2.

Assume finally that u = v at some point y on the boundary of €
admitting an internal cone condition. Then the zero of uw — v at y is of
finite order.

Proof. Assume for contradiction that u — v has a zero of infinite order at
y. Then Du = Dwv at y and the estimates (2.5.8) and (2.5.9) hold in the
associated cone V' (we may, of course, suppose that h > 0 is suitably small).

We can therefore apply the Harnack inequality to the positive function
w = v — u in any ball contained in V. This being the case, let us consider
in particular a sequence of balls B(y, ), each of which is internally tangent
to V and whose successive centers y = y,, and radii ¢ = g are such that

B(ykazgk/3) CB(yk+1a2Qk$+1/3)7 k2071727""

If 9 is the half-angular opening of V', it is easy to see that the succes-
sive radii and centers can be chosen to satisfy the relation

Ok+1  |Yrks1| 14 (1/3)sind

_ _ — k<1,
ok el 14 (2/3)sing

so that the sequence B(yg, 0r) converges to y (for convenience we assume
that y is the origin).

5 A particular case of interest is the model Poisson equation Au + f(u) = 0 when f(u)
is a locally Lipschitz continuous function.
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By Theorem 1.2 of [109], see Section 2.5, there exists a constant C

such that
Q_”/ w<C min w(r)
B(y,20/3) B(y,0/3)

for any ball B(y, o) in the sequence. On the other hand, for the ball B(y’, ¢’)
preceding B(y, o) in the sequence we have (since w > 0)

3" 3"
min  w(z) < . / w < . / w,
B(y'.e'/3) Wn@™ JB(y 0 /3) W™ JB(y,20/3)

where w,, denotes the volume of the unit ball in n dimensions. Combining
the last two inequalities now yields

min w(z) > L min w(x),
B(y,e/3) B(y’.¢'/3)

where L = w,, /3"C. If this relation is iterated backward to successively
larger radii g, we find easily that

min _ w(z) > L¥ min  w(z),

B(yk,0r/3) B(y0,00/3)

whence w(yx) > const. L¥ for some positive constant and all positive inte-
gers k.

Now, by assumption, w has a zero of infinite order at y. Hence for
any integer m there exists a constant ¢(m) such that

w(yk) < e(m)|ys|™ = c(m)]yo|™£™*.
By combining the preceding two inequalities we obtain

const. L* < ¢(m)|yo|™ k™.

Letting k tend to infinity there results finally
k" > L,

which is impossible for sufficiently large m, since k < 1. This completes
the proof. O

It is evident from the proof that one could determine an upper bound
for the order of the zero at y depending on the structure of the coefficients
A and B near the solution u(x), namely, m < log L/|log x|. We also note
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that an alternate proof of Theorem 2.7.2, in the case when equality holds in
both relations (2.5.4), can be given on the basis of a result of Widman [115],
though the proof as a whole would then be considerably more involved.

If the hypotheses on A and B are strengthened as in the last part of
Section 2.6, then we can drop the condition that v and v are of class C'.
Specifically, in this case the following result holds.

Theorem 2.7.3. Let u = u(z) and v = v(x) be continuous functions in the

closure of Q, possessing strong derivatives of class L2 (Q). Suppose that

u < v in Q and that (2.5.4) holds. Assume finally that u = v at some point
y on the boundary of 2, admitting an internal cone condition. Then either
u=0v orelse u < v in Q and the zero of u — v at y is of finite order.

Proof. Since (2.5.8) and (2.5.9) are valid in the present circumstances (see
the demonstration of Theorem 2.5.3), the result follows exactly as in the
proof of Theorem 2.7.2. Il

2.8 Appendix: Proof of Eberhard Hopf’s
maximum principle

We begin with a simple but striking consequence of elementary calculus.

Theorem 2.8.1 (Weak Maximum Principle). Let u = u(x) be a C? function
which satisfies the differential inequality

Lu = Z aij (x)a,%xju + Z bi()0y,u >0
— -

in a domain S, where the (symmetric) matriz [a;;] is positive semi-definite
in Q, but otherwise the coefficients a;;, b; are merely defined and finite at
each point of .

Then u cannot achieve an (interior) mazximum in Q. In particular, if
uw < M on 0, then u < M in Q.

Proof. If u reached the maximum value M at a point y € €2, then since 2 is
open we would have Du(y) = 0, while by elementary calculus the Hessian
matrix [(ﬁl%u(y)] would be negative semi-definite, so that

1,7

i.e., Lu(y) <0, a contradiction. O
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Lemma 2.8.2. Let By be an arbitrary open ball of radius R in the domain €.
Suppose that the (symmetric) matriz [a;;] = [a;;(x)] is uniformly positive
definite in Br and the coefficients a;j, b; = b;(x) are uniformly bounded
in Br. Then for every constant m > 0 there exists a function v € C?(Bg)
such that

(i) v=0 on OBg;

(ii) v =m on OBg/2;

(iii) d,v < 0 on OBg, where v is the exterior unit normal to Bg;

(iv) Lv > 0 in Bg \ Bgr/s.

Proof. For a constant exponent o > 0 still to be determined, we define
o(x) = emor _ gmoR x € Bp, (2.8.1)

where r denotes the distance from z to the center of Br. Then

Lo(z) = e_O“TQ{(4o<2 Z a;j(z)x;x; — 2 Z [asi(z) + bi(z)x;] },

where for simplicity we have taken the center of Br as the origin 0 and
r = |z|. Since by hypothesis }, ; a;;(z)2;z; > Ar?, the constant o can be
chosen so large that Lo(z) > 0 for all z with r» = || > R/2. Thus conditions
(i), (iii) and (iv) hold for ©. Define v(z) = mv(z)/0(R/2), x € Bgr. Then
v satisfies (ii) and of course continues to verify (i), (iii) and (iv). O

Theorem 2.8.3 (Hopf’s Boundary Point Lemma). Suppose that the (sym-
metric) matriz [a;;] = [a;;(x)] is uniformly positive definite in the domain
Q and that the coefficients a;j, b; = b;(x) are uniformly bounded in . Let
u € C?(Q) satisfy the differential inequality Lu > 0 in Q and let 2y € 09
be such that

(i) w is continuous at xy and dyu exists at xo, where v is the outer normal
vector to €0 at xg;
(i) u(x) <u(zg) for all x € Q;
(iii) there exists a ball Br C Q, with xy € 0BpR (interior sphere condition).
Then dy,u(xg) > 0.

Proof. Let u(xg) = M and ¢ = sup|,|_g/p u(z) < M. The function w =
u +v — M then satisfies Lw > 0 in Bg \ Bg/2, while also w < 0 on 0Bg
and 0Bpg/y, provided m = M — /.

Consequently w < 0 in Bgr \ Bgrs2 by Theorem 2.8.1, so that
dpw(xzg) > 0. In turn dyu(xg) > —d,v(xg) > 0. O
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A%

Figure 2.2: Proof of the Boundary Point Lemma; the annular region B \
Bpr/s is shaded.

Proof of Hopf’s Maximum Principle. Suppose u takes a maximum value
M in Q. The subset € of 2 where u = M is then non-empty and relatively
closed in €2. We must show that g = €.

Thus suppose for contradiction that 2y # €. By the connectedness of
Q it follows that the set 9y N Q must be non-empty (otherwise £y would
be open as well as closed, and thus identical to ).

Fix z1 € 092 N 2, and in turn let 0 be a point of €2, as near to x| as
we like, such that u(0) < M. Taking 0 nearer to z; than to 09, it follows
that there is a largest open ball B in R", with center at 0, which does
not intersect (2. Moreover Br C (), so that in particular u < M in Bg
and v = M at some point zg on the boundary of both Bg and Q.

But then d,u(zo) > 0 by the boundary point Theorem 2.8.3. At the
same time, xg is an interior maximum point of u; hence Du(zg) = 0, an
immediate contradiction. Thus €y = €2, completing the proof. O

The function v in (2.8.1) was introduced by Hopf in [46]. An elegant
alternative to v is

o(x) =r"*—R™7, a>0.

Lo(z) = ar~*{(a +2) Z aij(w)wiw; — Y laii(x) + bi(x)z:] r*},

i

which is clearly positive in Br \ Bg/, for suitably large «, as required.
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The techniques used for the proof of the boundary point lemma yield
another result of interest.

Theorem 2.8.4. Let the hypotheses of Theorem 2.8.3 hold, with the exception
that
(a) the inequality Lu > 0 is replaced by [L+c(z)]u > 0, where ¢ is bounded
below in a meighborhood of xg, and
(b) either u(xg) = 0 or u(zg) > 0 and c(x) < 0. Then

Opu(zg) > 0.

Proof. Consider first the case when u(xo) = 0. Let d be a positive constant.
From the proof of Lemma 2.8.2 it is easy to see that if the constant « is
chosen even larger if necessary, then the function v given in Lemma 2.8.2
can equally be supposed to satisfy

(iV), (L—d)’U>0 in EREBR\BR/Q.
In turn L(u 4+ v) > —cu + dv in ER.

As in the proof of Theorem 2.8.3, put £ = sup|,—p/» u(zr) < 0. We
claim that u+v < 0 in Eg. In fact, obviously u+v <0 on 0BRUIBR/, =
OFER, provided that m = —/£. If the claim was false, there would be a point

y € Er at which u + v would attain a positive maximum. Then we would
have

L(u+v) > —(c+d)u>0 at v, (2.8.2)

provided d is chosen so that inf,c g, c¢(x) +d > 0 (recall that ¢ is bounded
below in a neighborhood of zy and u < 0 in ). On the other hand, as in the
proof of the weak maximum principle Theorem 2.8.1, we have necessarily
L(u+v) <0 at y, a contradiction with (2.8.2).

Thus u 4+ v < 0 in Er and in turn, since u + v = 0 at xy, we obtain
Opu(zg) > —0pv(xo) > 0, as required.

When u(zg) = M > 0 we define w = v — M. Then w(xzg) = 0
and [L + c(z)Jw > —Me(x) > 0. The previous argument therefore yields
Opu(zo) = dpw(zg) > 0. O

Corollary 2.8.5. Let the hypotheses of Theorem 2.8.4 hold, with the excep-
tion that in condition (ii) of Theorem 2.8.3 one assumes only that u(x) <
u(xg) for x € Q. Then either

u=u(xg) in £, or Opu(zg) > 0.

Proof. By Theorems 2.1.1 and 2.1.2, if u < u(xg) in € then either u = u(zg)
or u < u(zg) in 2. The conclusion then follows from Theorem 2.8.4. O



46 Chapter 2. Tangency and Comparison Theorems

Notes

The results in Section 2.1 are due to Eberhard Hopf. They are stated,
however, in greater generality and in more usual notation. Theorems 2.2.1
and 2.2.3 are variants of Hopf’s results; they are, however, new in the
form given. Theorem 2.2.4 is also new here, using however an ingenious
idea of Picone [71]. The maximum principle Theorem 2.3.2 corresponds
to Theorem 10.3 of [43], though again formulated for the case of singular
inequalities.

For maximum principles when u is not of class C?, and even possibly
only measurable, see, e.g., Littman [56] and Chapter 2 of Fraenkel [38]. For
the case of distribution solutions, see Sections 2.4, 2.5 and Chapter 3.

The results of Section 2.4 are for the most part new, especially Propo-
sition 2.4.4. The tangency principle Theorem 2.5.2 is due to Serrin [94]. The
uniqueness Theorem 2.6.1 seems to be new. The proofs in Section 2.7 also
follow those of [94].

The proof of the Hopf maximum principle in Section 2.8 is a stream-
lined version of that in [43]. The boundary point lemma, Theorem 2.8.3,
appears first in [47]; see also Oleinik [68].

When the matrix [a;;] is semidefinite rather than positive definite,
many of Hopf’s results remain valid in appropriately modified and weak-
ened forms, see [61]. Correspondingly, a weak maximum principle for para-
bolic equations or inequalities was given by Picone [72], and a strong max-
imum principle by Nirenberg [65]. These results are elegantly presented in
the classical monograph of Protter and Weinberger [76, Chapter 3].

Problems

2.1 Show that the condition ¢ < 0 is necessary in Theorem 2.1.1.

2.2 Show that the function u(z) = —|z|¥, where a > 2 is a real number,
satisfies an equation of the form

Au+ c(x)u =0, c(0) = -1,

with ¢ = ¢(x) discontinuous at x = 0, and negative and unbounded
near x = 0.

Then show that the condition in Theorem 2.1.2 that the coeffi-
cient ¢ be bounded below is necessary.
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Prove the result stated after Theorem 2.1.2.
[Hint. Put b;(z) = —b(2)0y,u/|Du| when Du(z) # 0 and b;(z) = 0
when Du(z) = 0. Then b(x)|Du| = — > b;(x)0,,u.]

Supply the details for the proof of uniqueness for the Dirichlet problem
for quasilinear equations stated after Theorem 2.1.5.

Suppose Au = —1in By = {x € R"” : |z| < R}, with u = 0 on 0Bg.
Find upper and lower bounds for w.

The function u(z,y) = (1 — 2% — y?)/[(1 — 2)? + y?] is a solution of
Au = 0 in the unit disk By of R?. Also u = 0 on dB; except at (1,0).
Show that the maximum principle fails.

2

Show that a solution of Au = uv* in a domain  of R" cannot attain

a maximum in 2 unless ©v = 0.

Show that the problem Au = —1 in the two-dimensional square @) =
{(z,y) e R? : |z, |y| < 1}, with u =0 on |z| = 1 and d,u — dyu =0
on |y| = 1 has at most one solution. (Protter and Weinberger, [76].)

Let Q be the square Q1 = {(x,y) € R? : |z|, |y| < m/2}. Show that
the Dirichlet problem for Au+ v = 0 in Q; has at most one solution.
What about the square {(z,y) € R? : |z| < 7/V2, |y| = 7/V2}?
[Hint: Use Theorem 2.3.2.]

Show that the divergence structure equation (2.3.9) can be written in
the form
aijagmu + |DU|2 = O,

where a;; = |Du|?6;; + 20,,ud,,u. Thus show that E(&) > [£|? for
equation (2.3.9), and hence that condition (2.3.2) fails for small values
of €.

Find an estimate for supg u(x) in Theorem 2.3.2 when the coefficient
matrix [a;;] is a function only of the variable x.

In the next three problems, let Lu = a;; (x)@%ixjujL b;(z)0,,u be the linear
differential operator in Hopf’s main theorem, where the coefficients satisfy
the conditions in Hopf’s theorem.

2.12

If Lu+ c(x)u = f(x) in 2, with ¢ < 0 in ©, show that

|u(z)| < max |u| + sup |f/c| in Q.
o Q

This estimate is essentially due to Picone [71].
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2.13

2.14

2.15

2.16
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Let u, v € C?(2) be solutions of the differential inequalities
Lu+ f(xz,u) >0, Lv+ g(z,v) <0

in 2, with v > 0 in Q.
Suppose that for each fixed z € € there holds
g(z,t)  f(z,s)

_ >0,
t S -

when s >t > 0.
If u <wvon 99, then u <wv in Q.
Let Q satisfy an interior sphere condition at each point of 9€2. Suppose
that u € C%(2) N C(R) satisfies
Lu=0 in

and the boundary conditions

a(r)u+ Bi(x)0z,u =0 on 09,
where a(z) - (B(z),v) > 0, and v is the exterior normal to 9€2. Then
u = 0.

Let u, v € C*(£2) be solutions of the differential inequalities (2.5.4),
where A = A(z,2,€) and B = B(x, z,&) are continuously differen-
tiable in the variables z and £ in 2 x R x R™. Suppose also that the
(n+1) x (n+ 1) matrix

O, Ay - O AL 0.4
gy A - O, A O0:A | : ; ;
0B - =0, B 0B | 5. A, - 9 A, 0.A,

—0g,B -+ —0¢, B —-0.B

is non-negative definite in £ x R x R™.

Show that if u < v on 99, then u < v in €. (See [93], Theorem 6
on page 429).
Let u € C%(Q) N C() be a solution of Lu + c¢(z)u = f(z) in a
bounded C' domain Q of R”, satisfying an exterior sphere condition
at xg € 082, with Br(y) NQ = {xo}. Suppose ¢ < 0 in © and let A, A
be positive constants such that for all z € 2 and & € R”,

aijfifj > >\|€|2 and |aij|a |bi], |c] < A.



2.8. Appendix: Proof of Eberhard Hopf’s maximum principle 49

2.17

2.18

If ¢ € C*(Q) and u = ¢ on 99, show that u satisfies a Lipschitz
condition at x,

lu(z) — u(zo)| < K|z — x0| for all x € Q,

where K = K(\, A, R,diam Q, supg, | f], ||¢||2,c). Hence conclude that
K provides a gradient bound for v on 92, when u € C1(Q) and 99 is
sufficiently smooth. If the sign of ¢ is unrestricted, show that the same
result holds provided K depends also on supg, |ul. (Cf. [41, Problem
3.6].)

(Phragmen—Lindel6f) Let u satisfy the inequality Au > 0 in a sector

Q) of angle opening 7/a. Assume that v < M on the boundary ¢ =
+7/2a and that

o —a <o.
lg%nllorif{R Iglzaé(u(r,ﬁ)}_o

Prove that v < M in Q. (Cf. [76, Theorem 1.8 on page 94].)

Suppose that u satisfies the equation Au = 0 in a domain Q of R™,
n > 3, except at a point zg € . If

lim "2

u(z) =0, r=|x — x|,
r—0

show that u may be defined at xg so that Au =0 in Q.
[Hint: The Dirichlet problem Awu = 0 in B, where B is an open ball
of R™, has a unique solution given by the Poisson integral formula.]



Chapter 3

Maximum Principles for
Divergence Structure Elliptic
Differential Inequalities

3.1 Distribution solutions

For a large number of divergence structure equations, including equations
which involve the important p-Laplacian operator A, there is a further
series of maximum principles. In particular, in this chapter we study the
differential inequality

divA(x,u, Du) + B(x,u, Du) >0 in €, (3.1.1)
where  is a bounded domain in R™ (unless otherwise stated explicitly),
and

A(z,z,€) : QA xRxR" - R", B(z,2,€) : QxR xR" — R.

Throughout the chapter, by a solution u of (3.1.1) in Q we mean
specifically a distribution or weak solution, in the sense that u € L] ()
is weakly differentiable in Q (that is, all its weak derivatives of first order
exist); A(-,u, Du), B(-,u,Du) € LL (Q); and

loc

/(A(:L‘,u,Du),D«p)§/B(:L‘,u,Du)gp (3.1.2)
Q Q

for all o € C*(Q) such that ¢ > 0 in Q and ¢ = 0 near O9.



52 Chapter 3. Maximum Principles and their Corollaries

In order to treat solutions in the natural Sobolev space W1 (Q) we
shall require several preliminary results. We say that v is a p-reqular solu-
tion, p > 1, if also!

A(-,u,Du) € L (), '=p/(p—1). (3.1.4)

Furthermore by u < M on 0f) for some M € R we mean explicitly that for
every d > 0 there is a neighborhood of 9€) in which v < M + 4.

For simplicity in printing, we shall write || - ||,,r for || - ||+ () when I'
is a measurable subset of Q, and || - ||, for || - || v (q)-

Lemma 3.1.1. Let f, be the regularization (mollification) of a function f €
LP(Q), p > 1, with mollification radius h.

Then || fn, — fllp — 0 as h — 0; also a subsequence of (fn)n, which by
agreement we identify as (fn)n, converges a.e. in Q. Moreover if f € L'(Q)
and [ is weakly differentiable in Q, then in any domain ' CC Q we have
D fy, = [Df]n for h sufficiently small.

For the proof of this lemma we refer to Lemmas 7.2 and 7.3 of [43].

Lemma 3.1.2. Let ¢y : R — Rar be a non-decreasing continuous function
such that ¥(t) = 0 for t € (—o00,f] and ¢p € C* for t € [{,00), with a
possible corner at t = £ and with " uniformly bounded. Let u € VV{Lf(Q)
be a p-regular solution of (3.1.1), and suppose that f € I/Vl})f(Q) is such
that | < ¢ < £ on 09.

Then (3.1.2) is valid for ¢ = ¥(f), in the sense that

/(A(x,u,Du),Dcp) §/[B(x,u,Du)]+g0, (3.1.5)
Q Q

where Do = ' (f)Df when f #£.
Proof. The last line is a consequence of [43, Lemma 7.8].

LCondition (3.1.4) is obviously satisfied when u € W1P(Q) under the “natural’ addi-
tional condition that, for all (z,z,€) in @ X R x R™,

| Az, 2,8)| < as|€[P~! + aa|z[P" + as, (3.1.3)

p/

where a3, a4 are constants and as € L.

in [92].

The principal requirement that A(-,u, Du), B(-,u,Du) € L. (Q) can be met if for
example one assumes, in addition to (3.1.3), a corresponding condition on B(z, z, €) and
that both A(-,u, Du), B(-,u, Du) are measurable.

(92). The condition of p-regularity was noted
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Let on = ¥n(f) be the truncation of ¢(f) at the level N > ¢, that
is, equal to ¥(f) when f < N and to ¢(N) when f > N. By the properties
of 1 and the fact that f < ¢ on 91, it is clear that oy € WHP(Q) with
on = 0 near OS2

The regularization ¢ 5, of ¢ is in C L(Q) and vanishes near 99 for
h sufficiently small, and of course also ¢y 5 > 0. Thus ¢n ;, can serve as a
test function for (3.1.2), that is, by (3.1.2),

/(A(x,u,Du),DgoN,w §/[B(x,u,Du)]+g0N,h. (3.1.6)
Q Q

By Lemma 3.1.1 we have Doy, = [Don]p for h sufficiently small; there-
fore

| Den,n — Denllp — 0, ON,hL— PN a.e. in Q (3.1.7)
as h — 0. Clearly

A(-,u,Du) € v (Q) and [B(z,u,Du)]Tpnn < N[B(x,u, Du)|*

loc

a.e. in Q. Thus we can apply (3.1.7) to the left side of (3.1.6) and the
dominated convergence theorem to the right side, since [B(-,u, Du)|™ €
L{ .(Q). Hence for h — 0 one gets

/(A(x,u,Du),D«pN) §/[B(:L',u,Du)]+<pN. (3.1.8)
Q Q

Finally
IDen = Dellp = 1D¢llp =Ny — 0

as N — oo. Using the monotone convergence theorem (since pn /" @)
proves the lemma. O

The integral [ BT ¢ in (3.1.5) can at the moment possibly be infinite,
though in our applications in the sequel it will in fact prove to be finite.

Lemma 3.1.3. Lemma 3.1.2 applies to solutions u € VV&M?O(Q) with p-
reqularity no longer being required.

The proof is essentially the same, with the exception that (3.1.7) is
replaced by Doy, — Doy a.e. in Q as h — 0, while by the definition of
weak solution we have A(-,u, Du) € L{ (Q).
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Appendix. The condition of p-regularity is necessary for the demonstration
of Lemma 3.1.2. The delicacy of the structure can be emphasized by ob-
serving first that Gilbarg and Trudinger define weak solutions exactly as we
do here (see equation (8.30) in [43]), while in their following Theorem 8.15
(for the case of linear equations) they consider solutions in W2(Q), these
being 2-regular by linearity and so legitimate in forming test functions.

On the other hand, for Lemma 10.8 in [43, page 273] their solution is
assumed to be in C1(£2), so one then must have A(-,u, Du) € L{ _(Q) in
order to use the theory of weak solutions. While not explicitly indicated in
Lemma 10.8, this condition can be obtained from their earlier remark (page
260) that A is a differentiable function. But, once this is assumed, their
structure condition (10.23) no longer applies, except when the exponent
p = 2! There seems no way to avoid this dilemma other than giving up the
differentiability of A and setting conditions so that A(-,u, Du) € L, (Q),
say that A is continuous in all its variables.

Even here, however, one must also deal with their later statement that
solutions can be allowed in the space W1P(Q), see [43, page 277]. This in
turn requires the p-regularity condition A(-,wu, Du) € Lﬁ;c
which is not indicated in [43].

Of course, this begs the question, under what conditions can one
in fact obtain A(-,u,Du) € Lﬁ;C(Q) when u € W,2P(€)? The simplest

loc
(though not the only) answer is found in the footnote above.

(Q), a condition

3.2 Maximum principles for homogeneous
inequalities

Let the functions A and B in (3.1.1) be defined in the set Q x RT x R",
and satisfy an alternative version of the natural p-homogeneous structure
condition (2.5.2); that is, there are constants a; > 0 and ag, by, bs > 0
such that for all (z,2,£) € Q x Rt x R™ there holds

(A(IE,Z,E),E> > al‘£|p_a2zp7 B(IE,Z,E) < b1|£‘p71 +b2zp*17 (321)
where p € [1,00) describes the level of homogeneity of A and B. In partic-
ular, the case p = 2 covers linear elliptic inequalities of the form (3.1.1).

Theorem 3.2.1 (Maximum principle). Assume A and B satisfy (3.2.1),
with ag = by = 0. Let u € I/Vlicp(ﬂ), p > 1, be a p-reqular solution of
(3.1.1). If u < M on 99 for some constant M > 0, then u < M a.e. in Q.
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Proof. Since as = by = 0 it is enough to consider the case M = 0. Thus
assume for contradiction that essupgu > 0.

Let essupu = V. For V < oo fix £ € (V/2,V) and for V = oo take
¢ > 1. Define ¢(t) = (t — ¢)T and, as in Lemma 3.1.2, take ¢ = ¢(u) as a
(non-negative) test function for the inequality (3.1.1). Let

IMM={zeQ:l<u(x)}

Then since ¢ =0, Dy =0 a.e. in Q\ IV and Dy = Du in ', we see from
(3.1.5) that

(A(x,u, Du), Du) g/ [B(x,u, Du)]"¢.

!

1"/

Observing that u > 0 at all points where ¢ > 0, we can apply (3.2.1) with
az = by =0 to get

al/ |\ Dul? gbl/ DufP1 - . (3.2.2)
T/ T/

Introduce the further set
F={zeQ:l<ulx)<V}. (3.2.3)

We assert that (3.2.2) holds equally with the integration set I'" replaced by
I'. If V = oo this is trivial. On the other hand if V' < oo then

DufP - = </+/ +/ >|Du|p-1-so=/|Du|p-1-so
I r J{u=v} J{u>V} r

since Du = 0 a.e. where v = V ([43], Lemma 7.7) while the set where
u >V has measure zero. Of course, in the same way ||Dul||, r = ||Dull,r,
so the assertion is proved.

Restricting for the moment to the case n > 1, we put

Then replacing IV by T" in (3.2.2) and applying Holder’s inequality to the
right side yields

n -1
ar|Dulls - < [Pl ol Dl (3:2.4)
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We claim that ||Dul|, r > 0. Indeed by Poincaré’s inequality (Theo-
rem 3.9.4)

||90||:o,Q < QHDSOH;D,Q = QHDUHPI’ = QHDUHPI'

But [|¢|lp.0 = ||ullprr > 0 since ¢ < essupqu, proving the claim. Now
dividing (3.2.4) by ||Dul[27" gives

a1 ]| Dullpr < 0oLl (3.2.5)

Because ¢ vanishes near 02, we have by Sobolev’s inequality in the
form given in Theorem 3.9.2,

lells < ClIDelly = CllDully,r < (b1/a1)CITY™|ig]ls, (3.2.6)

where C = S(s,,n)|QY/""" and s, = n?p/(n® — n + np) < p. Dividing by
lells (> 0) gives finally

a; < C|T|Y"Pp,. (3.2.7)

But I' — () as £ — V by (3.2.3). This contradicts (3.2.7) and completes the
proof for n > 1.

When n =1 we set s = co. The proof is then unchanged except that
the exponent 1/np becomes 1/p, while (3.2.6) is replaced by

lelloo < 3ID¢llx < SIDullpIQ < (b1/2a1) Q7 TP ][] -

In turn a; < C|T|Y/Pby, and the conclusion follows as before. O

Theorem 3.2.2 (Maximum principle). Assume that A and B satisfy (3.2.1)
with by = by = 0. Let u € T/Vlicp(ﬂ), p > 1, be a p-regular solution of the
inequality (3.1.1) in Q. If u <0 on 09, then u <0 a.e. in Q.

Proof. Assume for contradiction that V' = essupnu > 0, possibly infinite.
For ¢ > 0 define ¢(t) = 0 when t < ¢ and

Y(t) =1 (¢/t)" "

for t > ¢. Lemma 3.1.2 now applies, so that ¢ = ¢(u) can be used as a
(non-negative) test function for (3.1.1). That is, by (3.1.5) with by = by = 0,

/ (A(x,u, Du), Dp) <0, (3.2.8)
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where I' = {z € Q : u(x) > ¢}. Using the relations
Dy = ' (u)Du, Y (u) = (p— 1) tu™P a.e. in T,

we obtain from (3.2.8) and (3.2.1), after dividing by (p — 1)¢P~1,

P _ qouP
02/ (A(x,u, Du), Du) 2/al|Du| asu ’ (3.2.9)
r up r up
that is
al/ |Dlogu|” < as|T|. (3.2.10)
r

Define ¢1(z) = log(u(x) /) if u(z) > £ and ¢1(z) = 0 if u(z) < L. As
in the proof of Lemma 3.1.2 it is clear that ; is in W1?(£2). Moreover, since
p1 =01in Q\ T, it then follows from Sobolev’s inequality (Theorem 3.9.2)
that

u
l¢1llsa < CIDg1llpe = € |Dlog | = ClIDIogullyr, (3:2.11)
p7

where, as before, s = p* if p < n and s € (p,00) if p > n.
Now take ¢ < min{l, V/2}, and define

CJ{zeQ V)2 <u(x) <V, when V' < oo,
Sl {z e s u(z) >1}, when V = oc.

In the first case, since ¢ > log(V/2¢) in ¥, we find from (3.2.10) and
(3.2.11) that

V as 1/p
»|/5] <C r
=gy, < (01)

which gives a contradiction as £ — 0 (since ¥ is independent of ¢ and
IT'| <[€]). In the second case, similarly, since @1 > log(1/¢) in X,

1 1/17
1% log scr(“ﬂro ,
¢ a1

and again there is a contradiction as £ — 0. OJ
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Remarks

1. An alternative formulation of the boundary condition requires that
(u— M)+ € WyP(Q). In this case, (3.1.4) must be strengthened to

A(-,u,Du), B(-u,Du) € L¥ (),

and corresponding changes are needed for the following proofs.

2. It is obvious that condition (3.2.1) in the previous theorems needs to
be valid only for the range of values u(z), Du(z), = € Q. We shall
take advantage of this remark in later sections where it is assumed
that u € W,1>°(Q) rather than u € WLP(Q).

3. If Q is unbounded and the boundary condition is understood to in-
clude the limit relation

limsup wu(z) < M, (3.2.12)

|z| =00, zEN
then the conclusions of Theorems 3.2.1 and 3.2.2 continue to hold.

Theorem 3.2.3. In Theorem 3.2.1 the coefficient by can be taken in an
appropriate Lebesque space, that is

loc

L= (q hen 1<p<
by € (), wen =P =T3913)
LY (), when p>n,

for some € € (0,1].
The same result holds for Theorem 3.2.2 when ay € LY(Q) (for all
p>1).

Proof. When 1 < p < n the proof of Theorem 3.2.1 is valid exactly as
before, with (3.2.4) replaced by

ar|| Dull? o < |01 [|byl|ny—er [lu

—1
p*,T HDUHZ,F .
For the case p > n, see Theorems 6.1.4 and 6.1.5 below with a = b = 0.

The second result is obvious from the proof as given. (]

Theorem 3.2.4. The conclusions of Theorems 3.2.1 and 3.2.2 remain valid
when the right side of (3.2.1) is replaced by

(A(.’D, 275)7£> > a1‘£|p - a2zp7

3.2.14
Blz, 2.€) < by (JeF" + €, (3.214)

with 1 < q < p.
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The proofs are essentially the same as before, except that (3.2.2), for
example, now becomes

o [ 1Dulr <, ( [Dur 4 1uis |w|) -
I T

One then applies Holder’s inequality to the separate terms on the right
side, as before. The details may be left to the reader.

3.3 A maximum principle for thin sets

When the coefficients ag, by, by in (3.2.1) do not vanish, the maximum
principles Theorems 3.2.1 and 3.2.2 are no longer valid, as one can see
from obvious examples, e.g., the equation Au + v = 0 in a ball, as in
elementary eigenvalue theory.

Nevertheless, if the domain in question has sufficiently small measure,
that is, is sufficiently “thin”, then the maximum principle remains correct
even when as, b1, by are non-zero.

Theorem 3.3.1 (Maximum principle). Assume A and B satisfy (3.2.1),
and let u € I/VI:(L)C”(Q), p > 1, be a p-regular solution of (3.1.1). Suppose
also that the measure of 2 is so small that

p n/p
[<b1> +pa2;b2} 1] < wn, (3.3.1)

ay

where w,, is the measure of the unit ball in R™.
If u <0 on 082, then u <0 a.e. in €.

Proof. Define ¢ = (u — )" for ¢ > 0. Then, as in the proof of Theo-
rem 3.2.1, see (3.2.2),

/(al\Du\p —agul) < /(blu\Du\pl + bouP),
r r

where I' = {z € Q : u(x) > €}. In turn, using the Hélder and Young
inequalities, with ¢ = as + b,

bl 1 C
[1pur < M lalrlult + [ e
T ai ai Jr

1 1 /b P
< " ||Du|® P
=y | u”p,F + P <a1 HUHP,F> + a /l“u

(note 1/p" = 0 when p = 1).
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ulyr< [(2) 45 <17
p, ' > a p a p,I-

Next, by Poincaré’s inequality (Theorem 3.9.4),

Hence

lallp.r < llu = ellp.r + llellpr = 1w = &)Fllp.0 + TV

o\ " 1/
<, IDull,r + £]QV/?,

n

since D[(u—¢)T] =0a.e. in Q\T and D[(u—¢)*] = Du in I'. Combining
the previous two lines gives

QO 1/n b \ P c 1/p
HMMF§(|‘> {(1) p ] lllpr + £l
w aq

n a1
< (1= 0)[lullp,r + |2/

for some 6 € (0,1). Hence |lu|l,r < (¢/6)|2*/P. Letting ¢ — 0 and using
the monotone convergence theorem then gives ||u™||, = 0. Consequently
u <0 a.e. in Q. O

Condition (3.2.1) includes the p-Laplace operator A,. For this case
the coefficient in (3.3.1) becomes

(V] +pb2)"/;
in particular, p = 2 in the Laplace case. For a related but much deeper
result, see Problem 6.5.
A real number A such that the Dirichlet problem

divA(z,u, Du) + B(z,u, Du) + NulP2u=0 inQ, p>1,

(3.3.2)
u=20 on 0,

has a non-trivial solution is called an eigenvalue for (3.3.2). With the help
of the thin set Theorem 3.3.1 one can give a lower estimate for any possible
eigenvalue of (3.3.2). We state this as

Corollary 3.3.2. Letu € VV&)CP(Q), p > 1, be a non-trivial p-reqular solution
of (3.3.2). Assume A and B satisfy (3.2.1) in the stronger form

<A(ZL‘,Z,£),£> > a1|£|p - a2|Z|p’ |B(.’L‘,Z,£)| < b1|£|p_1 + b2|z|p—1‘



3.4. A comparison theorem in W?(Q) 61

p 1/n
>\+a2—|—522a1 kP — b1 ) K= “n .
p a1 €2

The proof is left to the reader. In the canonical case B = 0 the
corollary yields the estimate A\ + ag > a;xP/p for the eigenvalues of the
pure operator divA(z,u, Du) with homogeneous Dirichlet data.

Then

3.4 A comparison theorem in W'?(Q)

As in Section 2.4, consider the pair of differential inequalities (2.4.1) and
(2.4.2), with A and B no longer required to be in L2 ().

Theorem 3.4.1. Let u and v be respectively p-regular solutions of (2.4.1)
and (2.4.2) of class WhP(Q). Suppose that A = A(x,€) is independent of
z and monotone in &, i.e., (2.4.3) holds, while B = B(x, z) is independent
of € and non-increasing in z.

If u < v on 0, then u < v a.e. in §Q.

Proof. By definition of distribution solution we get by subtraction
[ (A D)~ A, Do), Dg) < [ [Blaw) - Bla o)l
Q Q

Taking o = (u—v—¥¢)T, £ > 0, as test function, we find from Lemma 3.1.2
and (2.4.3) that

0< / (A(xz,Du) — A(x, Dv), Du — Dv)
< [1B.w) = Bl u—o =0,

whereI' = {z € Q : u—v—{ > 0}. Since B is non-increasing in the variable
z the right-hand side is zero. Hence Du = Dv a.e. in I". Consequently, in
view of [43, Lemma 7.6 (a)], we have

Du—D in I’
Dy = “ Y ?n =0 a.e. in Q.
0 in Q\T

That is, the function ¢, considered as an element of W1 (Q), has weak
derivative zero and vanishes near 0{2. Hence by the Poincaré inequality,
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Theorem 3.9.4, there holds
lell, < Cl[Dellp = 0.

Therefore ¢ = (u — v — £)T = 0 a.e. in Q, that is, v < v + £ a.e. in Q.
Letting ¢ — 0 completes the proof. O

The special case where A satisfies (2.4.4) is of particular interest,
since it includes the p-Laplace operator A(s) = sP~2, p > 1. That is, we
have the following

Corollary 3.4.2. Let A have the form (2.4.4), and suppose that B = B(z, z)
is independent of & and non-increasing in z. Let u and v be respectively p-
reqular solutions of (2.4.1) and (2.4.2) of class I/Vllmp(ﬂ) If u<wv on 09,
then u<v in Q.

Proof. This is a direct consequence of Theorem 3.4.1 and Proposition 2.4.2.
O

For the case of the p-Laplace operator, it is clear that the p-regularity
of any solution is automatic. Corollary 3.4.2 applies also to the mean cur-
vature operator A(s) = 1/v/1 + s2. Here |A(€)| < 1, so 1-regularity of a
solution u € Wlicl () is again automatic.

Proposition 2.4.3 can also be applied in the present case, though we
can omit the details. Finally, the uniqueness theorems given in Section 2.6
obviously carry over to the present case. In particular, if B = B(z,z2) is
non-increasing in z, the Dirichlet problem (2.6.3) when uy € C(9f2) has
at most one solution in VVlécp (Q). Similarly the mean curvature Dirichlet
problem

D
div “ + B(z,u) =0 in Q,
V1+ |Duf?

u = Ug on 052,

has at most one solution in Wlicl (). This last result seems to be new.

3.5 Comparison theorems for singular
elliptic inequalities
When the relatively simple assumptions of the previous section do not ap-

ply, in particular when the function B depends explicitly on the variable
&, or the operator A is singular at more than isolated points, one can nev-
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ertheless reach useful conclusions by applying the maximum principles of

Section 3.2. These include the well-known results of Chapter 10 of [43], and

in turn lead to the mostly new uniqueness theorems in the later Section 3.8.
Consider the pair of differential inequalities

divA(z,u, Du) + B(x,u, Du) > 0 in Q, (3.5.1)
divA(x,v, Dv) + B(z,v,Dv) <0 in €, (3.5.2)

where € is a bounded domain in R", and
A:QxRxR" —R", B:OxRxR" —R.

As in Section 3.1, by a solution of (3.5.2) in © we mean a distribution or
weak solution, in the sense that v € L () is weakly differentiable in €,

loc

A(-,v,Dv), B(-,v,Dv) € LL (Q) and

loc
/(A(x,v,Dv),Dgo) Z/B(az,v,Dv)go (3.5.3)
Q Q

for all non-negative functions ¢ € C1(Q2) such that ¢ = 0 near 9.

Among other topics, we shall deal with singular or degenerate in-
equalities in which ellipticity disappears as € — 0, as for the p-Laplace
operator A,, p # 2, where A = A,(§) = |¢€[P72€. In fact, in many cases
the arguments by which a singular point 0 is treated can be generalized to
allow for larger singular sets. A structure in which such behavior can be
studied is described in the following principal conditions, which we assume
throughout this and the next two sections.

(i) A is continuous with respect to € in Q x R x R™.
(ii) There exists a non-empty open subset P of R™ (possibly P = R™) such
that A is continuously differentiable with respect to € in Q x R x P.

P is called the regular set for the inequalities (3.5.1) and (3.5.2), while
Q=R"\P

is the singular set. If Q = () the problem is called reqular, while otherwise
it is singular. We say that the operator A is (strictly) elliptic in a set
K C QxR x P if the Jacobian matrix [0g A] is (uniformly) positive definite
in K.2

2The concept of strict ellipticity can be illustrated with the example of the p-Laplace

operator, where A(§) = Ap(€) = |&|P~2€. This is elliptic for & # 0 when p > 1, but
strictly elliptic only when 1 < p < 2.
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In stating our next results, it is convenient to define
B, ={¢cR": |g <r}, R, = B, \ {0}.

The following comparison principle then holds, both for regular operators
as well as singular operators for which the singular set is the single point

Q = {0}.

Theorem 3.5.1 (Comparison Principle). Let Q = 0) or Q = {0}. Suppose
that A = A(x, &) is independent of z and strictly elliptic in Q x R,. for all
r > 0. Assume additionally that B(x,z,&) is locally Lipschitz continuous
with respect to & in  x R x R™ and moreover is non-increasing in z.

Let u and v be solutions of (3.5.1) and (3.5.2) of class W2>°(Q) in
Q. Ifu<v+ M on 09, where M is constant, then u < v+ M in .

Proof. We treat only the case Q@ = {0}. When Q is empty the proof is
slightly simpler, and can be omitted. Moreover, since A is independent of
z it is enough to consider only the case M = 0.

Step 1. Suppose that (z,€), (z,n) € K' = Q X Ry for some W > 0. If
&€ # n and the line segment [£, n] does not include the point 0, then by the
mean value theorem, for some point ¢ in the segment,

<A(:E,£) - A(xan>7£ - 77> = (8&14((]3’,()(5 - TI);E - 77>

Since by hypothesis the matrix [0¢ A(x, £)] is uniformly positive definite in
Q x Ry, it follows that

<A($7£) _A(x7n>7£_n> > a1|€—17|2, (354)
where
a1 = infyeq ¢er,, {min eigenvalue of [0 A(x,&)]} > 0.

We claim that (3.5.4) holds also when 0 € [£,n]. First, if 0 is an end
point of [€,m], say n = 0, it is enough to let 7 — 0 in (3.5.4), since A
is continuous at 0 and a; remains unchanged. The remaining possibility,
when 0 is in the interior of [€,n] is now obvious.

Next, if (z,u,&), (x,v,m) € K", where K" is a compact subset of
Q x R x R", then by local Lipschitz continuity of B we have

B(fﬁauaf)_B(-TaU’??) Sb1|£—77|+B(-Taua77)_B(fEaU777)a
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where b, is the Lipschitz constant of B in the set K”. In particular, since
B is non-increasing in z,

B(z,u,&) — B(z,v,m) < b1|€ —n| when u > v. (3.5.5)
Step 2. By subtracting (3.5.1) and (3.5.2) we get
div{A(z, Du) — A(xz, Dv)} + B(xz,u, Du) — B(z,v,Dv) >0 (3.5.6)
in Q. Let w = u — v and define
A(z,¢) = A(x, € + Du(z)) — A(z, Du(x)).

Clearly

A(z, Dw) = A(z, Du) — A(x, Dv),

so that in view of (3.5.6) the function w can be considered as a solution of
the differential inequality

div A(z, Dw) + B(z,w, Dw) > 0 (3.5.7)

where B(z,2,€) = B(x, 2z +v(x), & + Dv(z)) — B(x, v(x), Dv(x)) is defined
analogously to A. Of course, also w = u — v < 0 on 9.

Since u, v € W,2°(Q) it follows that in any compact subset Q' of Q)
we have Du, Dv € Ry for some W > 0. Thus (3.5.4) and (3.5.5) hold in
) with the identifications & = Du and n = Dv (so € — n = Dw); that is
we have

(A(z, Dw), Dw) > a1|Dw|?

and

B(z,w, Dw) < by|Dw)| when w > 0.
Stated in other terms, the functions A and B in (3.5.7) obey the structural
conditions (3.2.1) along the solution w, that is, with & = Dw and with also
a2:b2:0,p:2.
Since w < 0 on 92 we can therefore apply Theorem 3.2.1 to obtain
w < 01in €, that is u < v. O

Remarks. This is essentially Theorem 10.7 (i) of [43] with the important
exceptions that A and B are allowed to be singular at £ = 0, and that the
class C* () is weakened to W,"°(Q). Compare also Theorem 10.3 of [81].

loc
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If © is unbounded and the boundary condition is understood to in-
clude the limit relation

limsup {u(x) —v(z)} < M,

|z| =00, zEN

then the conclusion of Theorem 3.5.1 continues to hold. The same conclu-
sion is valid for the later results of the section.

In the important case of the p-Laplace operator (where Q = {0}) we
have the following corollary of Theorem 3.5.1.

Corollary 3.5.2. Let u and v be solutions in VVﬁ):o(Q) of the inequalities
Apu+ B(z,u, Du) > 0, Apv+ B(x,v,Dv) <0 in Q,

where 1 < p < 2. Assume also that B = B(x,z,€) is locally Lipschitz
continuous with respect to € in Q x R x R™ and is non-increasing in the
variable z. If u < v+ M on 00, where M is constant, then u < v+ M in
Q.

Proof. Here A(§) = |£[P~2¢ (and A(0) = 0), so by direct calculation

§@E

0 A(€) = €772 | I + (p — 2) €p |

§#0.

Therefore the minimum eigenvalue of the Jacobian matrix [0¢ A(€)] when
€#0is (p—1)|€|P~2? and so a3 = (p—1)WP~2in (3.5.4) since p < 2. That
is, A is strictly elliptic in R™ \ {0}. O

Corollary 3.5.2 can be compared with the results of Section 2.4. In par-
ticular, by the final remarks there the restriction 1 < p < 2 is unnecessary
when B = B(x, z) is independent of the variable €. See also Corollary 3.6.3
below.

Theorem 3.5.3 (Comparison Principle). Suppose that A is strictly elliptic
i QX B, x R, for everyr >0, and 0, A is locally bounded in 2 x R x R™,
Assume additionally that B = B(x,z) does not depend on & and is non-
increasing in the variable z.

Let u and v be solutions of (3.5.1) and (3.5.2) of class Wu>°(Q). If
u<wv on dQ, then u < v in €.
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Proof. The proof is essentially the same as that for Theorem 3.5.1, with
the exception that the difference expression in (3.5.4) is treated differently,
that is

(A(IE,’U,,E) - A($7U7n>7£ - 77) > <A(IB,’U,,€) - A(xauan)7£ - 77)
+ <A(x>u7"7) - A(l’ﬂfﬂ?),ﬁ - 77)
=1+ Is.

Now I; > a1]¢€ — n|? as in (3.5.4). Also by the mean value theorem

I2 = <8ZA($7t7TI)7£ - ’I’[>(U—’U) > _61‘5 - 77| ' "LL _U‘a

where ¢ is in the open interval between v and v, and ¢; =sup /|0, A(x,z,£)|.
By Cauchy’s inequality this yields Iy > —aq|€ —n]?/2 — 2¢3(u —v)?/a;. In
combination, in place of (3.5.4) we now have

<A((L','LL,E) - A(IE, Ua”)a& - 77> > %al‘E - 77‘2 - CLQ('LL - U>27 (358)
where ay = 2¢2/a;. In addition
B(z,u) — B(z,v) <0 when u > v. (3.5.9)

Now let w = u — v, € = Dw and define

Aw,2,€) = A, 2 + v(z), € + Do(x)) — A(z, 0(z), Do(x)).
Then proceeding as in the proof of Theorem 3.5.1 we obtain
divA(x, w, Dw) + B(z,w) > 0.

Similarly, from the fact that u, v € W1>°(Q) together with (3.5.8) and
(3.5.9), we get the structural conditions

(A(z,w, Dw), Dw) > a1|Dw|* — ayw?, B(z,w) <0,

valid when w > 0 and = € €); the details being essentially the same as in
the derivation of (3.5.8).
Hence Theorem 3.2.2 implies w < 0 in €, that is u < v in . O

This is essentially Theorem 10.7 (ii) of [43] with the important excep-
tions that A and B are allowed to be singular at £ = 0, and that the class
C1(Q) is weakened to W,2>°(€2). Compare also Theorem 10.3 of [81].

loc
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3.6 Strongly degenerate operators

The condition of strict ellipticity in Theorem 3.5.1 can be avoided by adding
suitable further hypotheses. This will allow us to cover the p-Laplace oper-
ator in the remaining case when p > 2, as well as general singular sets Q.
We continue to assume conditions (i) and (ii) from the previous section,
and furthermore, except for Theorem 3.6.5, the additional hypothesis

(iii) For all (z,z,€), (z,2,m) € Q@ x R x R™ we have
(A((L’,Z,E) - A(JE,Z,’I’[),g - TI> > 0.

An obvious case when (iii) occurs is the Euler-Lagrange equation for
the variational integral

Iu] :/Q%(x,u,Du)d:B,

in which the integrand ¥ (z,u, &) is convex in € but not strongly convex;
that is, its gradient at some places is either too “flat” or has corners, e.g.,
the integrand |DulP for p # 2.

Condition (iii) is automatic in the important case when Q@ = {0}
(or Q = 0) and A = A(z,€) is elliptic in Q x P, as a consequence of
Proposition 2.4.3.

The main comparison theorem for strongly degenerate elliptic inequal-
ities is then the following

Theorem 3.6.1 (Comparison Principle). Let P be a given open set in R™.
Assume that A = A(x,&) is independent of z and is elliptic in Q x P.
Suppose also that B = B(x, z,&) is locally Lipschitz continuous with respect
to & in Q@ x R x R™ and is non-increasing in the variable z.

Let u and v be solutions of (3.5.1) and (3.5.2) of class VV&D(?O (Q), such
that

essinfq {dist(Du, Q) + dist(Dv,Q)} > 0, (3.6.1)

where @ = R™ \ P. If u < v+ M on 09, where M is constant, then
u<v+ M in Q.

Before giving the proof it is useful to establish the following
Lemma 3.6.2. Let &, n satisfy

for some positive constants W and d, with d < W.
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Let T be a compact subset of Q). Then for all x € T' C Q we have

where

ay infry pinp,, 1 {min eigenvalue of [Og A(z, §)]}

o d
2W

and P = {¢ e R™ : dist(&,Q) > d}.

Proof. For & # m we consider the line segment [€, 7], that is

C(t)=01-t)&+1tn, t € [0,1].

By hypothesis we may suppose without loss of generality that dist(n, Q) >
2d,son € P There are two cases:

Case I. [&,n] ¢ P% Case II. &, m] c P

In Case I, let ty € (0,1) be such that ¢(t) € P? for all ¢t € [to,1) while
dist(¢(t0), Q) = d; see Figure 1. Then
= (A(IE,&) - A(x7C0)7£ - TI> + (A(x7C0) - A(xﬂ?)af - 77> = Il + I27

where ¢, = ((to). By (iii)

Iy = (A(z,€) — A(%Co)aﬁ - Co) &=l > 0.

1€ —Col
Moreover, since A is uniformly elliptic in I" x {Pd N By }, we have
€ =

1€o — 7|

_ 21Co — 7
al§—mn| E—n)

I = <A($7CO) - A($7n>7CO - 77>

€ —
> al¢o —nl” =
° 1Co —
where
a = infp, tpanp,y {min eigenvalue of [O¢ A(z,§)]}

Finally, |G, — n| > d and ¢, — 1l/|€ — n| > d/2W, so that
ad
I1>1,> —nl?
- 12 = 2W |£ 77| )

proving (3.6.2) for Case I.
Case II is obvious, with I > a|€ —n|?> (> (ad/W)|€ — n|?). O
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Figure 3.1: The set P?is the complement of the shaded regions. Note that
[€osm) € P and |¢g —n| > d.

In the special case of the p-Laplace operator we can take a; = dP~1/2W
when p > 2, while we have already shown that a; = (p — 1)W?~2 when
1<p<2

Proof of Theorem 3.6.1. With M = 0, and following Step 2 of the proof
of Theorem 3.5.1 almost word-for-word, we see first that the function w =
u — v satisfies the inequality (3.5.7) with w = 0 on 99Q. Also by (3.6.1)
there is a number d > 0 such that

essinfo {dist(Du, Q) + dist(Dv, Q)} > 4d.

Then since u, v € Wlfj’coo(Q) it follows from Lemma 3.6.2 that the opera-
tor A in (3.5.7) satisfies the first structural condition of (3.2.1) along the
solution w, that is with & = Dw, and with as = 0. Also as in Step 1 of
Theorem 3.5.1 the function B satisfies the second condition of (3.2.1) with
z =w, & = Dw, and with b, = 0.

The proof is now completed by applying Theorem 3.2.1. OJ

Corollary 3.6.3. Assume that B = B(x, z,&) is locally Lipschitz continuous
with respect to € in @ X R X R"™ and is non-increasing in z. Let u and v be
solutions of class W,2°(Q) of the inequalities

loc
Apu+ B(z,u, Du) > 0, Apv + B(xz,v,Dv) <0 in €,
where p > 1. Suppose that
essinfo{|Du| + |Dv|} > 0.

If u <v+ M on 09, where M > 0 is constant, then u < v+ M in Q.
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The next result is similar to Theorem 3.5.3 with the exception that
A is not assumed to be uniformly elliptic and may depend on z.

Theorem 3.6.4 (Comparison Principle). Let A be elliptic in Q@ x R x P.
Assume additionally that B = B(x,z) does not depend on & and is non-

increasing in the variable z. Let u and v be solutions of (3.5.1) and (3.5.2)
of class W (), with

essinf {dist(Du, Q) + dist(Dv,Q)} > 0.

If u < v on 9Q, then u < v in Q.

Proof. The proof is a combination of the ideas of Theorems 3.5.3 and 3.6.1.
d

When the solutions u and v of the inequalities (3.5.1) and (3.5.2) are
of class C1(2), rather than VVI:(L)(?O(Q), the hypotheses of Theorem 3.6.1 can
be weakened, giving the second main result of the section.

Theorem 3.6.5 (Comparison Principle). Let P be a given open set in R™.
Assume that A = A(x,€) is independent of z, obeys the conditions (i),
(ii) stated in the previous section, and is elliptic in Q x P. Suppose also
that B = B(z,z,€) is locally Lipschitz continuous with respect to & in
QO x RT x R™ and is non-increasing in the variable z.

Let u, v € CY(Q) be respectively solutions of the inequalities (3.5.1)
and (3.5.2) in the subsets

Q, ={z €Q : Du(z) € P}, Q, ={zeQ: Dv(x) € P}.

Assume finally that Q, UQ, = Q and that u < v+ M on 02, M constant.
Then u < v+ M in Q.

Proof. It is enough to consider the case M = 0. Thus suppose for contra-
diction that u > v at some point in €. Let

V:mgx(u—v)>0

be the supremum of v — v in §2, this being attained at an interior point y
since u —v < 0 on 9. Of course D(u —v) = 0 at y, so from the condition
0, U, =Q it follows that Du(y) = Dv(y) € P.

Also let

Y={rzeQ:l<u—v<V} te(0,V),
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be a neighborhood of the critical point y. Since Du and Dv can be made
arbitrarily near Du(y) in ¥ by fixing ¢ sufficiently near V', we obtain Du €
P, Dv € P in 3. In particular X C Q, N €,, so u and v are solutions of
(3.5.1) and (3.5.2) in the set X. In turn the comparison Theorem 3.5.1 can
be applied to the solutions u and v in X. In fact Du, Dv can be supposed
to lie in a compact subset IN of P, with the consequence that A is strictly
elliptic in % x IN and the regular case of Theorem 3.5.1 is applicable.
Since © = v + £ on 0%, it follows that v < v + £ in X. That is,
u—ov < ¢ <V in 3, which contradicts the fact that u —v =V at y. g

3.7 Maximum principles for non-homogeneous
elliptic inequalities
Consider the differential operator
Lu] = divA(z,u, Du) + B(z,u, Du),
where
A:QXxRxR" - R", B:OXxRxR"—>R

and A satisfies the hypotheses (i)—(iii) of Sections 3.5 and 3.6. Additionally
we assume

(iv) 0,A(x,z,&) is locally Lipschitz continuous with respect to € in € X
R x R™.
Theorem 3.6.1 has as one of its main consequence the following max-
imum principle for non-homogenous elliptic inequalities. It is interesting

that for this result the function B(z,z,&) need not be monotone in the
variable z.

Theorem 3.7.1 (Maximum Principle). Assume that A = A(x, z,&) is ellip-
tic in Q@ x RT x P and that B = B(x, 2,€) is locally Lipschitz continuous
with respect to € in Q x RT x R™,

Define L[z,v] : RT x C*(Q) — R pointwise by
ZLz,v|(x) = divA(zx, z, Dv) + B(x, z, Dv), (3.7.1)

where

'@(xazag) - (aZA($727£)7£> + B(xazag)
forallz € Q, z€ RT and € € R™.
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Let v =v(z) € C*(2) be a non-negative comparison function for the
operator L, in the sense that v(z) > 0 and Dv(z) € P for x € Q; and
Lz,v] <0 forall z> 0. If u € VVﬁ):o(Q) s a solution of the inequality
Llu] >0 in Q and u < v on 09, then u < v in €.

Proof. Define

L] = divA(z, u(z), Dv)+ (0, A(z,u(z), Dv), Dv— Du)+ B(x,u(x), Dv).
By direct calculation one gets
divA(z,u(z), Dv) = divA(z, z, Dv) + (9, A(x, z, Dv), Du)
evaluated at z = u(x) in . Hence in
L] = [divA(z,z, Dv) + (9. A(x, z, Dv), Dv) + B(z, 2z, Dv)]

z=u(x)

= .f[z, U]z:u(m) .

By hypothesis, then, Z[v] < 0 whenever u(z) > 0. On the other hand,
clearly Z[u] > 0 in Q. From its definition we see that £ [v] can be written
in the form

Zv] = divA(z, Dv) + B(z, Dv), (3.7.2)

where

A(LL',E') - A(xau(x)7£)7
B(LL',E') = (aZA($7U($)7£>7£ - Du> + B(xﬂu(x>7£)

Of course both A and B are independent of z. Therefore in view of (i)-
(iv) the functions A and B satisfy conditions (i)-(iii), while B is locally
Lipschitz continuous with respect to € in Q x Rt x R™.

Finally A(x,€) is elliptic when z € Q, u(z) > 0 and &€ € P, since
A(z, 2, €) is elliptic in Q x Rt x P.

Let Q' = {z € Q : u(x) > 0}. It is easy to see that u < v on 9. We
can apply Theorem 3.6.1 to any component & of ', with v and v satisfying
L) >0, Lv] <0, Dv e Pin € (so dist(Dv,Q) > 0). Hence u < v in
¢ and in turn u < v in . This finally gives u < v in €, completing the
proof. O

Theorem 3.7.1 is somewhat abstract, in that it depends on the exis-
tence of the comparison function v. As in Theorem 2.3.2, when A and B
are more specialized we can avoid this difficulty. In particular, consider the
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case where @ C B, for some ¢ > 0 (the possibility P = R" is included
when o = 0). Assume that

A(x, 2, &) is elliptic, (3.7.3)
B(z,2,§) + A%(z,2,€§) < of§| E(z,2,§) + v N
in Q x RT x P, where o and ~ are non-negative constants, and
A*(z,2,&) = Trace [0, A(z,2,€)] + (0. A(z, 2, £), E),
3 (3.7.4)

E(l’,Z,é) = 65114](.'13,2,5) |€|2 :

Note that A* = 0 in the important case when A = A(&).

Theorem 3.7.2 (Maximum Principle). Let A and B satisfy (3.7.3), and
suppose that

€l E(x,2,6) 2 ¥(]¢])  inQxRTxP,  P=R"\Q, (3.7.5)

where ¥ = V(t) is a strictly increasing function on (p,00), 0 > 0.
Let u be a solution of class I/Vlicoo(Q) of the boundary value problem

div A(z,u, Du) + B(z,u, Du) >0 in Q, (3.7.6)
u<0 on 0f,
where @ C {x € R™ : 0 <z < R}. Then there holds
u(z) < Rmax{p, C}(e” — 1), (3.7.7)
where?
C=9"YRy), k=1+aR, when tlggo U(t) > 2vR,
C =01, k=14 (a+~/0)R, (3.7.8)

when tlim U(t) =2¢ < 2vyR.

Theorem 3.7.2 has almost exactly the formulation of the earlier The-
orem 2.3.2. For completeness the full proof is given here, even though it is
essentially the same as for the earlier result.

31f W(p) = lim ¥(t) = £ > 0, then we define ¥~1(s) = o when s < £'. Note that the
t—o+

case limy_. oo U(t) < oo is possible. That is, take A(&) = 2¢ log(|€| + 1) é| and use the

computation of footnote 3 of Section 2.2.
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Proof. Tt is enough to construct a comparison function v = v(x) such that
v(xz) > 0in Q and Z[z,v] <0 for all z > 0. Accordingly, we choose

v(z) = K(emft — M), x €Q,

where m = k/R, K > Rmax{p, C'}. Then 0,,v(z) = —Kme™" so |Dv| >
mK > (14 aR)p. Also

92, v(z) = —Km?e™"* = —m|Dv|.
In view of (3.7.1) and (3.7.3), a direct calculation then shows that
Z[z,v] <0 in Q provided
m|Dv|0g, A1 (x, z, Dv) > a|Dv|E(x, z, Dv) + 7. (3.7.9)
But E(xz,z, Dv) = 0¢, Ai(x, 2z, Dv), so (3.7.9) becomes
m|Dv|E(x, z, Dv) > a|Dv|E(z, z, Dv) + 7. (3.7.10)

Obviously (3.7.10) is satisfied if (m — «)|Dv| E(x, z, Dv) >~ for all z > 0.
At the same time

|Dv|E(z, z, Dv) > ¥(|Dv|) > ¥(mK) > ¥(C) > min{yR, {},

since mK > (k/R)Rmax{p, C} > C. Therefore (3.7.10) holds when k and
C are given as in (3.7.8), and in turn we get Z[z,v] < 0 in (2, as required.
We now apply Theorem 3.7.1, giving

u(z) < v(z) < K(eF —1) in Q.
Letting K — Rmax{p, C'} completes the proof. O

The remarks after Theorem 2.3.2 apply equally to the previous result.
When B is homogeneous the global condition (3.7.3) need be assumed only
for |€| small. We state this result as

Theorem 3.7.3. Assume P = R"™ or P = R™ \ {0}. Let the hypotheses
of Theorem 3.7.2 hold, with the exceptions that v = 0, and (3.7.3) and
(3.7.5) are assumed to be valid only in Q x RT x Ry. Let u be a solution of
class W (Q) of the boundary value problem (3.7.6) where Q) is a bounded

loc

domain in R™. Then u <0 in Q.

In the generality of the present hypotheses, this seems to be a new
result.
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Proof. Since v = 0 only the first case of (3.7.8) applies and so C' =
U~1(0) = o = 0. In this case the constant K > 0 in the proof of
Theorem 3.7.2 can be chosen arbitrarily small, and in particular so that
|Dv(z)| < Kme™® <1 in Q. The rest of the proof of Theorem 3.7.2 then
applies without change, giving v < 0, independent of R. Since §2 is bounded
we get u < 0 in €. g

Theorem 3.7.3 is false if one weakens condition (3.7.3); see the com-
ment after Theorem 2.3.3 and example (2.3.9).

Theorem 3.7.2 has a further direct application.
Theorem 3.7.4 (Maximum Principle). Let A € C*(RY), A(s) > 0 and
A(s) = s[A(s)+sA'(s)] > 0 for s > 0. Assume that A is strictly increasing,

A(0) = 0, and, for simplicity, also that A(s) — oo as s — 0. Suppose
finally that

B(z,2,§) < aA(|€]) +v in Q@ x RT x (R™\ {0}),

where o and vy are non-negative constants.
Let u be a solution of class T/VliCOO(Q) of the boundary value problem

div{A(|Du|)Du} + B(z,u, Du) >0 in Q,

<0 on 90, (3.7.11)

where @ C {x € R" 0 < x1 < R}. Then there holds

u(z) < RATY(Ry) [ TR — 1.
Furthermore, when v = 0 then u < 0 in , where Q can be any bounded
domain in R™.

Proof. In the present case Q = {0}, and

§®¢
€l

with A* defined in (3.7.4). The eigenvalues of the Jacobian matrix are
A(s) and A(s)+sA'(s), with s = |€|. Therefore by hypothesis the equation
(3.7.11) is elliptic for & # 0. It is easy to see moreover that E(§) = A(s) +
sA'(s), and in turn || E(€) = A(s). The conclusion is now immediate from
Theorem 3.7.2, with @ = {0} and ¥(s) = A(s).

The final statement of the theorem is obvious from the previous proof. [

AL) = A(lEDE,  9:AE) = A(IENT + A(€]) A™(§) =0,
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Remarks

1. When A(s) = sP=2, p > 1, we get the important subcase of the p-Laplace
operator, for which E(s) = (p—1)sP=2, A(s) = (p—1)s?P~t and RA~1(Rs) =
[s/(p —1)]Y/(P~1) RP'. See also the comments after Theorem 2.3.2.

2. The possibility that @ 2 {0}, say Q = B, ¢ > 0, in Theorem 3.7.2 can
be illustrated by the example

0. if €] <1,
AlE) — 3.7.12

with p > 1. Clearly A satisfies the basic conditions (i), (ii) and (iv), to-
gether with the hypothesis (3.7.3) of Theorem 3.7.2 with ¢ = 1. In (3.7.4)
we have A* = 0 and

BE(x,2,€) =E(€) = (p-1)EP~2,  if €] > 1.

Thus in turn
U(s)=(p—1)sP! if s>1,

which is strictly increasing in [1,00) and tends to oo as s — oo. The
principal condition (3.7.3) then becomes

B(z,z,€) <aléP™ 4+,  if €] >1,

with no restriction assigned when €] < 1, namely in B;. Of course for
the applicability of Theorem 3.7.2 the remaining assumption (iii) must be
required on B.

The conclusion is

w(x) < max{1, y1/P=D} . [ettel _q),
Obviously results of this kind do not follow from the theory in [43].
Theorem 3.7.5. Let the hypotheses of Theorem 3.7.2 be satisfied, with the
exception that (3.7.3) is replaced by the condition that
B(z,2,€) + A" (z,2,€) < (o€ + BIE|)E(x,2,€) +7, 0<qg<1,

in Q x RT x P, where o, 3, v are non-negative constants.

Then (3.7.7) holds with the previous constant C replaced by C +
Y =9 and the previous constant k replaced by k + 1.

The proof is essentially the same as before. The additional term ~|&|4
(in the case ¢ = 0) was first introduced by Gilbarg and Trudinger ([43],
Theorem 10.3).
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3.8 Uniqueness of the singular Dirichlet problem

The structure built up in the earlier parts of this chapter allows one to
present a number of uniqueness theorems for distribution solutions of the
Dirichlet problem

divA(z,u, Du) + B(x,u, Du) =0 in Q,

U = U on 012, (3.8.1)

where ug € C(0€2) and 2 is a bounded domain of R™. We assume that A
and B satisfy the hypotheses (i)—(iv) of Sections 3.5-3.7.

Theorem 3.8.1. Suppose that A = A(x, &) is independent of z and strictly
elliptic in Q x Ry.

Assume additionally that B = B(x,z,&) is locally Lipschitz continu-
ous with respect to € in Q x RT x P and is non-increasing in the variable z.

Then problem (3.8.1) can have at most one solution of class W,=>° ().

This is an immediate consequence of Theorem 3.5.1.

Theorem 3.8.2. Assume that A = A(x, &) is independent of z and is elliptic
i Q x P. Suppose also that B is non-increasing in z. Let u and v be
solutions of class W,2>°(Q) of (3.8.1), with

essinfq{dist(Dv, Q) + dist(Du, Q)} > 0.
Then u = v in Q.
This is a corollary of Theorem 3.6.1

In the same way the Comparison Theorems 3.5.3 and 3.6.4 allow cor-
responding uniqueness results, whose statements can be left to the reader.
The special case of the p-Laplace operator is of particular interest.

Corollary 3.8.3. Let B = B(x,z,&) be non-increasing in the variable z. Let
u and v be solutions of class Wlfj’coo(Q) of the Dirichlet problem

Apu+ B(z,u,Du) =0 in Q,

u = Ug on 0f,

where uy € C(09).

Thenu=v if 1 <p <2 and B is reqular. The same conclusion holds
when p > 2 (without the condition that B be regular), provided that either
essinfq|Du| > 0 or essinfq|Dv| > 0.

(3.8.2)

This is an obvious consequence of Corollaries 3.5.2 and 3.6.3.
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Remarks

1. The second part of Corollary 3.8.3 fails when essinfq{|Du|+|Dv|} = 0.
Indeed the problem

Aqu+|Dul* =0 in Br C R?, u=0 on 0Bg,

admits the two solutions u(z) = 0 and v(z) = }(R? — |z[?) in Bg.
Here |Du| + |Dv| = 0 at 0, and in turn essinfo{|Du| + |Dv|} = 0.

2. As an application of the second part of Corollary 3.8.3, consider the
problem (3.8.2), with B(z,2,&) = |€> — 1 and ug(z) = z1, z =
(z1,...,2,). This admits only the single solution u(x) = x; whatever
the bounded domain 2 may be, since [Du| =1 in R™.

When the boundary data takes the canonical form u = 0 on 0f2, then
the condition in Theorem 3.8.1 that A be strictly elliptic can be dropped.
The result is as follows.

Theorem 3.8.4. Let A(x,z,&) be elliptic in Q x R x P, where Q = ) or
{0}. Assume that

[sign z] - B(x, 2,§) < a¥(|€]), (3.8.3)

with |€|E(x, z,&) > V(|€|), where U is strictly increasing in R, ¥(0) = 0,
and E is given by (3.7.4).
Ifue I/Vlicoo(Q) s a solution of the Dirichlet problem

div A(z,u, Du) + B(z,u, Du) =0 in Q,

w—0 on 80 (3.8.4)

then uw = 0.

Proof. This follows immediately from Theorem 3.7.3, when we observe that

the function v(z) = —u(x) also satisfies an equation of the form (3.8.4),
with the corresponding inequality (3.8.3) equally valid; that is, the only
possible solution of (3.8.4) is u = 0. O

3.9 Appendix: Sobolev’s inequality

Here we review various results which are needed in the earlier parts of the
chapter. We begin with the standard Sobolev inequality.



80 Chapter 3. Maximum Principles and their Corollaries

Theorem 3.9.1 (Theorem 7.10 of [43]). Let 1 < p < n. Then there exists a
constant S(p,n) such that for every function u € Wy'P(Q), @ C R", such

that
np

ullpe.0 < S(p,n)|[Dulp, p* = e

An explicit bound for S(p,n) is given in [43], that is S(p,n) < (n —
1)p/+/n(n — p). This is less than 1 for p suitably near 1. The case p =1 is
particularly simple: S(1,n) = n~'w™/" see [107] and also [37], where the
result is indicated rather obscurely.

The Sobolev inequality has another useful formulation.

Theorem 3.9.2. Letn, s > 1, and

p > max{l,ns/(n+s))} e,

Then
ulls < S(50,n)||Dul,|Q/ "= 1/PH1/s,

Proof. Suppose first that s > n/(n—1). Then 1 < s, < n, (s4)* = s. Hence
by the main Sobolev theorem

lulls < S(s.,n)l[Dulls, < S(s,n)|QY* /|| Dull,

since p > S,.
If1<s<n/(n—1),then s, =1, (s,)* =n/(n—1) and so

HUHS < HUHn/(n—1)|Q|1/n—1+1/s < S(l,n)HDu||1|Q|1/”_1‘H/S
< S(1,m)| Dul[Qf/r=1 74,
here the case n = 1 applies equally, since S(1,1) is finite. 0

Note that if s — oo, then s, — n and S(s.,n) — oc.

Theorem 3.9.3 (Morrey inequality). Let p > n and |2 = 1. There exists
a constant Qse = Qoo(p,n) such that any function v € WyP(Q) has a
continuous representative (still called u) such that

supg|u] < Qoo Dullp-

A proof of Theorem 3.9.3 is given later, see the comments after The-
orem 7.5.7. Finally, we have the simplest case of the Poincaré inequality.
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Theorem 3.9.4 (Poincaré inequality). Let p > 1. Then there exists a con-
stant Q = Q(n) = win ™ such that every function u € Wol’p(Q) obeys

lully < QIQIM™ | Dull,.

Theorem 3.9.4 is not best possible if ) is allowed to depend also on p.
For example, if p =1 we can use Q = S(1,n) = n~ w1/ as follows from
Theorem 3.9.2 with p=q¢=s=s5, = 1.

Notes

The early results of this chapter, Theorem 3.2.1 and Theorem 3.2.2, are
special cases of the later Theorems 6.1.3 and 6.1.4, but along with their
proofs are of interest in themselves. The importance of thin sets theorems
such as Theorem 3.3.1 seems to have been first pointed out by Berestycki
and Nirenberg [11]. Thin set theorems, however, already appear in the work
of Gilbarg and Trudinger [43], Theorem 10.10. It is worth adding that by
using the differencing technique of Section 2.5 one can obtain thin set
comparison theorems without monotonicity conditions on the function B.

Theorems 3.5.1 and 3.5.3 generalize the corresponding Theorem 10.7
(i) and (ii) of [43], in that we treat solutions in VV&)COo (Q) rather than
C1(Q), and also allow the operator A and the nonlinearity B to be sin-
gular (degenerate). Theorems 3.5.1 and 3.6.1 appear in weaker forms as
Theorems 10.3 and 10.1 of [81]. Theorems 3.6.1, 3.6.4, 3.7.1-3.7.4 are new;
it is interesting that they are the direct analogues of Theorems 2.2.3-2.3.3
for non-divergence operators.

Problems

3.1 Supply full details for the proof of the key Lemma 3.1.2. Discuss the
importance of the p-regularity condition.

3.2 Show that the p-Laplace operator A(§) = |€|P72¢, p > 1, is auto-
matically p-regular.

3.3 Justify inequality (3.2.4).
3.4 Carry out the details for the proofs of Theorems 3.2.3 and 3.2.4.
3.5 Ditto for Corollary 3.3.2.
3.6 Ditto for Theorem 3.6.1.
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3.8
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Carry out the calculations required to prove the relations (3.7.9)
and (3.7.10), and show that (3.7.10) holds when k and C are given
by (3.7.8).

Check that the operator (3.7.12) satisfies the given conditions (i), (ii)
and (iv), as well as condition (3.7.3), with ¢ = 1.

Consider the quasilinear equation [76, (11) on page 153]
[1(|Dul) = (9yu)?]102u + 20,u dyu Oz, u+ (| Dul) — (8$u)2]8§2u =0,

which arises in the study of the flow of compressible fluids, and carry
out the details required for Protter and Weinberger’s discussion of
subsonic flow on pages 153-155 of [76]. (Note that the bold face state-
ment on page 155 applies only to subsonic flow.)



Chapter 4

Boundary Value Problems
for Nonlinear Ordinary
Differential Equations

4.1 Preliminary lemmas

Here we begin the study of the strong maximum principle and the compact
support principle for divergence structure inequalities, especially of the
canonical form

div{A(|Du|)Du)} — f(u) <0, u > 0. (4.1.1)

In general, the results described cannot be obtained from the nonlinear
theorems of the previous chapters, since equation (4.1.1) has specialized
properties which are crucially used.

We assume throughout, unless otherwise mentioned, that the func-
tions A and f satisfy conditions (A1), (A2), (F1), (F2) in the introduc-
tion. Here ®(s) = sA(s), s > 0, and H = H(s) is the Legendre transform
defined in (1.1.4). For convenience in what follows it is useful to extend
the definition of the principal operator ® to all real values of s by setting
®(s) = —P(—s) when s < 0, unless otherwise explicitly specified. With-
out loss of generality, since we deal with non-negative solutions, one may
suppose that

f(z)=0 for z<O0.
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We start with a series of preliminary results, drawn from [81].

Lemma 4.1.1.
(i) For any constant o € [0, 1] there holds

Flo2) < 0F(2), =€ [0, 0); F(z):/ozf(v)dv.

(i) Let w = w(t) be of class C1(0,T), and write ' = d/dt. If the compo-
sition ®ow’ is of class C1(0,T), then How' is of class C*(0,T), and
in this case

[H(w'(t)] =w'(t)[@(w'(t))] in (0,T). (4.1.2)

Conwersely, if H ow' is of class C*(0,T) and w' > 0, then ® ow’ is
of class C1(0,T) and (4.1.2) continues to be satisfied.

To obtain (i), observe that of(cz) < of(z) for z € [0, J), since f
is non-decreasing by (F2). Integrating this relation from 0 to z yields the
result.

The first statement of (ii) is an immediate consequence of the repre-
sentation

H(s) = /0‘1’(5) dH(w)dw, s>0, (4.1.3)

this being a consequence of the Stieltjes formula H(s) = [ o d®(c). The
second part is also a consequence of (4.1.3) together with a small lemma:

Let I be any interval of R and let

a(t)
B(t) = / b(s)ds, t,to € 1.
a(to)

Suppose a,b € C(I), B € CY(I) and b > 0. Then a € CY(I) and o’ =
B'/(boa).

This is easily demonstrated by using difference coefficients and the
integral mean value theorem to get AB/At = b(a+60Aa)Aa/At,0 <0 < 1.
The lemma then follows by dividing by b(a 4+ #Aa) and letting At — 0.

Lemma 4.1.2. Suppose f(z) > 0 for z > 0. Let o > 0. If (1.1.7) is satisfied,

then
ds

or H-1(oF(s)) =
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while if (1.1.5) holds, then

ds C
or H-Y(oF(s))

Proof. To show the first part of the lemma it is obviously enough to con-
sider values o < 1. In this case, by Lemma 4.1.1 (i), and with ¢ chosen
such that F'(§) < H(o0),

/H YoF(s /H ;gjaH‘lc(l;(t))

and the first part now follows by letting ¢ — 0 and applying (1.1.7).

On the other hand, for the second part of the lemma it is enough to consider
only values ¢ > 1. Then, for small £ > 0, we have by Lemma 4.1.1 (i),

5o ds /o
e HOGF() = Loy H- S
Letting e — 0 and applying (1.1.5) gives the second result. (]
Lemma 4.1.3. Let T' > 0 and assume
g€ C(0,7T), g>0 n(0,7). (4.1.4)

Then every classical distribution solution w = w(t) of the problem (' =

d/dt)

{[S1gnw( )] - [gt)®(w'(t)] >0 in (0,7T), (4.15)
(0)=0, w(T)=m>0
s such that
w>0, w >0 in(0,T). (4.1.6)
Further, there exists tg € [0,T) with the property that
w=0 1n|0,t; w>0, w >0 in(tn,T). (4.1.7)

Proof. We first claim that w > 0 in [0,7]. If the conclusion fails, there
would be tg and t;, with 0 < tg < t; < T such that w(ty) = w(t;) = 0 and
w < 0 in (tg,t1). Then, multiplying (4.1.5) by w and integrating on [to, t1]
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yields by integration by parts (or simply by the distribution meaning of
solutions with the test function w(t) on [tg, t1])

/ ’ q(t)®(w'(t))w'(t)dt <0,

to

where the integrand is non-negative by (4.1.4) and the fact that t®(¢) > 0
for ¢t # 0. That is, necessarily w’ = 0 on [to,?1]. Hence w = 0 on [tg, 1],
since w(tp) = w(t;) = 0. This contradiction proves the claim.

Define the set J = {t € (0,T) : w'(t) > 0}. Then, obviously, J # 0,
since w(0) = 0 and w(7T) > 0, while also J is open in (0,7) since w €
C1(0,T). Let ty = inf J, so ty € [0,7) and w = 0 in [0, ¢y}, since we already
know that w > 0 in [0,7]. Now, for any fixed t € (t9,T") there obviously
exists t; € (to,t) such that w'(t1) > 0. By integration of (4.1.5) on [t1,1],
recalling that w > 0 on (0,7, we get

q(t)2(w'(t)) = q(t1)2(w'(t1)) > 0

by (4.1.4) and (A2), so that w’ > 0 on (tp,7]. In turn, by integration,
w > 01in (tp,T), proving (4.1.7). O

Lemma 4.1.4. If in Lemma 4.1.3 the hypothesis (4.1.4) is strengthened to
qge C(0,7), g>0 n(0,7), q mnon-increasing,
then w is convezr on [0,T] and
0 < w'(0) < m/T. (4.1.8)

Proof. Indeed from (4.1.5) and (4.1.6) it follows that ¢(¢)®(w’(t)) is non-de-
creasing, and then since ¢(t) is positive and non-increasing also ®(w’(t)) is
non-decreasing. But @ is increasing, so w’ is non-decreasing. In turn, w is
convex on [0,7] and then (4.1.8) follows at once since w(7T) = m. O

Lemma 4.1.5. Assume
q € C0,T), g>0 n(0,7).

Then along every classical distribution solution w of the problem

{[q(t)@(w/(t»]/ —q(®)f(w(t) <0 in(0,T),

4.1.9
w(0) = 0; 0<w<§, w >0 in(0,7T), ( )
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there holds

o Fw) [ )
aw () < T [a s+ THew o), re @), @10

where w'(0+) is defined as limsup,_, o+ w'(t).
In particular, if w'(0) =0, then (4.1.10) reduces to

) flw(t)) [*
B/ < /Oq(s)ds. (4.1.11)

Proof. Integrating (4.1.9) on [7,t], with 0 < 7 < t < T, yields

1B (W (1)) — q(r)@(w' (7)) < / a(s)f(w(s))ds,  (4.1.12)

and (4.1.10) follows at once by (F2), i.e., f(w(s)) < f(w(t)) since 0 <
w(s) < w(t) < J, together with the limsup as 7 — 0. O

Lemma 4.1.6. Assume
qeC0,T) and ¢>0 in[0,T). (4.1.13)

Then along every classical distribution solution w € C*(0,T) of the problem
(4.1.9) for which w'(0) = 0 and the condition

dow' € CH0,T) (4.1.14)
is satisfied,! we have
H(w'(t)) < B(t)F(w(t)), te (0,7T), (4.1.15)
where
= su — a(s) [° T)dr :
B(t) = 1+S€(01?t) ( q(s)2/0 q(7)d > . (4.1.16)

Furthermore, if ¢ > 0, then (4.1.15) becomes H(w'(t)) < F(w(t)).

IFor the main application of this lemma in Section 4.2 this condition holds without any
difficulty; see (4.2.3) in Proposition 4.2.1.
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Proof. Since ®(w’) € C1(0,T) by assumption, so also H(w') € C1(0,T) by
Lemma 4.1.1 (ii). Then by (4.1.2) and (4.1.9) one finds for t € (0,7") that
{H(w'(£))} = [®(w'(1)]"w' ()

q'(t
<=1 P OO + F(wl) )
since by assumption w’ > 0, ¢ > 0 in (0,7). Integrating (4.1.17) on (0,),
with 0 < t < T, yields

(4.1.17)

q'(s)

q(s)

t (s s +
< Flu() + [ (—g(;l / q(T)dT> F(w(s))w!(s) ds
< B(t)F(w(t))

Hw'(t)) < F(w(t)) — /0 P (w'(s))w'(s)ds (since w'(0) = 0),

by (4.1.11) and (4.1.16). O
Proposition 4.1.7. Assume (4.1.13). Let w be a classical distribution solu-
tion of the problem

{[qa)cb(w'(tm' —q(®)f(w(t) <0 i (0,7), (4.1.18)

w(0) =0, w(T)=m >0, w' >0,

for which (4.1.14) is satisfied. Suppose that f(u) > 0 for u > 0. If w'(0) =
0, then

ds
oe H1(F(s))

Proof. From the second line of (4.1.18) it is evident that there exists ¢y €
[0,T") such that w(t) = 0 for 0 <t < tg whilew > 01in (¢o,T). If ty = 0, then
w'(0) = 0 by hypothesis, while if ¢y > 0, then in turn w(tg) = w’(tp) = 0
since w € C1(0,T).

Let ty € (tg,T). Clearly there exists t; € (to,t2) such that m; =
w(ty) > 0 satisfies

< 0. (4.1.19)

my < /B, F(Bm;) < H(),

where B = B(t2) is given in Lemma 4.1.6. From this lemma applied to the
interval (to,t1), we thus obtain (see (4.1.15))

H(w'(t)) < B(t)F(w(t)) < BF(w(t)) in (to,t)
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since B(t) is obviously non-decreasing. In turn by Lemma 4.1.1 (i), with
o=1/B,

H(w'(t)) < F(Bw(t)) in (to,t1),
that is w > 0, w'(t) < H-Y(F(Bw(t))) on (tg,t1). Using the fact that
f(u) > 0 for w > 0 (and so also F(u) > 0 for v > 0), integration now
yields, by the change of variables s = Bw(t),

Bma ds B t w' (t)dt
b ey =P, st moy <200 <

as required. O

4.2 Existence theorems

In this section we shall obtain existence and uniqueness theorems for the
boundary value problem

{[Q(t)¢(w’(t))]’ —q@)f(w(t)) =0 in (0,7),

w(0) =0, w(T)=m>0. (4.2.1)

The main existence theorem, Proposition 4.2.1, will be used to obtain (ra-
dial) comparison functions for the proofs in later sections and in Chapter 5.
Importantly here, we are able to use a weakened version of condition (F2),
namely

(F3) f(0) =0 and f is non-negative on some interval [0,9), with § possibly
infinite.

Accordingly it will be assumed in both Propositions 4.2.1 and 4.2.2 that

m € (0,0). Of course, in addition to (F3), conditions (A1), (A2), (F1) will

be maintained throughout the section.

We suppose that the function ¢ in (4.2.1) is continuous with ¢ > 0 in
[0,T]. Put

— ming(t) > 0 — ) > 0. 4.2.2
o félf%}q” . @ I[%I?](Q() (4.2.2)

Proposition 4.2.1.

(i) Let ®(00) = oo. Then problem (4.2.1) admits a classical distribution
solution with the properties

we CHo,T], ®w')eCo,T]; w >0. (4.2.3)
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Moreover, for any such solution of (4.2.1) we have w'(T) > 0 and
o/ < @7 (2 (7 F ) + #/T)] ) (4.2

where f(m) = maxy,e(o,m] f(u). In particular, w' < 1 if m is suffi-
ciently small.
(ii) Suppose ®(00) =w < c0. Let m € (0,9) be such that

Z; [TF(m) + ®(m/T)] < w. (4.2.5)

Then the conclusion of part (i) continues to hold.

The proof relies on an application of the Leray—Schauder theorem to
a carefully chosen homotopy H : X x [0,1] — X, X = (C[0,T],] - [loo),
defined by

Hlw, o] (t) :am—/t cp—l(q(ls) [MU—U/ q(r)f(w(r))d7]> ds,

where p1, = p(w, o) is the unique number such that
Hlw, 0](0) =0,

so the mapping H|w, o] is well defined. For the proof of Proposition 4.2.1 we
refer the reader to the Appendix, Section 4.5; see also [81, Proposition 4.1].

The condition f(0) = 0 in (F3) is crucial for Proposition 4.2.1. In fact
the proposition fails otherwise, as shown by the example f(u) =1, ¢ = 1,
and A(s) = 1. In this case every non-negative solution of (4.2.1) must have
the form w(t) = at + étQ, a > 0, which gives the extraneous condition for
solvability m = w(T) = aT + ;7% > 1 T7.

In view of (4.2.3) we note that, for the given solution w, all derivatives
with respect to t in (4.2.1) can equally well be understood as ordinary
derivatives, no recourse to distribution solutions in fact being needed.

Proposition 4.2.2. Let ¢ € C[0,T] N C0,T) with ¢ > 0 in [0,T]. Suppose
that (F2) is satisfied and that either f = 0 in u € [0,d], d > 0, or that
(1.1.5) holds, that is

ds

. H-1(F(s) = 00. (4.2.6)
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Then the solution of (4.2.1) given in Proposition 4.2.1 has the properties
w>0 n(0,7T], w' >0 in[0,T]. (4.2.7)

Proof. Casel.Let f =01in [0, u]. Then from (4.2.1) we have [¢(t)®(w’(t))]’
= 0 at least for ¢ near 0. Hence in turn ¢®ow’ = Constant > 0 for small ¢ (if
the constant is zero, then w’ = 0 for small ¢ > 0, and then by continuation
for all ¢ > 0, which contradicts the boundary condition w = m at t = T).
Consequently w’(0) = ®~!(Constant/q(0)) > 0, so from Lemma 4.1.3 and
the fact that to = 0 in the present case, we get w'(t) > 0 in [0,7] and
w > 0in (0,7 as required.

Case 2. Let (4.2.6) hold. Note that (4.1.14) is satisfied in view of (4.2.3).
Also we already know that w/(0) > 0 and 0 < w < m. In fact, the case
w'(0) = 0 cannot occur by Proposition 4.1.7 and assumption (4.2.6). Con-
sequently w’(0) > 0 and the required conclusion then follows as before. [

Propositions 4.2.1 and 4.2.2 have the following useful corollary, which
later will take the role of Lemma 2.8.2 for divergence structure equations.

Lemma 4.2.3. Let Br be an arbitrary open ball of radius R in R™ and let
Er = Br \ Brys. If ®(c0) = oo, then for every m € (0,0) there exists a
non-negative function v € C*(ER) which is a solution of

div{A(|Dv|)Dv} — f(v) =0 (4.2.8)
in the annulus Er, with boundary values
v=0 on JBg, v=m ondBg/,. (4.2.9)

If ®(0) = w < 00, the conclusion remains valid provided m € (0,0) is so
small that

2" HRf(m)/2 + ®(2m/R)] < w, (4.2.10)

where f(m) = maxyeo,m] f(u).

Furthermore, if (F2) holds and either f =0 in [0,d], d > 0, or (4.2.6)
is satisfied, then |Dv| > 0 in Er and in particular 0,v < 0 on OBR, where
v is the exterior unit normal to Bg.

Proof. In Proposition 4.2.1 choose ¢(t) = (R —t)"~! ="~ ¢t € [0, R/2],
and v(z) = w(t), t = R —r, r = |x — x¢|, where z( denotes the center of
Bpg. Then v is a radial solution of (4.2.8)—(4.2.9) in the annulus Ex. The
final part of the lemma follows from Proposition 4.2.2. OJ
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As a particular example, an existence theorem for the problem

{[q@)@(w/(tw —a(t)q(t) f(w(t)) = h(t) in (0,T),

w(0)=0, w(T)=m>0 (4.2.11)

can be given, exactly following the ideas of Proposition 4.2.1. The result is
stated in
Proposition 4.2.4. Assume a, h, ¢ € C[0,T] and h > 0, a > 0, ¢ > 0 in

[0,T]. Then problem (4.2.11) with m € (0,0), and with m and fOT h(t) dt
suitably small in case ®(00) < 00, admits a classical distribution solution
with the properties w € C1[0,T], w' > 0.

The question of uniqueness of solutions of (4.2.1) and (4.2.11) is also

of interest. For this result, we assume the main conditions (Al), (A2),
(F1), (F2).

Theorem 4.2.5. Assume a,h,q € C(0,T) and a > 0, ¢ > 0 in (0,7).
Then problems (4.2.1) and (4.2.11) admit at most one classical distribution
solution with range in [0,0).

Proof. Let w and @ be two solutions of (4.2.11) with ranges in [0, ). Then
by (4.2.11) together with (A2) and (F2), we obtain

0< /0 q(O)[®(w' (1)) — D(@'(1))] - [w' (1) — @'(£)]dt
= —/0 a(t)g(®)[f (w(t)) = f(w(t))] - [w(t) — w(t)ldt < 0.

It now follows at once that w = @ in [0, T since ® is strictly increasing. O

4.3 Existence theorems on a half-line

In the next section we shall prove the necessity part of Theorem 1.1.2
through the existence of classical solutions of the exterior Dirichlet problem
for (1.1.2), with equality sign. Because of the separate and independent
interest of this question, we devote the present section to its consideration.

For the following main theorem we maintain conditions (A1), (A2),
(F1), and in place of (F2) the slightly stronger condition

(F2)"  f(0) =0 and f is positive and non-decreasing in (0,6), 6 > 0 finite.
Clearly (F2)" implies (F2) which implies (F3).
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Theorem 4.3.1 (Exterior Dirichlet Problem). For all R > 0 and m € (0,4),
with m sufficiently small if ®(00) = w < 00, there is a classical C* radial
solution u(x) = u(r) of the problem

div{A(|Du|)Du} — f(u) =0, u>0 (4.3.1)
in Qr ={zx € R" : |z| > R}, such that

u(R) =m, u(x) — 0 as|x| — oc. (4.3.2)
Moreover u' < 0 whenever u > 0.

The required smallness condition on m when w < oo is given below
by (4.3.6).

Proof. First consider the case when w = oo. Let j = 1,2,..., define ¢(t) =
(R+j—t)"! and denote by w; the solution of

[q(t)®(wi (1)) — q(t) f(w(t)) = 0,
w(O) =0, w(]) =mec (0>5)>
we >0 in [0, 5],

which exists by Proposition 4.2.1. Moreover because ¢ is positive and de-
creasing, then w is convex by Lemma 4.1.4.

It follows now that u;(r) = w;(t), t = R+ j — r, is a solution of

[t e (r)) = " f(u(r)) =0 ('=d/dr),
u(R) =m, u(R+7)=0, (4.3.3)
u' <0 in[R,R+ j]

(here recall that ® is defined for negative s, according to the agreement at
the beginning of Section 4.1, namely ®(s) = —®(—s)). It is obvious that
the equation in (4.3.3) is exactly the radial version of (4.3.1).

We claim that the sequence j +— u; is non-decreasing. Indeed, u; and
u;+1 are C' radial solutions of div{A(|Du|)Du} — f(u) = 0 in the annulus
o ={zx € Qr : R < |z| < R+ j}. Obviously u; < u;1; on 0 so
that u; < ujyq in o7 by (F2)', Theorem 2.4.1 and Proposition 2.4.2, as
claimed.?
2Tt is of interest that the monotonicity of the sequence (uj); can be obtained under
the weaker condition (F3) instead of (F2)’. More specifically, under (F3) monotonicity
follows as in the proof of Theorem 3.6.4 of [39]. Since the main application of Theo-

rem 4.3.1 in Chapter 5 deals with nonlinearities f satisfying (F2), we shall not pursue
this further.
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Each u; is continuous, non-increasing and non-negative in [R, R + j].
Hence by the Dini theorem the sequence (u;); converges uniformly on every
compact subset of [R, 00) to the non-negative, non-increasing, continuous
limit w. We shall show that u is the required radial solution of (4.3.1),
(4.3.2). Of course u : [R,00) — [0, m], with u(R) = m.

In fact, corresponding to (4.3.3), the function u; satisfies the integral
equation on [R, R + j],

w) =m= [Ca (s = [ agrar] ) s

where 4 is determined by the condition u;(R) = —®~'(R'~"u;). In other
words

i = R (R)) > 0

since |uj(R)| < |uj(R)| by monotonicity and the fact that u;(R) = m
for each j. The positive non-increasing sequence (), converges to some
number p > 0. Letting j — oo the limit function w satisfies the integral
equation

u(r) = m — /R o1 <51—” [u _ /R T”—lf(u(T))dTD ds.  (4.3.4)

By the continuity of u in [R,00) it follows from (4.3.4) that w is of class
C1[R,00). Thus u is also a classical distribution solution of

{[rnlww' —r () =0 in [R,00), (135)

u(R) = m; u>0, v <0 in[R,0).

Of course, the equation on the first line of (4.3.5) is equivalent to (4.3.1)
for radial functions u = u(r).

To complete the proof of the theorem in the case w = oo, it remains to
show that v’ < 0 when u > 0 and that u(r) — 0 as r — oo. To obtain the
first, note by virtue of (4.3.5) that should v/ = 0 at some point ry where
u > 0, then by (F2)’ we would have r"~1®(u/(r)) > 0 for all » € (rg, 7o +¢),
e > 0 sufficiently small; that is u’(r) > 0 for r € (1o, ro+¢), which is absurd.
Hence v’ < 0 at any point where u > 0.

Denote by ¢ the non-negative finite limit of v as r — oo. Since v’ is
non-decreasing by convexity, then u/(r) — 0 as r — oo. Integrating (4.3.5)
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on [r,r + 1], with R < r < oo, we get

r

s e - (7)) ewon= [ e

> <Ti1>n )

by (F2) and the fact that ¢ < u(r) < § for r € [R, 00). Letting r — oo then
yields 0 > f(¢) > 0, that is £ = 0 by (F2)’. This completes the proof when
W= 00.

We now treat the case when w < co. Suppose m < ¢ so small that

R+1\""
( ; > [f(m) + @(m)] =& < w. (4.3.6)
We introduce a new operator <i>, defined by
D(s) for 0 < s < ®~ (@),
bs)=1 & (4.3.7)
f > o7 1(w).
B1(e) s or s> ()

Clearly ® is continuous and increasing on [0, 00), thus satisfying (A1) and
(A2), and moreover ®(c0) = .

We apply the first part of the proof with ® replaced by d and u
replaced by @. Clearly the solution 4 exists. It will be a solution of the
original problem (4.3.1), (4.3.2), provided ||4/|s < ®~!(&). But by con-
vexity, (4.2.4), and (4.3.6),

e < 16/ (R) < it () < &7 ( 2 (£(om) + (o)
=7 (@) = o7 (@),
since q1/qo = [(R+ 1)/R]""". This completes the proof. O

The solution u = u(r) given by Theorem 4.3.1 is unique, the precise
result being

Theorem 4.3.2. Let the hypotheses of Theorem 4.3.1 be satisfied. There
cannot be more than one solution of (4.3.1), (4.3.2) in Qg, whether radial
or not, which has range in [0,9).

This is an immediate consequence of the comparison Theorem 2.4.1
together with Proposition 2.4.2.
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Theorem 4.3.3. Let the hypotheses of Theorem 4.3.1 be satisfied. Then
the solution u given by Theorem 4.3.1 is everywhere positive provided that
(1.1.5) holds. Conversely if (1.1.7) is satisfied, then u has compact support.

Theorem 4.3.3 will be proved in Chapter 5.

Remark. When w < oo the condition (4.3.6) is not best possible, and can
be improved to the form

T (I) m R n—1
omm+(%)<@H%) v,

where Ty > 0 is a positive parameter which can be assigned arbitrarily;
this follows easily by replacing the interval [R, R + 1] in the definition of
uy by [R, R + Tp] for any T > 0.

As an example, when R << 1 and A(s) = 1/v/1+ s2 is the mean
curvature operator, with f(z) = kz, K > 0, and n > 2 (equation of a
capillary surface under gravity), by taking Ty = aR with a > 0 suitably
small, we get the solvability condition m < R/(n—1); whereas from (4.3.6)
one gets the alternative condition m < R/k.

A different approach to the radial exterior problem, containing a num-
ber of precise estimates in the case when w < co and ®(0) > 0, has been
given by Turkington [112].

4.4 The end point lemma

In this section we prove a remarkable result having important consequences
for the Strong Maximum Principle in Chapter 5 and the phenomenon of
dead cores in Section 8.4. In what follows we maintain the conditions (A1),
(A2), (F1) and (F2).

Lemma 4.4.1 (End Point Lemma). Suppose f(u) > 0 for u > 0 and that
(1.1.7) is satisfied. For fixred o > 0, define

0 ds
ng/o () (4.4.1)

Then for every C € (0,Cy) there exists a number v = ~v(C) € (0,9) and a
function w € C*[0,C] such that

(i) vy—0 asC —0,
) w0 =w(0)=0, w =2 0<uw <H(F@),
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(i) [@(w' ()] = o f (w(t)) fort e (0,C),
(iv) O(w'(t)) < otf(w(t)) forte (0,C).

[If H(oco) is finite we take 6 > 0 so small that o F(0) < H(00).]

Proof. First note that the integral in (4.4.1) is convergent, in view of Lem-
ma 4.1.2 and (1.1.7). For given C € (0,C,), we take v € (0,0) so that

v ds
0=C= / H-(0F(s))’

clearly v = ~«(C) is uniquely determined by C, and of course v — 0 as
C — 0.
Now define w : [0,C] — R by

w(t) ds
- /0 (o) (4.4.2)

w'(t)
H=Y(oF(w(t)))
that is H(w') = oF(w). Thus in turn [H(w')] = of(w)w’. Obviously
part (ii) of the lemma is satisfied; moreover, since w’ > 0 on (0,C], from
Lemma 4.1.1 (ii) we obtain part (iii).
An integration using parts (ii), (iii) and the monotonicity of f in (F2)
shows that also ®(w’(t)) < ot f(w(t)). This completes the proof. O

Hence
=1, 0<t<C,

!

There is a slightly stronger result, proved in the same way.

Lemma 4.4.2. The conclusions (1)—(iii) of Lemma 4.4.1 are valid if con-
dition (F'2), together with the positivity of f, is replaced by the weaker
condition that f(0) =0 and F is positive in some interval (0,0).

4.5 Appendix: Proof of Proposition 4.2.1

For the proof of this proposition only, we shall redefine the operator ®
in R~ by setting ®(s) = s when s < 0; this can be done without loss of
generality since the ultimate solution w satisfies w’ > 0.

Case (i). Let

= q[TFm)+®(m/T)], I=[0,p), flm)= max f(u). (45.1)

u€[0,m]
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It is convenient also to redefine f so that f(z) = f(m) for all z > m. This
will not affect the conclusion of the proposition, since clearly any ultimate
solution with w’ > 0 satisfies 0 < w < m. We recall the earlier agreement
that f(z) =0 for z <0.

With these preliminaries settled, we can proceed to the main proof.
We shall make use of the Leray—Schauder fixed point theorem, an idea
suggested in this context by Montenegro.

Denote by X the Banach space C[0, T], endowed with the usual norm
| - ||lso, and let 7 be the mapping from X to X defined for ¢ € [0, 7] by

T (1 T
:m—/t o (q(s) [,u—/s q(T)f(u;(T))dT])ds,(4.5.2)

where p = p(w) € I is chosen so that
7 [w](0) = 0. (4.5.3)

We shall show that such a choice of p is uniquely possible.
Indeed for any fixed w € X and for any p € I we have

fm) [T 1 r M1
_ /0 ads o [M— / q(T)f(w(T))dT]g . (4.5.4)

qo q0

It follows now that 7 [w] is well defined for each fixed p in I.
Moreover for = 0 we see that, for all w € X,

7 [w](0) > m.

On the other hand, for y = @1 we find, for all w in X,

_m/ ( BT+

<m— / B(m/T))ds = 0,

T
aTf(m) —/ q(7‘)f(w(r))dr]> ds

where we have used the condition (4.5.1), the definition of ¢; in (4.2.2),
and the fact that 0 < f(z) < f(m). Since the integral on the right side of
(4.5.2) is a strictly increasing function of u for fixed w, it is now obvious
that there exists a unique p € I such that (4.5.3) holds.
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Define the homotopy H : X x [0,1] — X by

Hlw, o](t)

IR Y " (4.5.5)
=om t o (q(s) [,ua U/S q(T)f(u;(T))dT])cls,

where p, = p(w,o) € I is a number chosen such that
Hlw,o](0) = 0.

Clearly, as in the case of the mapping 7 in (4.5.2), such a value pu, exists
and is unique, and the mapping H[w, o] is accordingly well defined.?

By construction, any fixed point w, = H[w,, o] is of class C1[0, T,
has the property that ®(w’) € C1[0,7], and is a classical distribution
solution of the problem

[a(t)®(wg (1)) — oq(t) f(ws(t)) =0 in [0, 7], (4.5.6)

we(0) =0, we(T)=om. o
Moreover, by Lemma 4.1.3, a fixed point w = H|[w, 1] satisfies w, w’ > 0,
and so is a solution of problem (4.2.1) satisfying the conditions (4.2.3),
with w’ > 0.

It remains to show that such a fixed point w = w; exists. We shall
use Browder’s version of the Leray—Schauder theorem for this purpose (see
Theorem 11.6 of [43]).

To begin with, obviously p, = 0 when o = 0, and so H[w, 0](¢) = 0 for
all w in X, that is H[w, 0] maps X into the single point wg = 0 in X. (This
is the first hypothesis required in the application of the Leray—Schauder
theorem at the end of the proof.)

We show next that H is compact and continuous from X x [0, 1] into
X. Let (wg,o0x)r be a bounded sequence in X x [0,1]. Clearly p,, € I;
therefore again using the fact that 0 < f(z) < f(m) for all z > 0, together
with (4.5.4), it is clear that

IH [wr; on]llee < C
3The simpler homotopy

Hlw, o](t) :/th>—1 (q(ls) {nJro/Os q(T)f(w(T))dTD ds

with k = k(w) chosen so that H[w,o](T) = m, is in fact less convenient in carrying out
the proof.
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where (recalling that ®~1(¢) = ¢ when ¢ < 0)

q0

3 T
C' = max{f(m)/ q(t)dt, q)_l(ul/qo)}. (4.5.7)
0

It is now an immediate consequence of the Ascoli-Arzela theorem that H
maps bounded sequences into relatively compact sequences in X.

We claim finally that H is continuous on X x [0, 1]. Indeed, let w; — w,
oj — o0, (wj,0;) € X x[0,1]. Then in (4.5.5) clearly o;f(w;) — of(w),
since the modified function f is continuous on R. It must then be shown
that p(w;,0;) — p(w,o). To this end, suppose for contradiction that this
fails. Then, for some subsequence, still called (w;,o;), we should have

/L(’LUJ‘,O']‘) —AFp= M(’LU,O’).

In this case, from (4.5.3) one gets by subtraction

T B 1 [ T
/0 {cb (M [u—a / q(T)f(w(T))dTD
-1 ! -0 ! T)f(w(T))ar s =
e (q(s) lu | atr <>>d])}d 0

But ®~! is a monotone increasing function of its argument, so clearly the
integrand in (4.5.8) is either everywhere positive or everywhere negative,
giving the required contradiction.

(4.5.8)

To apply the Leray—Schauder theorem it is now enough to show that
there is a constant M > 0 such that

|wlleo < M for all (w,o) € X x [0,1], with H[w,o] =w. (4.5.9)

Let (w,0) be a pair of type (4.5.9). But, as observed above, since w’ > 0,
clearly ||w|loo = w(T) = om < m. Thus we can take M = m in (4.5.9).

The Leray—Schauder theorem therefore can be applied and the map-
ping 7 [w] = H[w, 1] has a fixed point w € X, which is the required solution
of (4.2.1). That (4.2.3) holds for this solution was noted earlier in the proof.

The last part of the theorem is a direct consequence of (4.5.2) evalu-
ated at a fixed point w, together with the right-hand inequality of (4.5.4)
and the fact that p € I.
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Case (ii). The argument is exactly the same as before, with the single
exception that in (4.5.4) the right-hand side p;/qo is now less than w by
virtue of (4.2.10) and (4.5.1). Thus, 7 is well defined in X, and the rest of
the proof is unchanged. OJ

The proof of Proposition 4.2.4 goes in almost the same way, except one
must take

T
1 =l TFm) + /D) + [ h(t)de, where a1 = ma (o),
0 te b

rather than in (4.5.1).

Problems

4.1 Supply the details for the proof of Lemma 4.1.1.

4.2 Prove the existence Proposition 4.2.4 for problem (4.2.11), following
the ideas of proof of Proposition 4.2.1.

4.3 Show that the monotonicity of the sequence (u;); in the proof of The-
orem 4.3.1 can be obtained under the weaker condition (F3) instead
of (F2)’, following the proof of Theorem 3.6.4 of [39].

4.4 Supply the details for the proof of Theorem 4.3.2.
4.5 Ditto for Lemma 4.4.2.



Chapter 5

The Strong Maximum
Principle and the Compact
Support Principle

5.1 The strong maximum principle

With the work of the preceding Chapter 4 available, we can turn to the
proofs of the Strong Maximum Principle, Theorem 1.1.1, and the Compact
Support Principle, Theorem 1.1.2, stated in the Introduction.

Proof of Sufficiency in Theorem 1.1.1. We proceed exactly as in the proof
of Hopf’s maximum principle in Section 2.8, with the two exceptions that
(a) the weak maximum principle, Theorem 2.8.1, is replaced by Theorem
2.4.1 and Proposition 2.4.2, and (b) Lemma 2.8.2 is replaced by Lemma
4.2.3. In particular the crucial condition (iii) of Lemma 2.8.2 is obtained
from the last part of Lemma 4.2.3, in view of the key assumption (1.1.5). O

As remarked in the introduction, the case of necessity in Theorem 1.1.1 is
due to Diaz [28]. Theorem 1.1.1 is proved. O

Another proof of the necessity part of (1.1.5). Suppose that F' > 0 in some
interval (0, d), and that (1.1.5) fails, that is (1.1.7) holds. By the End Point
Lemma 4.4.2 we can then introduce the function w = w(t), of class C'*[0, C],
C e (0,01),0 =1 Let Q= {x € R" : z, < C} and define u(z) = 0 if
T, <0, u(z) = w(z,) if x, € [0,C). Hence u € C1(£2) is non-negative by
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Lemma 4.4.2 (ii), and is also a solution of (1.1.2), with the equality sign,
by Lemma 4.4.2 (iii). Clearly u(0) = w(0) = 0 and at the same time u # 0.
Hence the strong maximum principle fails. O

Remarks. 1. The proof of sufficiency we have given is in fact not different
in its underlying ideas from those in [10], [21], [30], [86], [113], the principal
improvements here being the direct approach, the generality of the equation
and the solution class, and the clarification of the method. The proof here
uses only standard calculus, and the elementary Leray—Schauder theorem
(see [43], Theorem 11.6), but requires neither monotone operator theory
(as [113], [28]-[31]), nor Orlicz—Sobolev space theory, nor viscosity solution
theory (as [49]), nor probabilistic methods.

We note also that Diaz, Saa and Thiel have stated a version of The-
orem 1.1.1, see Theorem 6 of [31], but with partially insufficient proof.

2. The necessity of condition (1.1.5) for the Strong Maximum Principle can
be obtained under a weaker hypothesis than (F2). In fact, it is enough to
suppose only

f(0)=0 and either f=0 or F(s)>0 forse(0,0).

This is because the principal construction required for Diaz’ proof uses
only this condition; see also the second proof of necessity given above.

3. The second proof of necessity for the Strong Maximum Principle also
yields a direct and simple counterexample to the unique continuation ques-
tion for the equation div{ A(|Du|)Du} — f(u) = 0, when (1.1.7) holds. That
is, the function u(x) = w(z,) shows that a solution in a domain {2 may
vanish in a subdomain without vanishing throughout €2.

Proof of first part of Theorem 4.3.3. Because of (1.1.5) the strong maxi-
mum principle is valid for (1.1.2), hence also for (4.3.1). But since u(R) =
m > 0 and because u is a non-negative (radial) solution of (4.3.1), it now
follows that w > 0 on the entire domain of the solution. O

Ezxample: the degenerate Laplacian. The strong maximum principle can be
treated more simply in the case of the canonical p-Laplacian inequality,
p>1,

Apu— f(u) <0, u > 0.

For our present purpose, we assume that
f(z) <P (5.1.1)
the borderline case for (1.1.5).
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An appropriate comparison function v = v(r), r = |z|, can be taken
in the form

v(r) = af(R/r)” — 1], R/2<r <R, (5.1.2)

where a = m/(2Y — 1) and ¥, R are to be determined. Then

p—1 (p—1)(9+1)
N

moreover, after a short calculation, there results
/p—1y/ n—1 /p—1
1CH S B (L O

R>(p_1)ﬂ{n—1—(p—1)(19—|—1) Lo }

r 7P Yr—1

< (a0)P (
This again will be < 0 provided that

_ _ 1/p ,
0:2(n 1)_1’ R< [(n 1)] gUv
p—1 c

That is, A,v — f(v) > 0 for R/2 < |z| < R, and the proof of the strong
maximum principle, Theorem 1.1.1, now applies unchanged, but avoiding
the delicate arguments of Proposition 4.2.1, or of [113].

In summary, for the borderline case (5.1.1) of the p-Laplacian inequal-
ity, we get an elementary proof of Vdzquez’ strong maximum principle. At
the same time, the simple comparison function (5.1.2) does not suffice for
general operators or for more complicated nonlinearities. This observation
indicates the need for the alternative deeper-lying construction of v in the
proof of Theorem 1.1.1.

5.2 The compact support principle

Proof of sufficiency in Theorem 1.1.2. Let u be a (non-negative) solution
of (1.1.6) in an exterior domain D Qg with u(z) — 0 as |z| — oc.
We must show that u has compact support in §2. To begin with, clearly
there exists Ry > R such that u(z) < ¢’ < 4 if |z| > Rp. Let w = w(t)
be the function introduced in the alternative proof of the necessity part of
Theorem 1.1.1, with 0 = 1 and with C chosen so near C; that v(C) > ¢§’.
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Define @y = {x € R" : |z| > Ry} and v(z) = w(C + Ry — |z|) for
Ry < |z| < C 4 Rg. We extend the definition of v to all x € Qg by setting
v(z) = 0 when |z| > C + Ry. Clearly v € C'(Qg) by Lemma 4.4.2 (ii).
Moreover, for x € g and r = |x|, we have

(n

div{A(|Dv|)Dv} — f(v) = —=[®(]v'])] - ; 1)q)(|vl|) - f(v)
< [@(wy)]t — flw) <0

(5.2.1)

in view of Lemma 4.4.2 (iii) and the fact that ®(s) > 0. Since u(z) <
0" < w(z) on 99, and since u(x), v(x) — 0 as |z| — oo, we can apply the
comparison Theorem 2.4.1 and Proposition 2.4.2 to obtain 0 < u(z) < v(x)
in Q. In particular, u(z) = 0 when |z| > Ry = Ry + C, as required. =~ O

Proof of necessity in Theorem 1.1.2. To prove necessity, suppose (1.1.7)
fails, that is (1.1.5) holds. By Theorem 4.3.1 and the first part of Theorem
4.3.3, there exists a positive classical solution u of (1.1.2) with equality
sign (and thus also of (1.1.6) with equality), in the domain Qp = {z €
R™ : |x| > R}, such that u(z) — 0 as |x| — oo. This violates the compact
support principle. Hence (1.1.7) is necessary. O

Proof of second part of Theorem 4.3.3. Recall that (F2)" holds by hypoth-
esis. Then because of (1.1.7) the compact support principle Theorem 1.1.2
is valid for equation (4.3.1). But since u is a non-negative (radial) solution
of (4.3.1) with u(z) — 0 as |z| — oo, it now follows that u has compact
support in the domain |z| > R. O

Remarks

1. The sufficiency part of Theorem 1.1.2 is closely related to Theorem 4
of [86], by specializing the results there to the matrix a;; = A(|€])d;; +
[A'(1€])/|€]&:€; which arises by expansion of the divergence term in
(1.1.6). This specialization requires, however, two assumptions which
are not needed here, first that the operator A be of class C*(R™),
and second, that the solutions in consideration should be of class C?
at points of 2 where Du # 0. In the proof of Theorem 4 of [86] it
is also not evident that an appropriate comparison principle can be
applied without the further assumption that the nonlinearity f be
non-decreasing for small v > 0 — that is, for the validity of Theorem 4
of [86] this additional assumption, which is exactly (F2) above, seems
to be required as well. For the special case of the degenerate Laplacian,
see also [30].
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2. The last sentence of the proof of the sufficiency of Theorem 1.1.2 gives
an a priori estimate for the support of the solution wu.

3. The sufficiency of condition (1.1.7) for the Compact Support Principle
can be obtained under a weaker hypothesis than (F2). In fact, it is
enough to suppose only

f(0)=0 and either f=0 or F(s)>0 forse(0,0),

this condition in fact being all that it is needed for the application of
Lemma 4.4.2.

4. For the case of maximal monotone graphs f, see [30], [113].

5.3 A special case

We prove here an important special case of the principal result of Sec-
tion 5.4, both for its intrinsic interest as a generalization of Theorem 1.1.1
as well as to clarify the main arguments of the proof of Theorem 5.4.1. In
particular, consider the differential inequality

div{A(|Du|)Du} + B(z,u, Du) <0 (5.3.1)
in a domain © C R™. We suppose that A satisfies (A2) and a slightly
stronger condition than (A1), that is
(A1) Ae CHRY),
and that B(z,z,€) € L (Q x RT x R™) is subject to one or the other of

loc

the conditions (B1), (B2) below:

There exist a constant k > 0 and nonlinearities f and g, continuous in
Ry, such that

(B1)  B(z,2,€) > —w®(|€]) - f(2),
(B2) B(z,2,6) < r®(|€]) — g(2),

forx € Q, 2> 0, and all £ € R™ with || < 1.
Moreover f and g are assumed to satisfy

(F2)  f(0) =0 and f is non-decreasing on some interval (0,6), 6 > 0;
(G2)  ¢(0) =0 and g is non-decreasing on some interval (0,0), 6 > 0.

In the following results B(x, z, £) itself need not be explicitly non-decreasing
in the variable z; this corresponds to the situation of Theorem 2.1.2 where
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the coefficient ¢(x) is not required to satisfy a sign condition for the validity
of the conclusion.

Theorem 5.3.1 (Strong maximum principle). Let (B1) and (F2) be satisfied.
For the strong maximum principle to be valid for (5.3.1) it is sufficient that
either f =0 in [0,d], d > 0, or that (1.1.5) holds.

Assume (B2) and (G2). For the strong mazimum principle to hold for
(5.3.1) it is necessary that either g =0 in [0,d], d > 0, or that

ds

L Hcs) = (5.3.2)

where G(u) = [, g(s)ds.

Proof. Sufficiency. Assume that (5.3.2) is valid. As in the proof of Theo-
rem 1.1.1, we apply the Hopf comparison technique. Assume, contrary to
the validity of the strong maximum principle, that there is a non-negative
solution u € CY(Q) of (5.3.1) which vanishes at some point, but is not
identically zero. As in the demonstration of the Hopf Maximum Principle,
Section 2.8, there is a ball Bgr, with closure in €2, such that v > 0 in By
and u = 0 at some point y € dBgr N g, where Qy = {z € Q : u(x) = 0}.
Clearly u(y) = |Du(y)| = 0 and R can be taken arbitrarily small so that

0<u<d, |Du| <1 in Bg.
Hence by (B1) the function w is also a solution of
div{A(|Du|)Du} — k®(|Du|) — f(u) <0 in Eg, (5.3.3)

where ER = BR \ BR/2-
Call zg the center of Br. Also let m’ > 0 be the minimum of v on
0Bp/2 and choose
k=n+kR.

As comparison function we take the non-negative radial solution v : Er —
RT of (4.2.1) given by Lemma 4.2.3, in the space dimension k rather than
n, that is v as a function of r, r = |x — x|, satisfies the ordinary differential
equation

[Pt +rF T o) =0, v >0

in (R/2, R). For later purposes one can take the corresponding boundary
value parameter m so small that m < m’. In turn, in contrast with (5.3.3),
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v becomes a solution of the inequality:
div{A(|Dv|)Dv} — k®(|Dv|) — f(v)
= —r' T[]} = k2(JV']) - f(v)
= =RV} + K(R/r = 1)@(']) — f(v)
> P ()Y - F) = 0

(5.3.4)

in Er with, see Lemma 4.2.3,
v=0o0ndBr, v=mondBg; 0w <0ondBg, |Dv]>0in Eg.

We can now apply Theorem 3.6.5 to the solutions u of (5.3.3) and v
of (5.3.4) in the set Fr — that is, with the set Q replaced by Eg. In making
this application one must of course check that the principal hypotheses
(i)—(ii), see Section 3.5, are verified for A(&) = A(|€])€, with A(0) = 0 and
with the regular set P = R™ \ {0}. This, however, follows directly from
(A1)’ and (A2).

To verify the further assumptions of Theorem 3.6.5, we see by (F2)
that the function —x®(|€|) — f(z) is non-increasing in the variable z in the
solution range [0, ), while by (A1)’ it is locally Lipschitz continuous when
€ is in P. Finally, since Dv > 0 it is evident that (Er), = {x € Eg :
Du(z) € P} = Ep.

Because u > v on OF R, we then obtain from Theorem 3.6.5 that u > v
in Eg. In particular 0 = dyu(y) < dpv(y) < 0, which is a contradiction.
The sufficiency part of the theorem is therefore proved. O

Necessity. For each z¢ € Q we shall exhibit a subdomain €', with 2o € €/,
and a solution u of (5.3.1) in Q' such that u(zy) =0 but u £ 0 in Q'. The
assumption to be made for this purpose is that (B2) and (G2) hold, with
g(z) > 0 for z > 0, together with the negation of (5.3.2), namely

ds

. H1(G(s)) < 00. (5.3.5)

Thus fix g € Q and let Bg C 2 be a ball centered at zy with radius
R. Define
o= (n+rR),

where & is given by (B2). Let C,, be given by (4.4.1), with F replaced by G.
Then choose C < min{R, C,}, also so small that H~1(G(v)) < 1, where
the parameter v = v(C) > 0 is defined in Lemma 4.4.1.
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Put ¢ = R — C and consider the function w given by Lemma 4.4.1
corresponding to the given value o. For x € By we define the radial function
u(r) = w(r—e) whenr € [, R], r = |xr—x¢|, and extend u as a non-negative
C' function to all of Bg by puttingu = 0 for 0 < r < . Then |Du| =u' <1
in Bgr by (ii) of Lemma 4.4.1, and so by (B2),

div{A(|Du|)Du} + B(z,u(z), Du(z))
< div{A(|Du|)Du} + k®(u') — g(u)

< (8] + [ ”‘1)®

gamw+( )w—aom> g(u)
< oo+ £B) — 1) =

here we use (iii) and (iv) of Lemma 4.4.1.

But u vanishes in B.(xg), while u(x) = w(C) =+ > 0 when |z| = R
that is u #Z 0 in Q' = Bpg, contradicting the validity of the strong maximum
principle. U

5.4 Strong maximum principle:
Generalized version

Consider the differential inequality
Oz;{aij(x,u)A(|Dul) 0y, u} + B(x,u, Du) <0 (5.4.1)

in a domain © C R"™, where the symmetric coefficient matrix a(z,z) =
la;j(z,2)], i, =1,...,n, is defined and continuously differentiable in €2 x
[0,0"] for some 0’ > 0, and furthermore is such that

M2 < agj(,2)G¢ < A(2)[¢* for all ¢ € R™, (5.4.2)

where A and A are positive and continuous in [0,¢’]. We suppose that
A = A(s) satisfies of (A1)" and (A2) of Section 5.3. Moreover B(z, z,&) €
Lo (2 x RT x R™) is subject to one or the other of the conditions (B1) or
(B2), while f and g verify (F2) and (G2). As in Section 5.3 the function
B(z,z,€) need not be explicitly non-decreasing in the variable z.

For simplicity, in the sequel we can assume without loss of generality
that § < ¢'.
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Theorem 5.4.1 (Strong maximum principle). Suppose that

i sA'(s)

im A(s) =c> -1 (5.4.3)

and, when ¢ # 0, assume also that the positive definite matriz [a;;] satisfies
(5.4.2) and

\/ MOV ), e =2 Cﬂj” e (5.4.4)
Let (B1) and (F2) be satisfied. For the strong mazimum principle 1
to be valid for (5.4.1) it is sufficient that either f =0 in [0,d], d > 0, or
that (1.1.5) holds.
Assume (B2) and (G2). For the strong mazimum principle to hold for
(5.4.1) it is necessary that either g = 0 in [0,d], d > 0, or that (5.3.2) is
satisfied.

Proof. Sufficiency. As in the proof of Theorem 5.3.1, we apply the Hopf
comparison technique. Assume, contrary to the validity of the strong max-
imum principle, that there is a non-negative solution u € C1(Q) of (5.4.1)
which vanishes at some point, but is not identically zero. As in the proof
of the Hopf Maximum Principle, Section 4.5.6, there is a ball Bg,, with
Ry <1 and closure in {2, such that v > 0 in Bg, and © = 0 at some point
y € 0BRr, N Qo, where Qp={zx€Q:u(z)=0}. Clearly u(y)=|Du(y)|=0.

By Bpgr we denote any ball of radius R < Ry which is tangent at y to
0Bpg. To begin with we take Ry < Ry so small that v < § and |Du| <1 in
Bpgr, R < R;. Hence, for any fixed R < Ry, by (B1) we have

Oz {aij(z,u) A(|Dul) 0y, u} — k®(|Dul) — f(u) <0 in Bg. (5.4.5)
We now construct an appropriate comparison function v. Define
a(x) = [ai;(z)] = [ai; (2, u(z))],

obviously continuously differentiable in 2. Define Er to be the annular
region Br \ Br/s. Let a be a constant such that

|0z, Gij(2)| <

IThe definition of the strong maximum principle is given in the first paragraph before
Theorem 1.1.1.
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for all € ER. Clearly such a constant exists since |Du| < 1 and Epg is
a pre-compact subset of ). Letting xy denote the center of Bg, we define
z=(x —xg)/r, r = |x — xo|. It is then easy to see that in Eg,

X R ai;(x
Oz, (ij(x)2j) = [On; ai5(2)]25 + ]7? ) (0ij — zizj) -
Without loss of generality we assume that A(0) < 1. Introduce
A =min{A(u(z)) : * € Br}, A = max{A(u(x)) : = € Bg}.

Hence from (5.4.2), with ¢ = z,

n

-1
|0z, (G5(2)25)] < o+ . A for all z € ER. (5.4.6)

Put
b= nA+a+k o1
A

of course k = k(R) is uniformly bounded for all R < R;.

Also let mingp,, , = m’ > 0 and choose m < m' < §. Of course m’
itself depends on R.

As comparison function v we take the radial solution v = v(r), r =
|z — x0|, given by Lemma 4.2.3 in the space dimension k rather than n and
with f replaced by f/A. That is, v satisfies

PP )) + T f0)/A=0,  v>0
in (R/2,R). Now we can carry out the principal calculation, with z =
(x — o)/,
0o {aij(2) A(| Dvl) 0z, v} — £®(|Dv]) — f(v)

= —a; ()22 [(|0'])) = Oa, {aij(2)2;} 2(|V']) — £ (J0']) — f(v)

> —auy(w)as { el + 70 =0
in Eg for all R < R;.

Clearly [, ds/H '(F(s)/)\) = oo by Lemma 4.1.2 and (1.1.5). There-

fore the final part of Lemma 4.2.3 can be applied to the comparison function
v. In summary, v is a non-negative solution of

O, {4 () A(IDv])y, 0} — v®(Do]) — f(v) 20 in Bp, R< R,
(5.4.7)
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such that
v(R)=0, wv(R/2)=m; J,v<0 ondBgr, v <0 inEg. (54.8)

We shall apply Theorem 3.6.5 to the solutions u and v of (5.4.5) and
(5.4.7) in Egr. In making this application it is convenient to write these
inequalities in the form

divA(z, Du) + B(u, Du) > 0, divA(z, Dv) + B(v, Dv) <0, (5.4.9)

where A = A(z,€) is the vector function A(l€])a(z)§ and B(z,€) =
—k®(|€])— f(z). To begin with we verify the ellipticity of A(x, &) in Egrx P,
with

P={¢:0<|{ <7}

and 7 remaining to be determined.

To this end we observe that by virtue of (5.4.4) there exists p =
u(c) > 1 such that

VA0)/M0) < 1 < ¢(c).

Therefore, since u is continuous in €2, there exists Ry < Ry so small that
VA< 1 in Bp (5.4.10)

for all R < R5.
Let dy, dy be defined by ¢(dy) = ¢(de) = p, diy < 0 < do (see
Figure 1). By (5.4.3) there exists 7 = 7(c) € (0, 1] so small that

=, Sﬁ(s) € (d1,dl,
B sA'(s)
0= 22, "y <o)
In turn,
min{¢(c1), ¢p(ca)} > p. (5.4.11)

This being shown, let 7 be the number just determined and R < R,.
Then by (5.4.10) and (5.4.11) the condition (2.4.7) in Proposition 2.4.4
is verified, with ¢;, ¢y as above. Hence the matrix [9¢ A(x,€)] is positive
definite in Ep x P; that is A is elliptic in Er x P, as required.
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2 O

Figure 5.1: Determination of d; and d.

By (4.2.4) in Proposition 4.2.1 we can take the value m in (5.4.8) even
smaller, if necessary, so that

0<|Dvl<T in Fg, (5.4.12)

see (5.4.8) for the first inequality.

For the application of Theorem 3.6.5 it is next necessary to check that
the principal hypotheses (i)—(ii) in Section 3.5 are verified for A and B,
with P = {£ : 0 < |£] < 7}. But these follow directly from (A1)’ and
(A2).

From (5.4.12) moreover we see that u and v are solutions of (5.4.9)
respectively in the sets (Eg)y, (ER)y (recall 7 < 1).

It remains to verify the further assumptions of Theorem 3.6.5. In
particular, by (F2) the function —k®(|€|) — f(z) is non-increasing in the
variable z in the solution range [0,0), while by (A1)’ it is locally Lipschitz
continuous when £ is in P. Finally, by (5.4.12) it is evident that (Er), =
Ep.

Because u > v on 0FR, it follows from Theorem 3.6.5 that « > v in
Egr. In particular 0 = d,u(y) < dpv(y) < 0, which is a contradiction. The
sufficiency part of the theorem is therefore proved.
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Necessity. For each z¢ € Q we shall exhibit a subdomain €', with 2o € €/,
and a solution u of (5.4.1) in €’ such that u(xg) = 0 but u # 0 in . The
assumption to be made for this purpose is that (B2) and (G2) hold, with
g(z) > 0 for z > 0, together with the negation of (5.3.2), namely (5.3.5)
holds.

Thus fix g €  and let Bg be a ball centered at xg with closure in
Q. Put A = max_¢[9,5) A(2), and let a > 0 be such that

|0z, aij(z,u(z))| < a (5.4.13)

when z € Br, 0 < u(z) <6 and |Du(z)| < 1. Clearly such a value o can
be found in view of the given differentiability of [a;;]. In turn (5.4.6) holds
in Bgr. Define

o= [nA+ (a+r)R],

where x is given by (B2).

Let C, be given by (4.4.1), with F' replaced by G. Then choose C <
min{ R, C,}, also so small that H~1(G()) < 1, where the parameter v =
v(C) > 0 is defined in Lemma 4.4.1. Put ¢ = R — C and consider the
function w given by Lemma 4.4.1 corresponding to the given value o. For
x € Bpr we define the radial function u(r) = w(r — ¢) when r € [e, R],
r = |x — x|, and extend u as a non-negative C'! function to all of Bg
by putting u = 0 for 0 < r < e. Then |[Du| = v/ < 1 in Bgr by (ii) of
Lemma 4.4.1.

We now carry out the main calculation, with z = (z — ) /7,

O, {aij(z,u(z))A(|Dul)8y,u} + B(z,u(z), Du(z))
< Oy, {aij(z, u(2))A(|Dul)dy,u} + k(W) — g(u) by (B2)

< aij(z,u(x))ziz; [@(u)] + (04 +r+A" ; 1> ®(u') = g(u) (5.4.14)

< Aog(u) + (a—i— K —i—An ; 1> (r—e)og(u) — g(u)

< {olnA + (a + K)R] — 1}g(u) = 0;

in obtaining (5.4.14) we use (5.4.6), together with (iii) and (iv) of Lemma
4.4.1.

But u vanishes in B.(zg), while u(z) = w(C) = v > 0 when |z —xz¢| =
R, that is u £ 0 in ' = Bpg, contradicting the validity of the strong
maximum principle. U
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It is exactly in the application of Proposition 3.6.5 at the end of the
proof of sufficiency that the strengthened condition (A1)’ is needed.

There is also a maximum principle for the converse differential in-
equality

0z;{aij(x,u)A(|Du|)0y,u} + B(x,u, Du) > 0, u >0, (5.4.15)

in Q C R™, which can be obtained as an immediate consequence of Theo-
rem 5.4.1.

Theorem 5.4.2 (Strong Maximum Principle). Suppose that (5.4.3) holds,
and that (B2) applies with g(z) > 0 for z € [0,6). Let § < § be such that

sup /A(2)/\(z) < ¢(c) (5.4.16)

z€[0,0)

(when ¢ = 0 we can take 6 = 0).
If u is a non-negative solution of (5.4.15) in Q, then u cannot attain
a mazimum value M € [0,9) in the interior of Q, unless u = M.

Proof. Suppose u reaches a maximum value M in [0, ) in Q. Define u(z) =
M — u(z). Then u is non-negative and obeys the inequality

Oz;{aij(x, M — u)A(|Dul|)0y;u} — k®(|Dul) <0
at all points of  where |Du| < 1. This has exactly the form (5.4.1) with

B(IE, 275) = —H(I)(‘E'D

That is, (B1), (F2) hold with f(z) = 0.

We can therefore apply Theorem 5.4.1 to the (non-negative) solution
u, provided (5.4.4) applies with A(0), A(0) replaced by A(M), A(M). But
this is a consequence of (5.4.16), as required. Hence the strong maximum

principle Theorem 5.4.1 applies to u, and we get u = 0 in €, i.e., u = M
in Q. O

Corollary 5.4.3 (Strong Maximum Principle). Suppose that (5.4.3) holds,
and that (B2) applies with g(z) > 0 for z € [0,6). Suppose the matriz |a
is independent of u and

VA/A < (e).

If u is a non-negative solution of (5.4.15) in Q, then u cannot attain
a mazimum value M € [0,0) in the interior of Q, unless u = M.
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This result is closely related to Theorem 3.7.4 in the case b = 0.
Theorem 5.4.1 implies as well a necessary and sufficient criterium for the
validity of the strong maximum principle.

Corollary 5.4.4. Assume (B1), (B2), (F2), (G2), (5.4.3) and, when ¢ # 0,
also (5.4.4). Suppose that there exists v € (0,1] such that g(z) > vf(z) >0
for z € (0,9). Then the strong mazimum principle is valid for (5.4.1) if
and only if either f =0 in [0,d], d > 0, or (1.1.5) holds.

Remarks
1. When ¢ # 0 in (5.4.3) and

AO)  2+4+c+2V1+ec
¢Aw)> ¥ (5.4.17)

in Theorem 5.4.1, the proof given above fails, since by Theorem 1.3
of [20] the matrix [0k, A;(z,€)] can be indefinite for some directions ¢
of the vector Du and for some points x € €. Of course exactly such
points and directions occur when the normal at the tangent point
x = xg is a direction v. Thus the proof of Theorem 5.4.1 fails in this
case, since xg could be any point in 2 and the normal could have
any direction v, depending on the particular outcome of the Hopf
construction.

2. It is an open question whether Theorem 5.4.1 itself fails when (5.4.17)
is valid. We have not been able to find a counterexample for such
cases, though it may be conjectured that the condition (5.4.4) is in
fact necessary.

3. Condition (5.4.4) is automatically valid if a(x, 0) is a positive multiple
of the identity. Indeed, if a;;(x,u) = a(z,u)d;;, where a : @ x Rf —
R™ is of class C*, then the differential operator in (5.4.1) has the form

div{a(z,u)A(|Du|)Du}.

For this special case, Theorem 5.4.1 continues to hold without the help
of (5.4.4), since A(0)/A(0) = 1 and so d¢ A(x,€) is positive definite
without further argument.

4. Condition (5.4.3) applies to the p-Laplace operator A(s) = sP=2, p >
1, with ¢ = p — 2. In this case, when ¢ # 0, namely when p # 2, the
condition (5.4.4) takes the explicit form

\/A<o> pHvp—1

7(0) b (5.4.18)
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5. The validity of Theorem 5.4.1 can obviously be asserted if the dif-
ferential inequality (5.4.1) is assumed to be elliptic for all arguments
(z,u, Du) € Q x R x R™ such that 0 < u < ¢, 0 < |Du| < ¢ for some
e>0.

If ¢ = 0 in (5.4.3), as occurs for example when A(s) = 1, i.e., for
the Laplace operator, or when A(s) = 1/v/1 + s2, i.e., the mean curvature
operator, then condition (5.4.4) is empty and so Theorem 5.4.1 is correct
even with no additional conditions on [a,;] outside of positive definiteness
and regularity! This yields

Theorem 5.4.5. Assume (B1), (F2). Then the strong mazimum principle
is valid for the mean curvature type differential inequality

9. {aij (2,1)0,,u

1+ |Duf? } + B(x,u, Du) <0, u>0 in ©(5.4.19)
u

if either f =0 in [0,d], d > 0, or (1.1.5) is satisfied.

Assume (B2), (G2). For the strong mazimum principle to hold for
(5.4.19) it is necessary that either g = 0 for u € [0,d], d > 0, or that
(5.3.2) holds.

Here it is worth noting that (5.4.19) is not elliptic exactly at points where

2Vt ~ A(u)
P> e T

Example: the linear case. Consider the linear inequality
Oz {aij ()0, u} + bi(2)0p,u + c(x)u <0, u >0, (5.4.20)

for z € Q, where the matrix [a;;] is continuously differentiable and satisfies
(5.4.2) with A, A, independent of z while b;, c € C'(Q2) for all i =1,...,n.
This is the special case of (5.4.1) where A(s) = 1, B(x,z,&) = b;(z)& +
¢(z)z. Here we can apply the result of Theorem 5.4.1, assuming also that
b;(z) and ¢(x) are locally bounded. By slightly shrinking the domain §2 we
can then suppose that

Kk = maxsup |b;(z)| < oo, d= —igf {c(z), 0} < 0.
iQ

Moreover define f(z) = dz. Then ®(s) = s, H 1(s) = v/2s and F(2) =
dz%/2, so that (B1) and (1.1.5) hold as required; here ¢ = 0 in (5.4.3).
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This gives the strong maximum principle for (5.4.20), closely related to the
classical Theorem 2.1.2 of E. Hopf. Indeed, the strong maximum principle
for C? solutions of (5.4.20) is an immediate consequence of Theorem 2.1.2,
while conversely the strong maximum principle for C' weak solutions of
(2.1.1), written in the form (5.4.20), follows at once from Theorem 5.4.1.

These comments moreover lead us to expect that the proof of The-
orem 5.4.1 can be simplified for the special linear case. In fact, the proof
of Theorem 5.4.1 suggests that the required comparison function v can
be obtained for the linear case by exhibiting an explicit solution of the
inequality

k dv

v+ — >0, v <0
T A

(since ®(s) = s in the present linear case). A natural choice for v is
v(r) = al(R/r)” —1], R/2 <r <R, (5.4.21)

where ¥ and R are to be determined. Then v'(r) < 0 and a short calculation
gives

ko, dv R\"((0+1)—k) dv W+1)—k d
" !
_ — - > — .
ST ‘“9<r> { r? } A—O‘{ R? A
This will be > 0 provided that

Ak(2k — 1)

9=2k—1 2
, R d

IN

Thus the rational comparison function (5.4.21) can be used for the linear
inequality (5.4.20), alternative to the standard exponential function
—aR2)

2
v(r)=e(e™® —e ,

see page 148 of [46], or page 34 of [43].

5.5 A boundary point lemma

Equation (5.4.1) also has a corresponding boundary point lemma. Remark-
ably, in contrast with Hopf’s boundary point lemma, the basic equation
need not be uniformly elliptic, this ultimately being due to the strong result
of Lemma, 4.2.3.
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Theorem 5.5.1 (Boundary Point Lemma). Assume (5.4.3) and when ¢ # 0
also (5.4.4). Suppose that (B1), (F2) hold and that either f = 0 in [0,d],
d >0, or that (1.1.5) is satisfied.

Let u be a C1 solution of (5.4.1) in Q, with u > 0 in Q and u(y) =0,
where y € 0. If Q satisfies an interior sphere condition aty, then d,u < 0
at y.

Proof. By the interior sphere condition there exists an open ball B =
Bpr(zg) C Q with y € 9Bg. If R is suitably small, then there exists, exactly
as in the proof of the sufficiency of Theorem 5.4.1, a comparison function
v in the annular region Er = Bpg \ B, 2. Continuing as in the proof of
Theorem 5.4.1 it follows that v > v in Er, which immediately supplies the
conclusion dpu(y) <d,v(y)=v"(R)<O0. O

There is also a boundary point lemma corresponding to Theorem 5.4.2.

Theorem 5.5.2. Assume that the hypotheses of Theorem 5.4.2 are satisfied.
Let u be a C' solution of (5.4.15) in Q, with 0 < uw < M in Q and
u(y) = M, where y € 0Q. If M € [0,9) and S satisfies an interior sphere
condition at y, then dyu > 0 at y.

The proof is essentially the same as for Theorem 5.5.1, but using the trans-
formation v = M — u as in Theorem 5.4.2.

5.6 Compact support principle:
Generalized version

Here we consider the converse inequality
Oz;{0ij(x)A(|Dul) 0y, u} + B(x,u, Du) > 0, (5.6.1)

the domain € being an exterior set, say with Q D Qg = {zx € Q : |z| > R}.
Conditions (A1), (A2) and (5.4.2) are assumed to be valid, as for the
Strong Maximum Principle, along with one or the other of conditions (B1),
(B2), (F1), (F2) of Section 5.3.

Here we restrict the matrix [a;;] to depend only on z, with the co-
efficients a,;(x) having uniformly bounded derivatives in Q. The functions
A and A in (5.4.2) are now purely positive constants. (A corresponding
boundedness condition on the derivatives of a;; is unneeded for the Strong
Maximum Principle because the arguments there are purely local. Note
also that the functions A, A in (5.4.2) are now simply positive constants.)
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Theorem 5.6.1 (Compact Support Principle?). If (B1) and (F2) are sat-
isfied, with f(z) > 0 for z > 0, then for the compact support principle to
hold for (5.6.1) it is necessary that (1.1.7) be valid.

On the other hand, assume (5.4.3), and when ¢ # 0 that

VA/A< 6(e).

Then for the compact support principle to hold for (5.6.1) it is sufficient
that (B2) and (G2) are satisfied, with g(z) > 0 for z >0 and

ds

Gy < (5.6.2)

Proof. Necessity. Here it will be enough to show the existence of a (radial)
solution u = u(r) of the following problem in the exterior domain Qp,

{8wi{a,~j(x)A(|Du|)8wju} + B(xz,u, Du) >0, in Qg, (5.6.3)

u(R)=m, u(r) —0 asr— oo; u>0, u <0 inQg,

where (B1) and (F2) hold, with f(z) > 0 for z > 0, and also, by negation,
condition (1.1.5) is satisfied.

To this end, as in the proof of sufficiency for the Strong Maximum
Principle, it is enough to consider the equation

1 —1
@) + (oz—I—/-@—l—nT A> B(u') — f&“) ~0,
0<u<é, -1<d' <0,

where o = sup,¢q |0z, a;;(x)|. That is, the problem becomes

[a(r)®(u)) = (r) f(u) =0, in[R,o0),
u(R) = m, u(r) — 0 asr— oo, (5.6.4)
u >0, —1<u' <0 in Qg,

where ’ = d/dr and §, f are given by
G(r) = r(nmDATA LN f ) = f(u) /A

Of course, f(u) continues to obey (1.1.7), by Lemma 4.1.2.

2For the definition of the compact support principle, see the first paragraph before
Theorem 1.1.2.
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The required solution can now be constructed (for m < d) exactly as

in the proof of Theorem 4.3.1, with only the change that q¢(r) = 7"~ ! is

replaced by the new function §(r), and f(u) by f(u). In particular, we can
guarantee |u’| < 1 by using (4.2.4) and taking m suitably small. Moreover,
one gets u(r) — £ =0 as r — oo by the argument at the end of the proof
of Theorem 4.3.1, but with the ratio r/(r + 1) replaced by

~ n—1)A/A
Qr) _ ~tatm/n ( r >( m
g(r+1) r+1

This approaches the positive limit e~ (*T%)A/X a5 1 — o0, which gives £ = 0
and completes the proof of necessity.

Sufficiency. The basic method of proof is taken from Theorem 2’ of [84],
with a number of modifications.

Consider a solution u € C(Q) of the inequality (5.4.15) in an exterior
domain €, with u(z) — 0 as |z| — co. Under the conditions (B2), (G2) it
is required to show that u« has compact support in €.

As before, put o = sup,¢q |0z, ai;(x)| and define

o= (An+a+r)""

With the help of the End Point Lemma 4.4.1, with F' replaced by G,
we can now construct an appropriate radial comparison function v = v(r).
Let C be chosen and fixed so that

C < min{l,C,}, H Y (G(y)) <, v =7(c) <0,

where 7 = 7(c) is given in the proof of Theorem 5.4.1.
For any R > 0 define

v(r)=w(R+C —r), R<r<R+C, r=|x|,

where w is given by (4.4.2), corresponding to the constants o and C. By
(i) of Lemma 4.4.1,

v(R) =w(C) =, |Dv| < . (5.6.5)
Moreover v'(r) < 0 for R<r < R+ C and v(R+ C) = v (R+C) = 0.

We can thus suppose that v is extended to all » > R by taking v(r) =0
forr >R+ C.
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To check that v has the required property of an upper comparison
function, we see from Lemma 4.4.1 that in the annulus £ = {x € R" :
R<|z| < R+ C},

Ozl{am A(|Dv|)0x v} + k®(|Dvl|) — g(v)
< as(@) P R0 + (at et n” 1) o) - g0
< lo(An -+ o+ ) ~ 1g(v) <0

the steps in this calculation are essentially the same as those previously
used to derive (5.4.14). In summary, we have

O, {aij () A(|Dv|)0y,v} + £®(|Dvl]) — g(v) <0 (5.6.6)

in Qrp. Herev=0forr > R+ C, whilev >0, -7 <9 <0for R<r <
R+ C.
Let R be so large that Qg CC 2 and

0<u<y(<9) in Q. (5.6.7)

Put M = max|,=pg4c u(x). Then, since u(x) — 0 as [x] — oo, we see from
Corollary 5.4.3 that v« < M in Qgryco. If M = 0 we are done. We thus
assume for contradiction that M > 0, in which case necessarily u < M in
Qpr+c by Corollary 5.4.3.

Let the maximum value M of u(x), |z|] = R+ C, be reached at y.
Then, since Qp+c obviously satisfies an interior sphere condition at y, the
Boundary Point Theorem 5.5.2 applies in Qg4+ ¢. Hence d,u > 0 at y.

Our purpose is now to apply the comparison Theorem 3.6.5 in the set
E. To this end, we observe first, by (B2) and the fact that 7 < 1, that u is
a solution of

O, {aij () A(|Dul)8,,u} + £®(|Dul) — g(u) > 0, (5.6.8)

in B, ={z € E : |Du(z)| € P}, where P = {£€ e R" : 0 < |§| < 7}.
Similarly v is a solution of (5.6.6) in E = E,, since Dv € P when z € E.

As in the proof of Theorem 5.4.1 the operator A(&) = a(x)A(|€])€ is
elliptic in 2 x P, while of course conditions (i), (ii) of Section 3.5 continue
to hold.

Since by (5.6.5) and (5.6.7) we have u < v+ M on JF, it follows that
u<v+M in E. Thus d,u < d,v = 0 at y. This contradicts the previously
established relation d,u > 0 at y. O
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Corollary 5.6.2. Assume (B1), (B2), (F2), (G2), (5.4.3), and when ¢ # 0
also (5.4.4). Suppose that there exists v € (0,1] such that g(z) > vf(z) >0
for z > 0. Then the compact support principle is valid for (5.6.1) if and
only if (1.1.7) holds.

Remarks. It is clear from the proof of the necessity part of the Com-
pact Support Principle Theorem 5.6.1 that the matrix [a;;] in this case
can depend on z as well as x, since the solution u considered there, to-
gether with its gradient, is a priori bounded, see (5.6.4). That is a =
SUP ey [(Or,aij(2, u()))j_,| is still finite.

It is an open problem whether the sufficiency of the Compact Support

Principle for (5.6.1) remains valid when the matrix [a,;] is also allowed to
depend on the solution variable z.

The following counterexample [84] shows the importance of the bounded-
ness condition (B2). Consider the inequality

Apu+ [Dul™ —u® >0, u>0, p>1, q, g > 0. (5.6.9)

Clearly (5.4.3) holds with ¢ = p — 2, and conditions (5.6.2) and (B2) are
satisfied if and only if g; > p — 1 and g3 < p — 1. The compact support
principle then holds for (5.6.9). On the other hand, for any ¢; € (0,p — 1)
we can take ¢; < gz < p—1. One easily checks that (5.6.9) then has positive
solutions u(x) = const. |x| ™" on Qg for k and R suitably large. Hence the
compact support principle fails even though condition (5.6.2) is fulfilled!

The case ¢ = 0 in (5.4.3) can be treated exactly as in Section 5.4,
leading to the following result for the mean curvature type inequality.

Theorem 5.6.3. Assume (B2) and (G2) are satisfied, with g(z) > 0 for
z >0, and that (5.6.2) holds. Then the compact support principle is valid
for the mean curvature type differential inequality

o, { \c% (i’)'DJ TQ } — B(z,u,Du) >0,  inQ. (5.6.10)
u

On the other hand, if (B2) and (F2) are valid, with f(z) > 0 for z > 0,
then for the compact support principle to hold for (5.6.10) it is necessary
that (1.1.7) be satisfied.
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Notes

The background and literature for Theorem 1.1.1 is fairly complicated and
deserves a number of comments.

The necessity of (1.1.5) for the case of the Laplace operator is due
to Benilan, Brezis and Crandall [10], while for the p-Laplacian it is due to
Vazquez [113]. In these cases (1.1.5) reduces respectively to

ds_ oo and / ds =00
ot /F(s) o (PP =%
For general operators satisfying (A1), (A2), necessity is due to Diaz ([28§],
Theorem 1.4).

Sufficiency for the case of the Laplace operator and also for the p-
Laplacian is again due to Vazquez [113], see also [28], [50] and [69]. For
general operators satisfying (A1), (A2), sufficiency was proved in Theo-
rem 1 of [84] under an additional technical assumption, in Theorem 1 of
[79] without the technical assumption and in Theorem 1.1 of [81] with a
simplified proof. For the vectorial case see [36].

The case when f = 0 was studied by Cellina [19] for non-negative
minimizers of the integral [, % (|Du|)dz. An alternative abstract approach
to the strong maximum principle appears in [21].

As in the case of the strong maximum principle it is worth comment-
ing on the background and literature for the compact support principle
Theorem 1.1.2.

Necessity was first shown in Corollary 2 of [84] under an additional
technical assumption as noted above, and in [79], with a proof which is not
at all easy. The proof given in [81] is simpler and at the same time provides
an existence theorem for radial solutions of exterior Dirichlet problems; see
Theorem 4.3.1.

The sufficiency of (1.1.7) is Theorem 2 of [84]. For radially symmetric
solutions of (1.1.6) sufficiency was proved in Proposition 1.3.1 of [39] under
the weaker assumption that F'(z) > 0 for z € (0, 9).

For the generalized versions of the strong maximum principle and the
compact support principle, see [84] and [20]; the proofs here are shortened
and improved. Theorem 5.5.1 includes the Hopf boundary point lemma, to-
gether with extensions to divergence structure inequalities drawn from [94].
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Problems

5.1 Consider the divergence structure operator div (A(|Du|) Du), and sup-
pose the function A = A(s), s > 0, is positive and continuously differ-
entiable and that {sA(s)} > 0 for all s > 0 and sA(s) — 0 as s — 0.
Show that the corresponding non-divergence structure quasilinear op-
erator is elliptic for functions u € C?(Q2) with Du # 0. If moreover A
is positive and continuously differentiable for s > 0 and {sA(s)} > 0
for all s > 0, the corresponding operator is uniformly elliptic for any
function v € C?(Q) with |Du| bounded in .

The conditions (A1) and (A2) in the Introduction are a generalization
for the operator of the standard notion of ellipticity for quasilinear
operators.

5.2 Show that the operators A(s) = sP72, p > 1, A(s) = 1/3/1+ 2
satisfy conditions (Al) and (A2). For what values of the exponents
a and b does A(s) = (1 + s%) satisfy (A1) and (A2)? What are
the corresponding functions ¢, assuming ¢(0) = 0? Find H(s) when
A(s) = (1 + s2)°.

5.3 Verify the conditions given in Section 1.1 for the functions u(x) =
C|z|* and v(z) = L|z|~¢ to satisfy (1.1.10).



Chapter 6

Non-homogeneous
Divergence Structure
Inequalities

6.1 Maximum principles for structured
inequalities

We consider the quasilinear differential inequality
divA(z,u, Du) + B(z,u, Du) > 0 in Q, (6.1.1)

where €2 is a bounded domain in R™, and A and B satisfy the generic
assumptions of Section 3.1. Here we shall extend the validity of The-
orems 3.2.1 and 3.2.2 to the case when (6.1.1) is inhomogeneous, that
is, there are constants as, by, be, a, b > 0 such that for all (z,z,€) €
Q x Rt x R"™ there holds, for p > 1,

<A($727£>>£> > |£‘p - a2zp - ap7

6.1.2
B(l’,z,f) §b1|£‘p_1+b2zp_1+bp—17 ( )

while for p =1,

<A($727€>>€> > |£‘ — a2z — a, B(l’,Z,f) < b (613)
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(in (6.1.3) we write b for by and discard the terms by |€[P~1, BP~1). As in
Section 3.1 the domain {2 is assumed to be bounded. This condition can be
removed if  has finite measure and the boundary condition for |x| — oo
is taken in the form (3.2.12).

The apparently more general situation when the principal term |£|P in
(6.1.2) is replaced by aq|€JP, a; > 0, in fact immediately reduces to (6.1.2)
by rescaling.

In the following results we deal with p-regular solutions, without fur-
ther mention.

Theorem 6.1.1 (Semi-maximum principle). Let u € VV&)CP (Q),p>1, bea

solution of the inequality (6.1.1) in Q, with u < M on 9 for some constant
M > 0. If (6.1.2) holds, then ut € L>(Q) and

w< Clllut |, +k+ (aa” + 0/ P NM]+ M ae inQ, (6.1.4)

where k = a+ b > 0 and the constant C' depends only on p, n, |Q|, by and
az + bg.

(If p =1, then b;/(p_l) is dropped from (6.1.4), k = a and the constant
C depends on n, || and ay + b.)

When p < n an explicit form for the constant C' in Theorem 6.1.1
can be obtained from (6.2.18), (6.2.28) with e = 1, and (6.2.27). The same
holds for p > n, except that (6.2.18) should be replaced by (6.2.24) with
¢ = 1. A similar remark applies to the following results.

Theorem 6.1.2. Theorem 6.1.1 continues to be valid if the coefficients a, b,
as, by and by are functions in the Lebesque spaces:

a, by € LP¥(Q), be LPV¥Q), ay, by € L*(Q),
max{n/p, 1} (6.1.5)

= 1
=" e o)

and (6.1.4) is replaced by
u < Clllut |, + &+ (laz|V? + b2 ||/ P~ D)M] + M,  a.e. inQ, (6.1.6)

where k = ||a + b|| and the constant C now depends also on €.

Here and in the sequel, we understand by ||al|, ||b]l, ||az||, ||b1]] and
|b2|| the norms of a, b, as, by, ba in the respective Lebesque spaces (6.1.5),
or, in the limit case € = 1, the Lebesgque space L>°(1).

(If p = 1 then by and by should be omitted from (6.1.5) while a, b,
ag € LY =9)(Q) and k = ||al|.)
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Theorem 6.1.3 (Maximum principle). Let u € Wflif(Q), p > 1, be a solution
of (6.1.1) in Q, where A and B satisfy (6.1.2) with by = by = 0. Suppose
u < M on 0Q for some constant M > 0. Then ut € L*®(Q) and

ugC(a—l—b—i—a;/pM)—i—M a.e. in €, (6.1.7)

where C' can be taken in the form exp{C(p,n,|Q|)(1 + a2)"} with v =
(n+p)/p? when1<p<n and v =>5/p when p > n.

Theorem 6.1.4 (Maximum principle). Let u € Wl’p(Q), p > 1, be a solution

loc

of (6.1.1) in Q, where A and B satisfy (6.1.2) with ay = ba = 0. Suppose
u < M on 9Q for some constant M > 0. Then ut € L>(Q) and

u<Ca+b)+M a.e. in €, (6.1.8)

where C can be taken in the form exp{C(p,n,|Q|)(1 + by)I+m/P}.

Theorem 6.1.5. Theorems 6.1.3 and 6.1.4 continue to be valid if the coeffi-
cients a, b, as and by are functions in the Lebesgue spaces:

a, by € LPP(Q), be LP~YV5(Q), ay € LP(Q),

1-— f1<p< 6.1.9
1, if p>n,
That is, the estimate (6.1.7) becomes
u < C(llall + bl + [laz]|**M) + M a.e. in Q, (6.1.10)

and similarly (6.1.8) changes into u < C(|la|| + ||b]|) + M.

Note the difference in the Lebesgue spaces allowed for the coefficients
in Theorems 6.1.2 and 6.1.5. In passing we comment that in [43] the spaces
are correctly stated on page 276 for the analogue of Theorem 6.1.5, but
seem to be too weak for Theorem 6.1.2 in the case p > n.

Theorem 6.1.5 applies in particular to the linear elliptic inequality

provided that the coefficients [a;;], b; are bounded, the coefficient ¢ is non-
positive, and f € L(Q2) for some ¢ > n/2. In fact here

B(z,2,€) = bi(2)§; + c(z)z — f(z) < bil€] + |f ()],

when z > 0, so the required hypotheses are satisfied with p = 2.
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For the special case of the p-Laplace inequality
Ayu+ B(z,u, Du) >0, with B(z,2,&) < bi|€P~t + b7 (6.1.11)

the above results can usefully be compared with Theorem 3.7.4, or with
Theorem 2.3.2 if u € C?(2). Indeed, when Q = {z € R" : —R < z1 < R}
and M = 0, Theorem 3.7.4 gives

w@) < (p— 1) Ve D[HUR/-1) _pRY ae.inQ, (6.1.12)

(we have written bP~1 for b to facilitate the comparison). On the other
hand, when €2 = Br we find from Theorem 6.1.4 in the case a = 0,

u(z) < C(p,n, Rb1)bR? a.e. in Bpg. (6.1.13)

The estimate (6.1.12) is considerably better than (6.1.13), but of course
the class of equations covered by Theorem 6.1.4 contains inequalities not
included in Theorem 3.7.4 (and vice versa).

When b; = 0 the explicit solution

u(z) = [n~YEVp/p - (RY —|zfP),  z € Bg,

of (6.1.11) shows that the optimal estimate is u(z) < n=Y/®=Dp RF' /p/.

A second point of comparison can be made with the estimate of
Alexandrov (Theorem 9.1 of [43]). For simplicity, consider the non-homo-
geneous Laplace equation Au + f(z) = 0 in the ball Q = Bg, n > 2, with
u < 0 on Bg. From Theorem 6.1.3 or Theorem 6.1.4, and Theorem 6.1.5,
we see that, for u € VV&{?(BR),

u(r) < C(n,€)R€/2||an/2(1,5)7BR a.e. in Bp.

On the other hand, Theorem 9.1 of [43] for this case states that, for u €
W2’n(BR),
u(z) < C(n,R)||flln,5,  in Brg.

Clearly the first estimate is better for the case in question. On the other
hand, the difference in the range of operators allowed here and in Alexan-
drov’s theory is considerable.

Finally the Lebesgue spaces (6.1.9) are in all probability best possible.
For definiteness, consider the p-Laplace operator with 1 < p < n. One can
check that the function u(z) = [log(1/|z])]”, v > 0, is in WP(B;) and that
u is a solution of the equation A, u+bP~! = 0 with b € /v (B1), provided
only that n > pmax{p —1,1/(p — 1)} and v < [(n — 1)p — n]/(n — 1)p,
while nevertheless u is unbounded as x — 0.
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6.2 Proof of Theorems 6.1.1 and 6.1.2

We begin with two crucial lemmas of independent interest. Their proofs
could be treated in more condensed form, but it seems best here to proceed
at a more deliberate pace.

Lemma 6.2.1. Assume |Q] = 1. Suppose that the functions A and B satisfy
(6.1.2) with 1 < p <n, and let u € Wli)cp(Q) be a p-reqular solution of the
inequality (6.1.1), such that u < 0 on 0S).

Define w =ut + k, where k =a+b>0. Then w € L*>(Q) and

w < C[1+ by + (ag + b)) /P"/P|w]|, a.e. in §;

the constant C = C(p,n) can be taken in the specific form [6(1 4+ S)]"/?,
with S = S(p,n), the Sobolev constant for the embedding from WP ()
into L (), p* = np/(n — p).

Proof. Clearly w >k in Q, w =k on 9, and of course w € W,7(Q).
Step 1. Let £, m be fixed, with k < £ < m (ultimately we take { — k and
m — 00). Define

L [0 if t<e,
w(t)=" J1a—pm, if (<t<m, (6.2.1)
qma~ — (g — 1)m92 — ¢4, if t>m;
o, if t<¥,
u(t) = 1", it (<t<m, (6.2.2)
rm" " — (r —1)m", if t>m,

where g and r are real parameters, with ¢ > 1 and r determined by the
relation

g—1=p(r-1). (6.2.3)

Thus ¥ and v are convex, piecewise smooth except for corners at t = £,
and linear when ¢t > m.

By Lemma 3.1.2 with f = w and ¢’ = k, it is clear that ¢ = ¥ (w)
can serve as a test function for (6.1.1) in 2. In particular by (3.1.5),

/Q(A(a?,u,Du),Dcp) §/Q[B(37,U,Du)]+g0. (6.2.4)
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When w < £ we have ¢ = 0, so that the integrals need be evaluated only
over the set {x € Q : ¢ < w(z) < co}. But in this set necessarily u(z) > 0,
uT = u, and in turn

u=w—k, Du = Dw. (6.2.5)
Also Dy = 9/(w)Dw, so that by (6.1.2) and (6.2.5),

(A(z,u, Du), Do) = ¢'(w) {|Dw|” — axw” — a”}, 6.6
[B(2,u, Du)] T < (w) {by|Dw[P~! 4 bogw? ™' + P11 (6.2.6)

To evaluate the right sides of (6.2.6) we require some preliminary
estimates. First, using the relation (6.2.3) between ¢ and r we have

P(t) = [v'()]",
and
v = [ Werds < wop [ v = opor
Moreover, using (6.2.2) one finds that tv'(t) < rv(t). Putting
v=uv(z) =vow(x),

the terms on the right side of (6.2.6) then have the following estimates:
¥ (w)[Dw|” = ' (w)P| Dwl’ = |Dol?,

U (w)w? = fwv'(w)]P < rfo?,
P(w)w? ™ < w(w)wo' (W)~ < PP,

W (w)| DwlP~t < vfv (w) DwlP~t = v Do’

(6.2.7)

by (6.2.3). This being shown, (6.2.4) now takes the form

/|Dv|p < / b1v|Dv|p_1+rp/(a2+b2+02)vp, (6.2.8)
Q Q Q

where (recalling that w > k)
co = (a/k)P + (b/k)P~1, (co=0if k=0). (6.2.9)

The integrals in (6.2.8) are well defined, since v € WP(Q) by (6.2.2). Of
course k > 0 unless a = b = 0, in which case we can take cy = 0.

This beautiful inequality is the key to the lemma.
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Step 2. We need the following two (sub)lemmas.
Lemma 6.2.2. Let o, $ >0, and p > 1. If 2P < azP~! + 3, then also

z<a+(@B)r, P <aP+pp.
Proof. By Young’s inequality
Pt <P /p+ 2P p.

Hence 2 /p < o /p+/3, and the result follows at once (note that (z-+y)Y/? <
at/P 4yt |

Lemma 6.2.3. We have ||v]|, < oo and (recall |Q] = 1)

[ollp= < SIIDvllp + [[v]lp- (6.2.10)

Proof. Since v = {" near 0%, then ||v — ¢"||,» < S| Dv||, by Sobolev’s
inequality, Theorem 3.9.1. Also ||€"||,« = ||£"||, since |Q2| = 1. Therefore

pr S v — £

lv =+ €1l < SIDollp + €71l

and the lemma now follows since v > ¢ in ). O

Step 3. By Holder’s inequality

/ o[ DuP=t < loll, || Dol / 0P = vl
Q Q

Define

z=Dullp/lvllp=s v =lvllp/lvllp-,
which can be done since ||v|[,+ > £" > 0. Then from the key formula (6.2.8)
there follows, after division by [[v[[?.,

2P < byyP Tt 4 erPy?, (6.2.11)

where ¢ = as + by + 2. To see this we recall that k = a + b; hence by the
definition (6.2.9) of ¢y there holds co < 2 and as + by + ¢ < ¢!

This being shown, from Lemma 6.2.2 we obtain
z < [by 4 (pe)Y/Prly < dry, (6.2.12)

where d = b, + (pe)'/P.

1When p > 2 or when either a or b is 0, one can take ¢ = a2 + b2 + 1.
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Inequality (6.2.10) can be rewritten in the form
1< Sz +y. (6.2.13)

Consequently, by (6.2.12) we get 1 < (1+ Sdr)y. In turn, using the defini-
tion of y, there results

lv]lp= < (14 Sdr)|jv]|,. (6.2.14)

The left-hand side of (6.2.14) A
where I' = {z € Q : k < w(x) < m}; while on the right the term ||v||, can
be replaced by the larger one ||w||},. + (€7 — k") (since v < w" + (£ — k")
and |Q = 1). We can now let £ — k, m — oo in this modified version of
(6.2.14), yielding (since I' /" )

[wllwpr < (EP)Y"fwllpr; & =p*/p=n/(n=p), K =1+ 5d(6.2.15)

provided however that w € LP"(Q2).

We assert that in fact w is in LP"(Q2) for all » > 1. This obviously holds
for r = 1 since the boundary condition for w implies that w is bounded
near d9. Using (6.2.15), an induction argument then proves the assertion.
The remarkable inequality (6.2.15) was (in essence) first discovered in the
linear homogeneous case by Moser [62].

Step 4. Taking first r = 1 in (6.2.15), we get

[wllpe = [lwllp+ < Kllw]p.
Next, take r = p*/p = k so that
[wllprz < (Kr)Y " [wllpe < (Kr)VEK Jwll, = K5V wl,,

Continuing in this way, with 7 successively equal to &, 2, etc., we get

[wllprs < K 57 |[w]],, (6.2.16)
where
Jj—1 1 / / j—1 ;
Z:EJ:ZZO TR :Ea‘:;m- (6.2.17)

The series ¥ converges to £/(k — 1) = n/p as j — oo. Similarly the series
¥ converges to k/(k — 1)% = n(n — p)/p>.
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Thus letting j — oo in (6.2.16) gives

n(n—p)/p>
Jwlloo < K7 (" ]|
oo = n—op P

(n-p)/p /P (6.2.18)
p . .
(1+,7) K] ol

n—p

< (Ke)™/P[|wllp.
Here, for the record,

K =1+ 8d=1+ S[b; + (pc)*/?] (6.2.19)
=1+ S[by + p'/P(ag + by + 2)V/7]. O

Remark. The proof of Lemma 6.2.1 follows closely the proof of Theorem 1
of [92], with however significant improvements and clarifications of the
required calculations.

The special linear case of Lemma 6.2.1 is due to Stampacchia and
Maz’ya. The corresponding treatment of this case by Gilbarg and Trudinger
[43], Theorems 8.15 and 10.9, is perhaps more concise than necessary.

If one is concerned only with the case p < n and constant values for
the coefficients as, ..., b, one can omit the following rather difficult lemma.

Lemma 6.2.4. Let the hypotheses of Lemma 6.2.1 be satisfied for p > 1,
and assume that the coefficients in (6.1.2) are functions in the respective
Lebesgue spaces (6.1.5).

Let k = |la|| + ||b]|. Then w=u* +k € L>®(Q) and
w < O[L+ [[baf| + llaz + 02|77 |uw]],, (6.2.20)

where the constant C' can be taken in the form [6(1+S5)]”, with S = S(s.,n)
and

2np

=4 ) >n.
ne + 2p’ v /e ifp>n

S« =p, v=mnlep if p<n; Sy =

We recall that by ||a||, ||b]|, ||b1]] and ||ag + ba|| we mean the norms
of a, b, by, as + by in the respective Lebesgue spaces (6.1.5). Note that the
constant C' can be quite large.
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Proof. We follow the proof of Lemma 6.2.1 but now with the coefficients
of (6.1.2) in the respective spaces (6.1.5), and with k = ||a|| + ||b||. For
simplicity, the argument will be given in detail only for the case p > 1.

Step 1'. With ¢ and v defined as in the proof of Lemma 6.2.1, and pro-
ceeding exactly as before, we obtain again the inequality (6.2.8). Step 2 is
next replaced by

Step 2'. Two further lemmas.

Sublemma 1. Suppose Z{ vi/pi = 1. Then

AMM

This is a consequence of Holder’s inequality, though seems not to be
explicitly stated in the literature.

"< TIH || £

Sublemma 2. Let 0 =1 and s =p* =pn/(n—p) if 1 <p <n, while § =2
and s =2p/e if p > n. Then

1fwww%1§wﬂmmmNMM*”Mn%*,
AW+MW§Mﬁmmmwﬂww*@
/wwgwamwmwww%

Q
_ -1 _
[ 708 < 0l ol ol =),

Proof. When p < n the first line is a direct consequence of Sublemma 1
applied to the four-fold product b1v€/901_€/9|Dv\p_1. The remaining in-
equalities for p < n follow in the same way.

When p > n,onehasa =1/(1—¢), 0 = 2, s = 2p/e. Then for the first
line we use Sublemma 1 with the five-fold product byv®/%v'=¢/¢| Dy[P~1 . 1
and the exponent relation

1+€+1_€/0+p_1+1=1, 5:4p'
pa  pb s P 0 g2

Since |©2| = 1 the extra term ||1]|5 in the Holder product in fact does not
explicitly appear. The remaining inequalities follow in the same way, with
however § = 4/£2 in these cases. g
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From the last three inequalities of the lemma and the fact that k =
|la|l + ||b|| we obtain

/ (az + bz + c2)o” < (Jlag + ba|| + 2)|oll5=/ o |24 =/7. (6.2.21)
Q

Step 3'. Set
z=||Dvllp/llvlls,  y=lvlp/llvls,

where the value of the parameter s is given in Sublemma 2. Then from
(6.2.8) we find, using the first inequality of Sublemma 2 together with
(6.2.21), that (see (6.2.11))

2P < by O 4 erPyrel?,

where ¢ = [|az + ba|| + 2.
The rest of the proof is essentially the same as before, with however
(6.2.12) being replaced by

2 < {Jbal + (o) Pryy

Using Lemma 6.2.3 with p* replaced by s, and so also S(p,n) replaced by
S = S(s«,n), see Theorem 3.9.2, then gives in place of (6.2.13),

1< Sdry*/? + 4,

with d = ||b]| + (pc)'/?. In turn, from Lemma 6.2.2 in the case z = 1 and
exponent 6/e (> 1), one gets

1 < [(Sdr)?c 4 6 /¢)y.
It now follows that, see (6.2.14),
lolls < (Br)°%v]l,,

where - - -
K = (/)% + Sd < e'/¢ 4 Sd.

Reverting to the variable w we get
[wllpr < (KT)Q/ETHWHPW K= s/p. (6.2.22)

Remark. For the case p = 1, where by = 0 and b2 is replaced by b, the
calculation is slightly simpler. We can then take K = e'/°+5(|lag+b] +1),
or,ife=1,even K =1+ S(az +b+1).
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Step 4'. The proof is now concluded by iteration, as in the case of Lemma
6.2.1. In fact, when p < n we have § = 1, Kk = n/p* = n/(n — p), so the
same calculation used in the derivation of of (6.2.18) gives now

[w]loe < (Ke)™P|w]|, (6.2.23)

with K = e'/¢ 4+ S[||by|| +p'/?(||ag + ba|| +2)/P]. When p > n the situation
is slightly different. In this case § = 2 and s = 2p/e, so that k = s/p = 2/e.
The main series ¥ and ¥’ then converge respectively to 2/(2 —¢) (< 2) and
2¢/(2 — €)% (< 2). Thus we find

lwllse < (KZ)2[(2/6)% 125 wll, < (Ke¥*)*<|w],  (6.2.24)

because (2/e)%/2 < (2/e)° < e?/¢.

The conclusions (6.2.23) for 1 < p < n and (6.2.24) for p > n can be
combined to give (6.2.20) with the constant C' = [6(1+5)]”. This completes
the proof. O

Proof of Theorem 6.1.2. Step 1. Consider first the case

M=0 |Q=1  p>L1 (6.2.25)
Take k = ||a|| + ||0]| and w = u™ + k. Then by Lemma 6.2.4 we have
w < Const. ||wl[p, (6.2.26)

where the constant depends on p, n, e, |Q], ||b1||, ||az + b2||- Therefore
u < Const.(||[u'], + k),

which gives (6.1.4) for the case (6.2.25).

Step 2. When M > 0, p > 1 we first define & = u — M, so that o < 0
on 0. Furthermore @ satisfies (6.1.1) with the coefficients as, b, a, b in
(6.1.2) respectively replaced by

az = 2P~ 1gy, a=a + 21/17’3%/11]1\;_[7 (6.2.27)
by = 2P by, b=2P (b+0b/ """ M).
Proof. We treat the case of as and a, leaving by and b to the reader. First,
asf = az (@ + M)P < 207 lay(a@P + MP).
Thus G, = 2P~ tay, and
@ = a” + 2" LayMP < (a+ 27 a/PM)P,
as required by (6.2.27). O



6.3. Proof of Theorem 6.1.3 and the first part of Theorem 6.1.5 139

Now take k = ||@|| + ||b||. Then @ = @t + k obeys (6.2.26) with the

constant depending on p, n, €, ||b1|, ||z + b2||, that is, on p, n, e, ||b1]],
|las + b2]|. The conclusion of Theorem 6.1.2 is thus proved subject to the
condition |Q] =1, p > 1.
Step 3. The general case || # 1 is obtained by a change of scale x = Rz,
with R = |Q|"/" so that |Q| = 1. In the new scale A = R~'A and B = B,
or equivalently A = RP~'A, B = RPB. In turn a, b, by, ay, by in (6.1.2)
are replaced in the new scale by

Q1 a, QP Q1Y QP My, QP s,

while the norms |[la||, ||b]|, ||b1]] and |laz + b2|| are correspondingly re-
placed by

Q7 Mall, (20l (27 1oull, (2P ag + bell,

11 ot (6.2.28)
v=_ - =(1—€)[p n] +5,
n  pa pn n

with « defined in (6.1.5).

Step 4. Finally, if p = 1 then by, by are dropped from (6.2.28), while b is
replaced by |Q|'/™b and ||b|| by |Q|/™||b||. Moreover, since b replaces by and
bP~ 1 is discarded, we take k = ||a|| with the constant C in (6.1.4) depending
on n, g, |Q|, ||az + b||; see the note at the end of Step 3'. O

Theorem 6.1.1 is obtained from the special case € = 1.

6.3 Proof of Theorem 6.1.3 and the first part
of Theorem 6.1.5

Lemma 6.3.1. Let the hypotheses of Lemma 6.2.1 hold, with |Q] = 1 and
with the additions that u™ € L*(Q), 1 < p < n, and by = by = 0. As-
sume the coefficients a, b, as are in the respective Lebesgue spaces (6.1.5).
Suppose also k = ||a]| + ||b|| > 0 and |wl||, > 2k, where w = u™ + k. Then

W o4 Qlasl + o)y,

log :
k [Jwl]

1/n

where W = ||w||oo and Q = wy, " is Poincaré’s constant (Theorem 3.9.4).



140 Chapter 6. Non-homogeneous Structured Inequalities

Proof. Tt is enough to treat only the non-trivial case k < W. Let £ be an
arbitrary constant, with ¢ € (k, W), and define

0, it t<Y,
t) = -
v(t) {Elp —ti-r, if 0 <t<W.
We choose ¢ = ¢(w) as test function for (6.1.1). Putting I' = {x € Q :

{<w(zr) <W} then o =0, Dp=01in Q\I' and Dy = (p—1)w PDw in
I'. Therefore from (3.1.5) and (6.1.2) we get

(p—1)zyupupww-wmwp—aqf;/kwap1. (6.3.1)

r

Also

/F[(p—l) (1) + (Z)W <(p-1) <HZH>1”+ <HZ||>p—1 .,

Therefore, since w > ¢ > k in ', the inequality (6.3.1) yields
(-1 [ IDIogup < (= Dllazls +p. (6.3.2)
r

By Poincaré’s inequality (note that log(w/f) € W1P(Q), log(w/f) = 0 in
Q\T and |Q] =1)

1og(w/0)ll, < QIDlog(w/0), < Q(llaz]| +p')*/”. (6.3.3)

But 1 < w/¢ < W/l in T, whence

w w
< 141 in T.
S L log(W/0) (14108 e) n
By integration
lwlbr<. 1 [og ¥
PT = 4 log(W/0) & o llpr

w

< {1+ QUlazll +20'7Y ) ey

Next observe that ||w|, = ||w|,q+ + k[Q], where QT = {z € Q :
w(x) > k}. Thus, since |2 = 1 and ||w||, > 2k by assumption, we get
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Jwllp < [Jwllp.a+ + 3wy, that is |w], < 2||w||,.q+. Letting £ — k so that
|wl||p,r = ||w||p.a+, it follows that

w

<9 <91 "N1/p .
lwlly < 2llellpas <200+ QUlazl +207 g

Rearranging proves the lemma. (]

Lemma 6.3.2. Let the hypotheses of Lemma 6.3.1 be satisfied, with the ex-
ception that p > n and we no longer assume a priori that u™ € L*>(Q). If
k>0 then w € L>(2) and

w
log < Qoo (llaall +#)"/7,

where the constant QQs, Morrey’s constant, depends only on p and n.

Proof. The inequality (6.3.2) holds equally when p > n. The lemma is then
an immediate consequence of Theorem 3.9.3. (]

Proof of Theorem 6.1.5 when by = by = 0. First suppose M = 0, |Q] =1
and k = ||a|| + ||b]| > 0.

Case 1. ||w||, < 2k. From Lemma 6.2.4 in the case 1 < p < n we get
w < C(1+ [lag )™ wll, < 2C(1+ [laz])™/="k, (6.3.4)

where the constant C' depends only on p, n and e. Since w = ut + k it
follows that (6.1.10) holds for this case, that is u < C(||al| + [|0]])-

Case 2. ||wl||, > 2k. By Lemma 6.3.1,
log | < O(1+ [las])) /P 47/
(new constant C'), and so
u < kexp{C(1+ [|ay]|)"+er)/e",

When p > n we apply Lemma 6.3.2 and the conclusion follows as
before, using (6.2.24). The proof for the case p = n is essentially the same.
When M > 0 the argument is the same as for the proof of Theo-
rem 6.1.2. If £ = 0 then we replace k by ¢ and let ¢ go to zero. Finally
the case || # 1 is treated by a change of scale as in the proof of Theo-
rem 6.1.2. O
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Theorem 6.1.3 is obtained from the special case ¢ = 1.

Remark. That the coefficients are in different Lebesgue spaces in (6.1.9)
when 1 < p < n and p > n is due to the use of Lemma 6.2.4 in obtaining
(6.3.4) when p < n, a use which is not required when p > n.

6.4 Proof of Theorem 6.1.4 and the second part
of Theorem 6.1.5

Lemma 6.4.1. Let the hypotheses of Lemma 6.3.1 be satisfied, with the ex-
ception that as = ba = 0. Suppose k = ||al| + ||b]] > 0 and define (without
confusion)

W
v=log W = ||wl| o, w=u"+k

Then v € WHP(Q) N L*(Q) and
Q
ol <) = 4 loall+2p). (6.4.1)

Moreover v satisfies an inequality of the form
divA(z,v, Dv) + B(x,v, Dv) > 0 in Q, (6.4.2)

with condition (6.1.2) now valid with A, B, as, by, a and b replaced respec-
tively by

A, B, 0,0, a, b, where a=a/k, b= (p—1)(a/k)?+ (b/k)PL.
(6.4.3)

Proof. Step 1. Let £ € (k, W), and define

o) = 0, if k<t<d,
(W=t 0P WP, if £ <t<W.

Clearly ¢ = (w), where w = u™ + k, can be used as a test function for
(6.1.1). Moreover,

0, in Q\T,
Dy = .
(p—1)(W —w+{)"PDw, inT,
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where I' = {x € Q : ¢ <w < W}. By the usual calculations, using (6.1.2)
with as = by = 0, we thus obtain

(1) / (W = w+6)~"(|Duf” - a?)

(6.4.4)
< /(W —w+ )P (by | Dw[P~ + pP7Y).
r
Recalling that W —w + ¢ > £ > k, this leads to
(p— D[ Dlog(W —w + £)|]7
(6.4.5)

g/uqugW—w+@wl+wly
Q

For convenience, let v be the function v with k replaced by ¢. Then (6.4.5)
takes the form

(p—D|IDv[]) < /Q(b1|Di|p_1 + P71, (6.4.6)

Here, see (6.1.9),
17~y < [15P~ I
< (p = Dll(@/k)lls + [1(6/k)P |5

» (6.4.7)
< (p— 1) ((lall/R)? + (lbll k)
<p
since k = [lal) + 5] and flall = llallps, 18] = [Bll(p_1)s. Also
/ by [ Dol < a1 Do (6.4.8)
Q

From (6.4.6)—(6.4.8) we obtain, with the help of Lemma 6.2.2 and
Poincaré’s inequality,

/P
_ _ 1611[ P’ ' Q
< Q|Dbwl, < <
[oll, < Q] v!lp_Q{p_1+ P _p_l(!|b1||+2p)

(the constant 2 is an upper bound for the function I(p) = [(p—1)/p|-[p?/(p—
1)]/P; it is easily obtained by writing I(p) = [(p—1)/p]F~1/P).pl/P < el/e ~
1.445. Letting £ — k now proves (6.4.1).
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Step 2. We use an ingenious idea of Gilbarg and Trudinger ([43], page 274).
Let n be a non-negative test function for (6.1.1) in Q. Define

Y(t)= (W —t+k)'P, k<t<W,

and take ¢ = n)(w). Then since 1, ¥’ are bounded in [k, W] it follows that
@ € WEP(Q)NL>® (), with ¢ = 0 near 9. Hence by a simple extension of
Lemma 3.1.2 one can take ¢ as a (non-negative) test function for (6.1.1).
Write 4 = W — w + k and observe that Dy(w) = (p — 1) PDw. Then
since ¢ = 0, Dy = 0 a.e. in the set where w = k, we have for all z € 2,
(A(z,u, Du), D) — [B(z,u, Du)] "¢

= (A(x,w - k},D'lU),_DQO> - [B(a?,w - kaDw)]+Qp

= Ml—p(A(x’ w — ka DU)), D77> + (p - 1):“’_p<A($7w - ka Dw)a Dw>n

— ' P[B(z,w — k, Dw)] "y
> (A, w — k, Dw), D) — [bi (| Dw|/p)P =" 4 5P~ ],

where we have used (@.1.2) at the last step, along with the inequality u > k
and the definition of b. Integrating over €2 and using (3.1.5) yields

/Q{(A(:c,v,Dv),Dn) ~ B(z,v, Dv)y} <0,

where
A(z,v,Dv) = p* PA(xz,w — k, Dw),

: . ., (649
B0, D0) = (1Dl + 5 = by pefp 43071, 4

and we have used the relations w—k = (1—e~ )W and Dw = We YDv =
uDv.
We claim that (6.1.2) holds for A, B with ag, by, a, b respectively
replaced by 0, 0, a, b. Indeed, again since as = 0,
(A(z,v,Dv), Dv) = P Az, w — k, Dw), Du) > |Dof? — (a/k)",
proving the claim and the lemma. (]

Lemma 6.4.2. Let the hypotheses of Lemma 6.3.2 be satisfied, with the ez-
ception that ag = by = 0. Then w € L*°(Q) and

1 2 = 0o
1 i n <yl W=l
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Proof. Inequality (6.4.1) holds equally when p > n. The lemma is then an
immediate consequence of Theorem 3.9.3. (]

Proof of Theorem 6.1.5 when as = by = 0. First suppose 1 < p <n, M =
0, |2] =1 and k = ||a|| + ||b]| > 0.

Put w = " + k as in the proof of Theorem 6.1.2. Then Lemma 6.4.1
applies, that is v € WHP(Q) N L>(Q) satisfies (6.4.2) with @y = by = 0 and
a, b given in (6.4.3). Therefore by Theorem 6.1.2 (!) we get

v < Cy(||vll, + k) (6.4.10)

with k& = ||a|| + ||b]| and C; = C(p,n,)(1 + ||b1]|)™/P. On the other hand,
from (6.4.7) one has k = ||a||/k + ||17)p_1H/é/(p71) <14pYP=D <1 e

Then by (6.4.10), together with (6.4.1) and the definition of v, one
obtains (a.e. in Q)

og W < Q@
W—-w+k " p-—1
< Clp,n,e)(1+ [lba[)' /7 = D.

1 (I[b1]] +2p) + (1 +e)Cy

Solving for w we have
w<W(l—-eP)+k  ae inQ,

and in turn W < ke® since essupw = W. The required conclusion (6.1.8)
now follows for the case in hand, that is u < C(||a]| + ||b]])-

When p > n, M = 0, | = 1, & > 0 we obtain directly from
Lemma 6.4.2 that

_ Gw

W ook < o (Il +20)

log

and the conclusion again follows.

To remove the conditions M = 0, |Q2] = 1, k£ > 0 we proceed exactly
as in the earlier proof of Theorem 6.1.5 for the case by = by = 0. (Since
now, however, as = by = 0 there is no need to invoke (6.2.27).) O

Remark. For constant coefficients the previous arguments could be simpli-
fied by taking & = 1 throughout. On the other hand the results for ¢ € (0, 1)
seem needed in order to justify the Lebesgue spaces (6.1.9) asserted (with-
out proof) in [43].
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6.5 The case p = 1 and the mean curvature
equation

For the case p = 1 the structure conditions (6.1.3) become, for all (z, z,&) €
Q xRt x R,

|A(z, z,€)| < Constant, (A(x,2,€),&) > |€| —cz —a,

B(z,2,€) <b (6.5.1)

(the previous coefficient ay is here called ¢ for simplicity).

For this behavior, it is apparent that Theorem 6.1.3 cannot hold with-
out modification. To obtain a corresponding result, we first give a counter-
part of Lemma 6.2.4.

Lemma 6.5.1. Let u € Wlicl(Q) be a distribution solution of inequality
(6.1.1) with u < 0 on 0. Suppose the coefficients a, b, ¢ in (6.5.1) are in
the Lebesgue space LI(QY) for some q > n.?

Assume thatn > 1, |Q| = 1 and define w = ut + k with k = aS||all,,
a> 0. Then w € L>*(§) and

nq/(g—n)

<n?z 1>n_1K] el (6.5.2)

K=eY+1/a+S|b+cly;

w <

here
n/2

S =S(1,n) =n tw /" __—
(Lm)=n"wn % @n = p 4y
is the Sobolev constant for W&’l(R”). In the case of constant coefficients
we can take K =1+ 1/a+ S(b+c¢).

Remark. For the results of this section, the condition that u be 1-regular
is redundant by (6.5.1).

Proof of Lemma 6.5.1. We follow the proof of Lemma 6.2.4, but using more
precise constants. Indeed, since p =1 we have § =1, s = 1* =n/(n — 1).
Then writing ¢ = n/(1 — ¢), that is ¢ = (¢ — n)/q, one gets, in place of
(6.2.22),

[l (n-1y < (K7)Y 7 a5

2The value ¢ here should not be confused with the parameter in (6.2.1).
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the best value for K is given by the expression for K in the remark after
(6.2.22), with S = S(1,n) and the quantity ||as + b|| + 1 replaced by

Jal
b
e+ o+

1
= b+ ¢l + S

Finally, as in the iteration step (6.2.23) we obtain (6.5.2); here rather than
the constant e in (6.2.23), which holds for all n > 1, we use the precise
value [n/(n — 1)]"71, see (6.2.18). O

The case n =1 is allowed in this result since S(1,1) is finite. Also in
(6.5.2) the expression inside the brackets reduces simply to K when n = 1.

Lemma 6.5.2. Let the hypotheses of Lemma 6.5.1 hold with the exception
that

[0+ ¢lln < (1-146)/5, (6.5.3)
where 0 < 6 < 1. Then
w1 < (1+ @)S]al|/d. (6.5.4)

Proof. As in Step 1 of the proof of Lemma 6.2.1, but using only the case
p =1, ¢ =r =1, we obtain corresponding to (6.2.8),

1D, < /Q[(b—i—c)v—i—a]

(application of the inequality a < cov is not needed!). In turn, by Holder’s
inequality,

1-96
1Dvll < 1o+ cllnl[vllnjc-1) +llally < = o~ vl —1) + llall{6.5.5)

by (6.5.3).
Next by Sobolev’s inequality,
[0lln/n-1) < [v=Lllnsm-1) + [llln/(n-1) < S Dv]l1 + €.
Using (6.5.5) this gives
[Vlln/-1) < (1 = 8)|vlln/n-1) + Sllallq + £

Here one can take £ — k, m — oo. Then v — w (recall v = w when w > ¢),
from which follows

lwlly < fJwlln/m-1) < (1+a)Sally/é. (6.5.6)
O
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Theorem 6.5.3. Let u € Wlicl (Q) be a solution of inequality (6.1.1) in Q,
with A, B satisfying (6.5.1) and with a, b, ¢ in the Lebesgue space L(SY)
for some q > n.

Assume that

Qe < i/, (6.5.7)

q

b+c
n

and suppose u < 0 on 0. Then ut € L>(Q) and

n

n—1
uw<Ca/s, C=2S [4 <nﬁ 1) Q[/m (6.5.8)
for constant coefficients, and otherwise
n n—1 nq/(qg—n)
u < Cllally/6, C =39 [3 (n - 1) ] 1Q|Y/"=1/96.5.9)

Here 6 € (0,1) is a constant such that (6.5.7) holds with the right-hand
side replaced by 1 — 9.

Proof. First take |Q] = 1. Define w = u* + k, k = «aS||al|. Then Lem-
mas 6.5.1 and 6.5.2 apply. From (6.5.7) and Hoélder’s inequality we get

b+ cll,, < [Ib+cll, <1/8.
Hence
K=eY+1/a+S|b+¢l,<1+eV+1/a  (6.5.10)

by (6.5.3). We are free to choose o as we wish. For constant coefficients
take, say, a = 1, in which case 1 + a = 2, K = 4, while otherwise take
a =2, givingl+a=3, K <3.

The conclusions (6.5.8) and (6.5.9) for the case |©2] = 1 now follow
at once from (6.5.2) and (6.5.6). The general result is then obtained by
scaling, cf. relations (6.2.28). O

Remarks. The key condition (6.5.7) can be replaced by the more elegant

inequality
1 b "
/ < +c> <1,
Wn Jo n
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but at the cost that the calculation (6.5.10) no longer applies. Thus (6.5.8)
takes the less precise form

u<Cllall,  C=C(n,q Qb+ clln b+ cllq), (6.5.11)

with the constant C' becoming infinite when ¢ — n or ||b + ¢||; — oo.

The estimates (6.5.8) and (6.5.11) can be compared with the case
p = 1 of Theorem 10.10 of [43]. A boundary condition u < M on 0f) can
be handled as earlier, by the change of variable & = u — M and replacing
aby a+ M.

Example. Consider the mean curvature equation

div (\/1 fluDUIQ> = nH(z). (6.5.12)

Putting A(&) = E/\/l + [€|?, B(x,u,&) = —nH(x), we observe that

(A(£),€) > [¢] —a, a= \/5‘/52_ I 0.3002831

[this is an easy exercise in differential calculus®]. Thus (6.5.12) satisfies
(6.5.1), with a given above, c =0, b=n|H ™| and |A| < 1.
From Theorem 6.5.3 we get
nq/(q—n)

u < [3 <n7_L 1>n_1] S|Q[ /5 (6.5.13)

provided |H~||4|Q|"/"1/7 < (1 —5)w;/". It is convenient to rewrite this in
terms of the effective radius of 2, defined by |Q| = w,, %2 ™. Thus it becomes

nq/(g—n)

u< ; [3 <nﬁ 1>n_1] 29,

or, when H is constant,

u < 2na [4 <n7_L 1>n_1r5£/5.

3The best value for a is maxg<i<oo(t — t2/V/1 + ¢2). By elementary calculus the max-

imum occurs at tg = \/(\/5 —1)/2 ~ 0.78614, and in turn (tg — t%/\/l + t2) takes the
value a given above
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For the canonical case when H is a negative constant and n = 2 the
second estimate yields u < 10.8 2/ when |H|Z < 1—4. Of course, this is
not too accurate for solutions of class C?(Q) in balls — for which the optimal
estimate can be obtained from the elementary maximum principle, using a
spherical cap as comparison function. On the other hand, (6.5.13) applies
for general domains with finite measure, for solutions in Wol () and for
H~ in L9(Q), and provides an explicit upper bound in these cases.

Remark. If v < 0 on 992 and H = 0 one expects the conclusion © < 0
in €. This however cannot be obtained by the present approach since the
constant a ~ 0.3002831 acts as an inhomogeneous term in the structure
(6.5.1).

Notes

The semi-maximum principle given in Theorems 6.1.1 and 6.1.2 is due to
Serrin (Theorem 3 of [92]), based on earlier work for homogeneous linear
equations by Stampacchia [106], Maz’ya [57] and, particularly, Moser [62].
Lemmas 6.3.1 and 6.4.1 for the case of constant coefficients were given by
Gilbarg and Trudinger (cases (i) and (ii) on pages 273-274 of [43]). The-
orems 6.1.3-6.1.5 are combined work of Gilbarg, Serrin , and Trudinger.
Theorems 6.1.3 and 6.1.4 (constant coefficients) were first stated in The-
orem 9.7 of [43]. The proofs given here include improved formulations of
earlier arguments, e.g., (Lemmas 6.2.4; 6.3.1 and 6.3.2; 6.4.1 and 6.4.2).

The results of Section 6.5 are for the most part new, extending The-
orem 10.10 of Gilbarg and Trudinger.

Problems

6.1 Check that the function u(z) = [log(1/|z])]?, v > 0, is in WP (By)
and that u is a solution of the equation A,u + bP~1 = 0 with b €
L™7"(By), provided only that n > p max{p—1, 1/(p — 1)} and v <
[(n—1)p—n]/(n—1)p.

6.2 Supply the details for the proof of (6.2.28).

6.3 Supply the details for Step 4 in the proof of Theorem 6.1.2.

6.4 Supply the details for example (6.5.12).
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6.5 Let u be a p-regular solution of (6.1.1), (6.1.2), with « < 0 on 0f2.
Suppose also that €2 is so small that the condition (3.3.1) is satisfied.

Then with a, b in the spaces indicated in (6.1.5), show that
u < C(p,n,az, by, ba, |2 (||| + ||b]]) a.e. in €.

(Cf. [43], Theorem 10.10.)

[Hint. Use Lemma 3.6.2, together with the argument of Theorem 3.3.1
to estimate ||w||,.]



Chapter 7

The Harnack Inequality

7.1 Local boundedness and the weak
Harnack inequality

The ideas of Section 6.2 have far-reaching extensions to questions of lo-
cal boundedness of solutions of the inequality (6.1.1) and to both weak
and strong Harnack-type theorems.! These results have already seen ap-
plication in Section 2.5, but are crucial as well for regularity and existence
theory for quasilinear elliptic equations.

The purpose of this section is to present full proofs of these founda-
tional results. For this it is necessary to add to the main conditions (6.1.2)
an additional structural inequality, namely

|A(2, 2, )] < ar]glP™" +aze” ! +ar (7.1.1)
and, for the weak Harnack inequality, also
B(x,2,&) > —by |€[P7! — boeP ™t — P71, (7.1.2)

The coeflicients a, b, by, as, bo are assumed to be in the respective Lebesgue
spaces (6.1.5), where a = n/p(1 — ¢), and the coefficients a1, a, a, are

IThe idea for Harnack inequalities arises from the famous relation
R — |z R+ |z
(R+ [z)m—t (R — [a])mt

for the values u(x) of a non-negative harmonic function u in a ball of radius R about
the origin, first obtained by Axel Harnack in 1887 [45], page 62.

R 1u(0) < u(x) < R 'w(0),  |z[ <R,
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respectively a positive constant (> 1) and functions in the Lebesgue spaces
L (Q), L™ =1 (Q).

Theorem 7.1.1 (Local Boundedness). Let u € I/VI:LCI’(Q), 1 <p<n,bea
solution of the inequality (6.1.1), with the functions A and B satisfying
(6.1.2) and (7.1.1).2 Then for any open ball Byg in Q and any s > p — 1
we have

supu < C |R™™*||u't||s.5yn + k(R)} ,

Br

where
k(R) = R*|al| + R¥"®|[b]| + ||a| (7.1.3)

and the constant C depends only on p, n, s, €; a1, ||az||, R%||b1] and
RP‘EH(LQ + b2“

Theorem 7.1.2 (Weak Harnack Inequality). Let u € VVﬁ)Cp (Q), 1 <p<mn,
be a non-negative solution of the (reverse) inequality

divA(z,u, Du) + B(z,u, Du) < 0. (7.1.4)

Suppose that A and B satisfy the first inequality of (6.1.2) together with
(7.1.1), (7.1.2). Then for any ball Byr in Q and any s € (0, (p—1)n/(n—p))
we have

R™"%||uls. By < C [inf u+ k:(R)} ,
Baor

where C' and k(R) are as in Theorem 7.1.1.

By sup and inf we mean here essup and essinf. Note that Theo-
rem 7.1.1 shows in particular that w is bounded above on any compact
subset of €. Also Theorems 7.1.1 and 7.1.2 can be extended without diffi-
culty to the case p > n, the main difference being that no restriction on s
is then necessary in Theorem 7.1.2; see Section 7.4.

In view of (7.1.1) no condition of p-regularity is needed for solutions.
Theorems 7.1.1 and 7.1.2 are stated in [43] for the case p = 2, n > 2,
and with the further differences: as, a2, b1, b are constants; the restriction
0<s<(p—1)n/(n—p)isgivenas1 < s < (p—1)n/(n—p);a € L/ (1=2)(Q)
rather than a € L™(Q).

Since the proofs are not entirely simple, we take special care to avoid
undue conciseness.

21f p = 1 replace (6.1.2) by (6.1.3) as in Section 6.1.
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Proof: Preliminaries. It is convenient to carry out the first part of the
proofs of Theorems 7.1.1 and 7.1.2 in parallel. Also for simplicity, the cal-
culations will be given in detail only for p > 1.

We assume initially that R = 1 (the general result then follows by
rescaling, see (6.2.28) with |Q| = w, R™). The argument is similar to that
in Lemmas 6.2.1 and 6.2.4, based on the study of auxiliary functions w.

We choose for test function

p=n"Y(w),  n=mn(z), (7.1.5)

where 7 is a non-negative function in C''(2) vanishing in a neighborhood
of 09, and v is a modified version of the function (6.2.1), depending on a
non-zero real parameter ¢ € R. Specifically, for ¢ > 1 we take

rP | ¢4, if 0<t<m,
P(t) = 4 .
q |gm?tt—(qg—1)mq, if t>m,
while for ¢ < 1 we use simply
P(t) =r’t?, >0,
where r is a real parameter given by the relation
g—1=p(r-1). (7.1.6)

Note, in contrast to (6.2.1), the function 1) is now defined only for the range
t>0.

Step 1. For the proof of Theorem 7.1.1 we restrict q to the range ¢ > 0, and
take w = u™ + k, k = k(1). It can be supposed without loss of generality
that & > 0, for otherwise replace k by k¥’ > 0 and let ¥/ — 0 at the end
of the proof. Since /() is uniformly bounded when ¢ > k, both for ¢ > 1
and ¢ < 1, an obvious extension of Lemma 3.1.2 shows that ¢ = nPi(w)
can serve as test function for (6.1.1), that is

/Q(A(a?,u,Du),Dcp) §/Q[B(37,U,Du)]+g0. (7.1.7)

Clearly ¢ = 0, Dp = 0 a.e in the set where w = k. In the remaining set
where w > k we have u > 0, ut = u, that is

u=w—k, Du = Dw

and
Dy = nP/ (w)Dw + pnP~'1p(w) D
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As in the proof of Lemma 6.2.1 we define, for ¢ > 1,

{w’", if k<w<m,
v(w) =

rm" tw — (r — 1)m’", if w > m,
and simply v = v(w) = w” when ¢ < 1. The inequality (7.1.7) can now
be written explicitly, using a derivation parallel to that of (6.2.8). In par-
ticular, when ¢ > 1 the estimates (6.2.7) continue to be valid, while when
q < 1 they are replaced by the identities

Y ()| Dwl’ = q|DvlP, P (w)w’ = q|r[’v",

b(w)ywP™L = [rPoP,  (w)|DwlPt = |r| v |DofPL (7.1.8)

(the absolute values for r are introduced for later purposes).
Therefore from (7.1.7), together with (6.1.2) and (7.1.1), we obtain
after a short calculation

/Q|?7Dv\” <p {W/Q (b1|nv| + pas [vDnl) - [pDv[P~!

+VV/phr+WM¥’W¢mW1WDm
@ (7.1.9)

HWA@+WW”MW@
HWL@+WWHM&

where

gl ifg<1,
=1 g1

Step 1’. For the proof of Theorem 7.1.2 we now restrict q to the range g < 0,
and take w = u + k so w > k. Again it can be supposed without loss of
generality that k > 0. As in the case ¢ < 1 in Step 1 we define

e(t) = [rfPt, >0,

in (7.1.5). As in Step 1, since ¢’ (¢) is uniformly bounded when ¢ > k it is
clear that ¢ = n9(w) can serve as test function for the (reverse) inequality
(7.1.4), that is

/(A(x,u,Du),Dcp) 2/[B(x,u,Du)]+g0. (7.1.10)
Q Q
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Suppose ¢ # —(p — 1), so r # 0, and define, as before in the case ¢ < 1,

v=v(w) =w".

Then from (7.1.10), together with (6.1.2), (7.1.1), (7.1.2) and the identities
(7.1.8), which holds equally when ¢ < 0, we again obtain the inequality
(7.1.9) exactly in the form written.

For the combined Steps 1 and 1’ we have specifically, r < 0 when
g < —-(pp—-1);0<r <1/p when —(p—1) < ¢ < 0; and r > 1/p’
when ¢ > 0. The anomalous case ¢ = —(p — 1), r = 0, requires a separate
treatment, see below.

Step 2. Define

||UD77||:D

L lnDv]|, ol
llnv

= = g =
vl vl

p*'

Then from the main identity (7.1.9) together with Sublemma 2 in the case
1 <p<mn, s=p 0 =1 (see Section 6.2), we get, after a short but
straightforward calculation,

2 < plrl(|ally® + parg) 2Pt + (p+ DrPey? + plrPpég,  (7.1.11)
where?
c = llag + b2 +2, ¢ = [lazfl + 1.

From (7.1.11) and Lemma 6.2.2 we find next (with no attempt to give the
sharpest estimate)

2 <Oyl (p+ 1) + 57 +9),
where
C1 = pay + ||b1]| + (pe)'/? + (p20)'/7.

The Sobolev inequality implies* that 1 < S(z + §), so in turn

1< SOy |rl (n+ Dy + 37 +9) + S9.

3If all the structural coefficients except a1 vanish, then the right-hand side of inequality
(7.1.11) retains only the term a1§2P~1, making the proof far simpler, and at the same
time giving k(R) = 0, C = C(p,n, s,a1) in the theorems themselves. At a first reading
of the proof it can be useful to consider only this case.

We have [[no]lpe < SIDMV) Iy < SUMDvlly + IloDrll,)-
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By a double application of Young’s inequality to rationalize the terms y°
and §'/?, we then obtain

L<C{lr| (p+ 1)} (y+9), v =max{1l/e, p}, (7.1.12)
where C depends only on the parameters
p, N, & a + ||bl|| + Hag + b2|| + Hdg”, (7.1.13)

while if |r| < 1 the term |r|” should be dropped from (7.1.12).

At this point it is no longer feasible to give precise estimates for the
constants which appear in the calculations. Thus from here on, the letter
C' denotes generic constants depending only on the parameters (7.1.13).

Recalling the definitions of y and g, application of (7.1.12) then gives

[n0llpe < C{lr{(n+ D)3 (Invllp + llvDnllp)- (7.1.14)

Still leaving aside the case ¢ = —(p — 1), we now specify the function
1 more precisely. Let h, h' be such that

1<h'<h<3, (7.1.15)

andset n =11in By, n = 01in Q\ By, with 0 <7 < 1 and sup |Dn| < 2/(h—
h') in By, \ By. (The last condition is obviously possible for n € C1(Q).)
Then from (7.1.14) there follows

A+ 11y

h—h [vllp, 5, - (7.1.16)

[vllp. B, <

For r # 0 let us define

oo ()"

(this definition is meaningful since w > k > 0).
Suppose r > 0, r # 1/p" and k = p*/p = n/(n—p). Then (7.1.16) can
be rewritten

v 1/r
O (kpr,h') < <C{(M;—_1)h|/ L > O(pr,h) (7.1.17)

(in case r > 1, that is ¢ > 1, one first takes m — oo so v — w").
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On the other hand, when r < 0 we have ||w"|, B, = ®(pr, h)~I"l so
there results instead (!)

{(p+ D[}

1/|r]
bR > O (kpr,1). (7.1.18)

O (pr,h) < (C

These inequalities can be iterated as in the proof of Lemma 6.2.1.

Proof of Theorem 7.1.1. Here we consider parameter values r > 1/p’, p >
1, in which case ¢ > 0 and Cases 1 and 2 above apply. Fix s € (p — 1, p]
and take successively

r=r;=r'(s/p); h=h;j=1+277 K =hj,

7 =0,1,2,.... Then from the definition of the parameter u, the fact that
r>s/pand ¢ =p(r—1)+1,

1 1 1 v ;
_ < <2(2x").
g max{pr—(p—l)’r}_s—(p—l)’ pew =20

Then by iteration of (7.1.17), as in the proof of Lemma 6.2.1, there results
supp, w < Cllwls p,;

where C' depends on the parameters (7.1.13) and also on s. Theorem 7.1.1
for the case p > 1 now arises by taking w = u* + k and then rescaling —
see (6.2.28). Here s can be any value strictly greater than p — 1, by using
Holder’s inequality.

The case p = 1 can be treated as in Lemma 6.2.4; we can omit the
details. O

Proof of Theorem 7.1.2. Here the argument is more delicate, as there are
two regimes to consider: 7 < 0 and 0 < r < 1/p’. In both ranges we have
q < 0 by (7.1.6) so that Cases 1’ and 2 apply.

Case A: r < 0. Let s1 € (0,p) be fixed, and take successively
r=rj=—r(s1/p);  h=h;=2+277 N =hju,
7=0,1,2,.... Then

1 1 |r|”

— <
P+ (-1 “p—1"  h—k "~
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Iteration of (7.1.18) then gives
®(—s1,3) < CY* infg,w; (7.1.19)

here C' depends on the parameters (7.1.13), while the exponent 1/s; is
included since the Moser iteration exponent, see (6.2.17), now includes the
additional factor p/sy.

Case B: 0 <r < 1/p',s0q < 1. Fix s € (0,s(p — 1)). For any integer
£=0,1,2,... define
sg = s9(¢) = K~ H Vg, sg € (0,p—1), (7.1.20)
and choose successively
r=r; =K (s2/p), h=hj=2+277 h' = hjiq,
§=0,1,2,...,0 Then 0 < r < s/ ~%(s/kp) < s/kp, while

1 K ' |r|”

< <2.9,
p—1—pr = k(p—1)—s’ h—h —

/J =
Then by a finite iteration of (7.1.17) from j = 0 to j = £ we obtain
B(s,2) < CY*2d(sy,3), (7.1.21)

where C' depends on the parameters (7.1.13) and also on the fixed value s.

We claim that there exist constants o9 > 0 (depending only on the
generic parameters (7.1.13)) and C' = C(n), such that for all sy < oy,

B(s0,3) < CY/%0P(—s0,3). (7.1.22)

Without loss of generality we can suppose gg < p — 1.

Assume (7.1.22) for the moment. With s fixed as above in (0, x(p—1)),
now choose sg to be the unique value s, of the form (7.1.20) in the interval
[00/K,00), thus fixing ¢. Then (7.1.21) holds with s = so; of course s¢ <
p — 1. In turn (7.1.19) equally holds for the value s; = sy. Therefore by
(7.1.19) and (7.1.21) there would result

||st7BQ = (I)(S, 2) S Cl/so . Cl/so . C’l/so infBzw,

that is
||wH3732 < C infBzw7

where C depends on the generic parameters (7.1.13). This being shown,
Theorem 7.1.2 is then proved by taking w = u + k and rescaling.
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It thus remains to prove the assertion (7.1.22). In fact, to obtain

(7.1.22) it is remarkable that one can apply the previously omitted case
g=—-(p-1).
Case C: ¢ = —(p — 1). For this case the previously used test function v
needs modification. We take simply ¢ (t) = t~(®~1 and then define v =
v(w) = logw (recall that w = w+k > k > 0). Then as in the derivation of
(7.1.9), but with (7.1.8) replaced by

¢ (w)|DwlP = =(p—1)|Dof’, ' (w)w” = —(p—1),
™t =1, Y(w)|Dwf~ = Do,

we get
(p—1) /Q [nDvlP < /Q(bm + pai|Dy)) - [pDofP!
" /91’[5‘2 +(a/k)P o Do (7.1.23)

Let 2’ € Bs (recall R = 1, and denote by B; = Bj(z) the ball of
radius h > 0 centered at 7 We now specify the test function 7 so that
n=1in B} andnEOinQ\Bé’lh/?), with 0 <7 <1 and Dy < 6/h in
Biy, 3\ B,- When h < 3/4 one has Bflh/g CC B} C By since 2/ € Bz, son
vanishes in a neighborhood of 012, as required.

This being shown, the terms on the right side of (7.1.23) then have
the following main estimates, in which C' denotes as before different generic

constants, depending on the parameters (7.1.13):
/Qpalanl'lan\”1S(G/h)palHal,B;||?7Dv||£1§Ch(”p)/pHanH§1,
/leln\-\anlp1§||?7||np/(np) 1]l [InDol[p = < CRO=P/P [ Dol b,
/Qa2np1|Dn|S(G/h)"n"ﬁ(pl_l)/(n_p+1)Ha2||n/(p1)§Chnp7
| (@2t <l s+ el < CHO.

Therefore |[nDv||b < C[h(”’p)/pHnDUHg’:l + AP,
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Consequently, by Lemma 6.2.2
|nDwvl|, < C[h("=P/P 4 p(n=P)/P] = 9Cp(n=P)/P, (7.1.24)
Finally, by Holder’s inequality
IDvlly, 5, < CR™P || Dol s < CR™™', 0<h<3/4 (7.1.25)

We now use a remarkable theorem of John and Nirenberg (Appendix,
Theorem 7.5.4) specifically in the case when the basic domain is the ball
Bs. To apply this result requires that the condition

/ |Dv| < Kh" ™1 K = constant, (7.1.26)
BsnB,

should be satisfied for every ball B; = Bj(z'), h > 0, with center ' in Bs.
To verify (7.1.26) there are two cases: h < 3/4 and h > 3/4. In the
first, by (7.1.25) one immediately has

/ \Duv| < Chn 1.

In the second case, we use (7.1.25) for the ball B rather than B} . That is,
since B(4/3).3 = B4 we can temporarily replace B, by Bs in (7.1.25). Thus
(7.1.25) yields

|Dv| < C -3 <4~ lopn!
B3

since h > 3/4. Therefore (7.1.26) holds for all 2’ € B3 and all h > 0, with
K = 4""1C, where C is the constant in (7.1.25).

Hence by the John—Nirenberg theorem, in particular Corollary 7.5.6,

we get
[ e -co
B3 Bj

for all sp < o9, where o is a (small) positive constant depending on n
and the constant K, and so only on the generic parameters (7.1.13). But

v = log w so that
/ w0 / w0 < é)
Bs Bs B

®(s9,3) < C'1/%0 B(—s0,3)

that is,
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(the constant C'1/50 can of course be written explicitly, and is surely a
very large number). This proves (7.1.22) and completes the proof of Theo-
rem 7.1.2. U

Corollary 7.1.3. Let u € VV&)CP(Q), p > 1, be a non-negative solution of the
inequality (7.1.4), where conditions (6.1.2), (7.1.1), (7.1.2) hold, with R§
in place of R™ and with a = b= a = 0. Then either u=0 oru >0 in Q.

This result has already been noted in Section 2.5.

7.2 The Harnack inequality

By combining Theorems 7.1.1 and 7.1.2 we obtain the full Harnack inequal-
ity.

Theorem 7.2.1 (Harnack Inequality). Let u € I/VI:LCI’(Q), l1<p<mn,bea
non-negative solution of the equation

divA(x,u, Du) + B(x,u, Du) = 0. (7.2.1)
Suppose that A and B satisfy (6.1.2) together with (7.1.1) and
|B(,2,&)| < by|€]P~! + ba2P™t 4 P71 (7.2.2)
Then for any ball B4 in  we have

supu < Clinf u + k(R)], (7.2.3)
Br Bar

where C' depends only on p, n, €; a1, ||az||, R%||b1||, RP?||as + bal|, while
E(R) is given by (7.1.3).
Of course, all norms need be taken only over the ball Byg.

Proof. Define g = (p—1)(n+p)/n,sop—1<g< (p—1)n/(n—p). Hence
both Theorems 7.1.1 and 7.1.2 apply for the value ¢ = ¢, that is

supu < C [R”/@||u||q,BZR + k(R)} <C {C’ [giu + k(R)} + k:(R)}
BQR B2R

= C? inf u+ (C? + O)k(R) = 2C? [inf u+ k:(R)] :

as required. O
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This result for the case p = 2 is given in [43, Theorem 8.20], though
inadvertently the additive term k(R) seems to have been omitted.

Theorem 7.2.2 (General Harnack Inequality). Let u satisfy the hypotheses
of Theorem 7.2.1. Then for any domain Q' with compact closure in Q0 we
have

supu < CN [infu + Nk} , (7.2.4)
Q/ Ql

where k = ||a|| + ||b]| + ||a]] and N is the number of balls of (equal) radii
0/4 needed to cover ', § = dist (2',00). (We suppose 6 < 4 without loss

of generality.)

Proof. Let % be a set of N open balls with centers in ' and equal radii
R = §/4 which cover €Y. Clearly there exist balls By, Bg € % such that

infu < infu, sup u > sup u. (7.2.5)
Bj Q Bs Q/
In turn, there exists a finite sequence of distinct balls, B(yy, B2y, - .., B(j),

J < N, in 4 such that®
By = By, By = Bs, Bit1) N By # 0.

We claim that

supu < C°L + C'k, L =infu, (7.2.6)
B ; B

for all ¢ = 1,...,J, where C is the constant of Theorem 7.2.1 taken for
R=1.

5This assertion has been considered obvious in earlier demonstrations (see, e.g., [43],
Corollary 8.21, or [51], page 263, as well as even the original argument given by Harnack
[45], page 62). Nevertheless, for completeness it seems worthwhile to indicate a proof:

Let 7, xg be respectively the centers of By and Bg, and ¥ an oriented continuous
curve in ' from z; to zg, existing since 2’ is open and connected. We set B(1) = Br.
If xs € B(1), then we take B(;) = Bgs and J = 2; or if By = Bg, then simply J = 1.
Otherwise, if zg ¢ B(1), let Py be the last point where 3 intersects 0B(1) (see
Figure 1). We choose for B(s) any ball in % which contains P(1y. If z5 € B(z), we take
B3y = Bs and J = 3; or if B(y) = Bg, then J = 2.

Continuing in this way, we thus obtain a finite sequence B(1y, B(g), ..., B, of
distinct balls in &, such that B(; ;1) N B # 0 and zg € By, for some j < N (since &
covers Q). If B(;) # Bs we take B(j;1) = Bs, and J = j+1 < N, while if B(;) = Bg,
then simply J = j, and the assertion is proved.
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5
V

/

Figure 7.1.

Clearly (7.2.6) holds for ¢ = 1; that is, by (7.2.2),

supu < C [inf u—I—k} =C(L+k)
B() B

since 4R < §. Thus suppose (7.2.6) is true for i = j; we shall show it true
fori=3541,7=1,...,N —1. Indeed by (7.2.2) again,

sup uSC[ inf u—l—k] < C |[supu+k
B+ B+ B

since B(j11) N B(;) # 0. Then by (7.2.6) with i = j we get

J J+1
sup u < C (CJ’L +) C'h+ k:) =L+ C

B(;+1) —1 =1

as required.

The conclusion (7.2.4) is now an immediate consequence of (7.2.5)
and (7.2.6) for i = J. O

Both Theorems 7.2.1 and 7.2.2 also hold when p > n, see [92] and
Section 7.4.

Corollary 7.2.3 (Liouville Theorem). Let u € VV&)CP (R™), p > 1, be a non-
negative solution of the equation

divA(x,u, Du) =0



166 Chapter 7. The Harnack Inequality

such that

(A(7,u,€),8&) > [€]7, |A(z,u,8)| < asl€P~. (7.2.7)
Then v = Constant.

Proof. Let M = infgn u (> 0). Then v = u — M is equally a solution of
(7.2.7), with infgn v = 0. For any € > 0 there is some point g € R™ such
that v(xo) < e for any ball Bg C R™ with center at zo. Hence by (7.2.3)
we have v(z) < Ce.

Since ¢ is arbitrary there follows v < 0, that is u = M. O

When 2 = R"” the proof technique used in Theorem 7.2.2 supplies an
interesting asymptotic conclusion, which the authors have not previously
seen.

To state the result, we first let % denote the set of balls of unit radius
in R” and put

k= S%p{HaHB +Ibll 5 + llall 5}

and

m=sup {supal T oz + las + ballz + ||a2r|3} .
B

Theorem 7.2.4. Let u satisfy the hypotheses of Theorem 7.2.1, with 2 = R"™.
Then u € LS. (R™) and

loc
u < [u(0) 4 kr] eC" a.e. in R", r=|z|, (7.2.8)
where C depends only on p, n, € and m.

If the coefficients are all constants, than we can take k = a + b+ a
and m = a1 + b1 + as + by + a9, so that in this case necessarily u can have
at most exponential growth at infinity. Of course, the choice of origin in
(7.2.8) is arbitrary; the value u(0) is meaningful, since in fact u must be
continuous in view of the results of the following section.

7.3 Holder continuity

The structural conditions of Theorem 7.2.1 also imply that solutions of
the equation (7.2.1) are continuous. This remarkable result goes back to
important work of De Giorgi [27].
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In view of the general form of the result, the terms u?~! and u? in the
basic structural conditions for A and B must be replaced by |u[P~! and
|u|P. Moreover, we shall add the strengthened Lebesgue space conditions
that @ € L(79)(Q) and a, € L™(=9)P=1)(Q), rather than in L™(f)
and L™/ (P=1)(Q) as previously required. Then solutions of (7.2.1) are in
fact Holder continuous. We state this famous result in precise form, and
include the not entirely trivial proof.

Theorem 7.3.1 (Holder Continuity). Let u satisfy the hypotheses of Theo-
rem 7.2.1, together with the modified structure conditions described above.
Then u is Holder continuous in 2. Specifically, let x, y €  and define

D =} dist(z, 09).

Then if |z —y| < D/4 we have

4z —y[\“
ute) —u(u)| < [0 = m) + ca (V) (73.1)
where
M = supu, m = inf u, L = sup |ul
Bp Bp Bp

and Bp denotes the ball of radius D centered at x. Moreover o depends
only on n, p, €, and the structural parameters a1, ||b1]|; C depends only on
g; while

k= llall + 1Bl + lall + L [laal[ /7 + [lbo| /&=D + flaa |V ¢V . (7.3.2)

(We suppose D < 1 without loss of generality.)

Note that Bop C 2 so that by Theorem 7.1.1 the values M, m,
L are well defined and finite. Also, we recall that by |la|/, etc., we mean
lall Ln/a—o () ete.

From the proof it will appear that the key exponent « is essentially
the reciprocal of the constant C' in the Harnack inequality Theorem 7.2.1,
evaluated for the arguments R = 1, ag = by = as = 0, see (7.3.11). Of
course even then « is very small. The constant C' in (7.3.1) can be taken
to be 4 when the structural coefficients are all constants, that is € = 1.

By interchanging the roles of z and y it is clear that (7.3.1) actually
holds with

D = } max {dist(x, 09), dist(y, 00Q)} .
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Proof. Step 1. Temporarily following the argument of the first part of the
proof of Theorem 8 of [92] (see page 270), we let r be a radial variable
having the range (0, D), which throughout Step 1 we consider to be fixed.
Define

M = M, =supu, m = m, = inf u, M’ = M, 4, m' = my.

r ™

It follows that both functions

v =u—m, w=M—u
are non-negative in B,.. Obviously v satisfies the equation
div A(xz,v + m, Dv) + B(z,v + m, Dv) =0,
while
|A(z,v + m, Dv)| < ay|Dv|P~ 4+ ap LP~ + a1,

with similar conditions for (A(x,v + m, Dv), Dv) and B(z,v + m, Dv).
Thus we may apply Theorem 7.2.1 to v in the ball B,., with the result

M —m = supvg)\<inf U—I—k‘r5> = X(m' —m + kr®), (7.3.3)
Br/4 B"‘/4

where
A= Ap,n,e, a1, [|b1]]) (> 1)
is the Harnack constant in Theorem 7.2.1 evaluated for the arguments
R =D, ay = by = @y = 0, while k is given by (7.3.2). (Use a € L™/(1=9)(Q),
ay € L™ (1=2)(P=1)(Q) in estimating the term k(R) in Theorem 7.2.1.9)
In the same way, w is non-negative in B,. and again by Theorem 7.2.1
we get

M—m'=supw< A <inf w+ kr5> =AM — M +krf).  (7.3.4)

B,,‘/4 Br/4

6In view of the stronger spaces which are now assumed for @ and as, it is apparent that
in the formulation of Theorems 7.1.1 and 7.2.1 one can take

lall = llalln, Bor = enBEllalln/1-e)

laz]l = lla2lln/p-1), 825 = enRP™ D% a2lln/ (- p-1)-



7.3. Holder continuity 169

Adding (7.3.3) to (7.3.4) and transposing terms then gives
A—1/- 2\
M —m' < (a1 ) ..
=t )E N

Letting w(r) denote the oscillation of v in B, this can be rewritten
w(r/4) < dw(r) + Lkre, (7.3.5)

where
d=A=-1)/(A+1), C=2\/(A+1).

This is the key inequality for proving (7.3.1).

Step 2. Using v (> 1) successive iterations of (7.3.5) to smaller values of r,
there results for v =1,2,...

w(477r) < 9w(r) + lkre {19”_1 +4759v 2 4 4_(”_1)€}

v—1
< 0 w(r) + Lhr® Y 47 (7.3.6)
j=0

2

< v D / € /:
<Vw(D)+ C'kre, C | ge

since r < D and ¢ < 2.
Let 8 > 1 be a constant to be determined later. We take for the radius
variable r in (7.3.6) the particular v-dependent choice

r, = 40-16-1

which is allowable since v > 1. Now define t = t, = 47%r, and observe by
direct arithmetic that

r, = (4t/D)/% D. (7.3.7)
Hence
w(t) < 9w(D) + C'k (4t/D)*/7, (7.3.8)

using here the condition that D < 1.
Next, putting d = 2/(1 + ),

AN —1)

2
1 =log(l—d)< —d+d*>=—-""-
og ¥ = log(1 —d) d+d A A1)

< —36/25 ),
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it being assumed without loss of generality that A > 9. But then
9§ = eulogﬂ < 47361//25)\ logd 471//)\. (739)

At the same time, by (7.3.7),

yv_ t L1 (4P
r, (4/D)YPD 4\ D '
Thus by (7.3.8) and (7.3.9) we obtain

1/78

e/B’
+Ck (‘”) , (7.3.10)

this being valid for the particular iterates t =t¢,, v =1,2,....
Now choose 3 =1+ 1/Ae. Then”

1 € € €
= = > =
BN B 14" A+1

(defining «). Then (7.3.10) can be rewritten

(7.3.11)

() < 4=V (D) + C'H] (‘g)a,

again valid for t =t,.
The restriction of ¢ to the iterate values t,, can be removed by observ-
ing that, for t,11 <t <t,,

4t “
w(t) <w(t,) < 4~V w(D) + C'k] ( - t) :
D tu+1
Here
tu —4 Ty :4‘4,8—1 :4ﬁ’ ( tl/ > :4,804 < 41/)\‘
tl/-‘rl Tv+1 tl/-‘rl o
Hence, noting that w(D) = M — m, we obtain

wlt) < (M —m+Ck)(4/D)", €=, _3475 L (13.12)

valid for all t < t; = D/4.

“In the special case k = 0 (as in the original papers of De Giorgi [27] and Moser [62])
we can take 8 =1 so that 7, = D and o = 1/A.
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Step 3. For any € Q and 0 < h < D/4, define

1
My, = sup wu, mp = inf wu, up ()

= U.
B (x) Bn(2) |Br(2)| /B, (2)

Clearly mj, < up(x) < Mj. Also, since the sequences my,, M}, are monotone
in h as h — 0, they converge to limits. On the other hand, by (7.3.10) we
have My, — mp, = w(h) — 0 as h — 0, so that the limits must be the same.
Therefore uy (x) converges to this limit, which we temporarily call a(z).

By the Lebesgue set theorem, if u is any representative of u, we also
have up(z) — u(x) at a.a. x € Q. Hence @ = w a.e. in Q, that is @ is a
representative of u.

Step 4. We show that u is continuous, that is, the representative 4 is a
continuous function.®

Let z, y in Q, with 4|x — y|/D < 1. We put t = |z — y| so that both
x and y are in By(x). It follows that, for 0 < h < 3D/4,

lup(z) —up(y)| < sup u— inf w=w(t+h).
B (z) Biyn(z)

If h is sufficiently small, then ¢ + h < D/4. Thus by (7.3.12)
lup () —up(y)| < (M —m+ Ck) [4(t + h)/D]™. (7.3.13)

Letting h — 0 then yields (7.3.1) with u replaced by @. That is, @ is
continuous in €2, and, by dropping the tilde, we get (7.3.1) as written. [

If only @ € L™(Q) and ay € L™?(Q), then by a modification of the
above proof it is still possible to show that u is continuous, though no
longer Holder continuous.

7.4 The case p > n

By appropriately reducing the exponent p = n using the Holder inequality,
it is not hard to see that one can extend the results of the previous sections
to the exponent range p < n. At the same time, with the help of Morrey’s
theorem (Theorem 7.5.7) asserting the Holder continuity of functions in
WLP(Q), p > n, it is possible to obtain these results also for the remaining
range p > n, in fact by a direct and immediate route.

8This step has been omitted in earlier proofs, along with the construction of @(x).
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Theorem 7.4.1. Let the hypotheses of Theorem 7.1.2 be satisfied, with the
exception that p > n and that the coefficients a, b, etc., are in the respective
Lebesgue spaces:

a, @, by € LP(Q); be LP~YQ); a9, by € L'(Q); ay € LY (Q). (7.4.1)

Let u € W,2P(Q) be a positive solution of (7.1.4) in Q. If Byr C Q,

loc
then the following conclusions hold:

(i) supuﬁC(ig}lfu—i—k),

Br

(i)  |u(z) —u(y)| < C (supu + kz) |z — y\lfn/p for all z, y € Bg,
Bsr
where
C = C(n,p, R;ay, ||ba]]; |laz + bz, [|az|),
k= RO [|al| + |lal) + B ||

the norms of the coefficients being taken in the respective Lebesgue spaces
(7.4.1).

Proof. Suppose first that R = 1. Observe that the key inequality (7.1.23)
in Case (C) of the proof of Theorem 7.1.2 is equally valid when p > n.
The following main estimates similarly remain true, provided the parameter
n appearing in these estimates is replaced by p and of course using the
conditions (7.4.1). Consequently in place of (7.1.24) we reach the conclusion

[1Dvllp.5, <C,  (p>n)

since By C €.
Theorem 7.5.7 can therefore be applied, with the result

jo(z) — o) < Clz —y|* P < C

when z, y € Bj.
But v = logw = log(u + k), so

u(e) < {u(y) + k}e,

and (i) is an immediate consequence.
Moreover, since | Dv||, B, = |[Dw/w||,,B, we have

| Dw|lp,B; < supw|Dvllp p, < Csupw.
Bg BS
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Therefore, again by Morrey’s theorem,

lw(z) — w(y)| < Clz —y|'~"/" supw,

3

from which (ii) follows at once. O

The Harnack inequality (i) is an exact counterpart of (7.2.3), but in-
terestingly it requires only that u be a solution of the inequality (7.1.4)
rather than equation (7.2.1). Similarly, the Hélder inequality (ii) corre-
sponds to (7.3.1), but with a far better exponent. At the same time, one
should note that the constants C' in (i) and (ii) becomes infinite as p ap-
proaches n.

Finally, the reader can easily convince himself that global bounds for
solutions, of the kind developed in Chapter 6, cannot be obtained with
the aid of the Harnack theorems or the Holder continuity results of this
chapter. That is, the results of Chapter 6 retain their validity irrespective
of the theorems of this chapter.

7.5 Appendix. The John—Nirenberg theorem

This well-known result is crucial in the proof of the Harnack inequality
in Section 7.1. For completeness we include a concise proof based only on
Holder’s inequality and integration by parts, following an idea of Trudinger
[110]. We begin with an important result concerning the Morrey transform
of a function f € L(Q), this being the key to the main Theorem 7.5.4.

Proposition 7.5.1. Suppose n > 2. Let f € L*(2) be such that
f>0 in Q, / f<ht (7.5.1)
QnB;,

for all balls B; = By (x') with radius h > 0 and center ' € Q. Then there
are positive constants a1 and as, depending only on n, such that

F
/ exp < ) < ad"™,
Q ai

F(x) = / & — " F (y)dy

where d = diam(Q2) and

is the Morrey transform of f.
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One can take a; = 5n and ay = w,,. Further results relating to Propo-
sition 7.5.1, but beyond the scope of the present work, can be found in
Section 2.9 of [117] and in [98]. For the proof of the proposition two pre-
liminary lemmas are required.

Lemma 7.5.2. Let f € L*(Q) and define (Riesz potential)

=/Q|x—y\”(“)f(y)dy, 6 € (0,1].

Then
| Zolly < wp~?1Q° 1 £111/6.

Proof. Let .7(x) = |2|"®~Y. Then .# € L'(Q), with
1711 < w010 /6.

Indeed, let Z be the effective radius of Q, that is |Q] = w,Z"™. Then, since
n(6 — 1) < 0 one sees by geometric comparison that (!)

X
/ S (x)dx < S(x')dx' = nwn/ 0" ldp = “n a2,
Q Ba 0 0

as asserted. Now by Fubini’s theorem

| Fawraa= [ {/ & — 0~ “dx} Fdy < i i0f [ s

since the center at y rather than at 0 leaves the estimates unchanged. O

That .7 is well defined and in L'(Q) follows immediately from Lemma
7.5.2, since F = F, ;,. The second lemma is the ultimate key to the John-
Nirenberg theorem.

Lemma 7.5.3. Let f € L*(Q) satisfy (7.5.1). For 6 = (1+\)/n, 0 < A <
n — 1, the function Fy defined in Lemma 7.5.2 is such that

Fo(z) < d* in Q.

Before proving Lemma 7.5.3 it is useful to recall the following general
integration by parts theorem.
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Suppose that ¢, 1 are absolutely continuous functions® on the bounded
interval [a,b]. Then ¢, ¢ are differentiable a.e. on (a,b) with ¢, ¢’ €
L'(a,b), and

b
¢(0)p(b) — p(a)ip(a) =/ {(s)0'(s) + (5)¢' (5) }ds. (7.5.2)

The proof is immediate. That is, since ¢, ¥ are absolutely continuous,
also ¢ is absolutely continuous. Thus ¢ is differentiable a.e. on (a,b)
and (see [89]) equals the indefinite integral of its derivative. But by direct
evaluation (¢pv) = ¢’ + 1 ¢ a.e. in (a,b) and the conclusion follows at
once. U

Proof of Lemma 7.5.3. Without loss of generality we may suppose that the
domain of f is extended to all R™ by setting f = 0 outside 2.
Let € € (0,d) and z € Q be fixed, and define

o(t) = / fW)dy, L€ (ed).
B (xz)\B:(x)

Writing ¢ as an iterated integral in spherical polar coordinates r, w,

oty = [t [ st o

shows that ¢ is absolutely continuous in the interval [e, d], see [89], Propo-
sition 4.13, with derivative ¢’ € L'(e,d). Also define

F(t) = / 1 — y "0 f(y)d.
By (x)\Be ()

Similarly, F' is absolutely continuous in (g, d), and one derives also
F'(t) =t Y¢'(t)  a.e. in (e,d).
Hence

F(d):/EdF’(s)ds:/ds”(a1)¢’(s)ds

£

d
:d”(91)¢(d)+n(1—9)/ sn(071)71¢(8) ds

£

by integration by parts, with (a,b) = (e,d) and ¥(t) = tn(0—-1)

9For a bird’s eye view of the properties of absolutely continuous functions, see [89],
Section 5.4. The conclusion (7.5.2) does not hold if the hypothesis is weakened to the
simple assertion that ¢, 1 are continuous and differentiable a.e. in [a,b] with ¢/, ¢’ €
L (a,b).
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By (7.5.1) and the condition f =0 in R™\ Q, we have

hn(9—1)¢(h) < hn(a—l)/ f(y)dy < hn9—1 _ h)\
QﬂBh(w)

since 6 = (1 + \)/n. Hence

F(d) < [1+ ”(1; 9)] = ”;1 .

Using the fact that Q C By(x), it follows that
F@= [ o=yl f(g)dy.
Q\B:(z)

Lemma 7.5.3 is now a consequence of the monotone convergence theorem
applied to the integral F'(d) as e — 0. O

It is interesting that when (7.5.1) holds the integral %y (x) is conver-
gent for all z in Q.

Proof of Proposition 7.5.1. Let A € (0, 1]. We have

i—lz(i—l))\jL(lj;)\—l)(l—)\).

Then for y € €,

1-X

A
lz—y' " fy) < {IfL’ — yI”W”‘”f(y)} : {IfL’ — yl”[(l“)/”‘”f(y)}

Therefore, from Holder’s inequality with exponents 1/A and 1/(1 — ),

n—1 1=A
ﬂwﬂ%mw@MWmHg%Mw<Am).

In turn, using Lemma 7.5.2,

/A LLS BN A n—1 4 A
[E@ra < Jumapeis () @)
Q

1/A
n n—1

< mn
_n—1< A > “nd

since | f|| < d"~* by (7.5.1) while obviously [Q| < Jw,d"™.
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Consequently, replacing 1/ successively by k =1,2,..., N, we get

k N .k k
n k n—1
< mn
/QZk:l[ ay } dx_n—lwnd ;k'( aq )

k=1

for any a; > 0. The ratio of successive terms in the series on the right-
hand side is (1 + 1/k)¥(n — 1)/a; < e(n —1)/a;. Hence, taking a; = 5n,
the right-hand series is dominated by

n—lNz_:l (n—l)ek< n—1
bn £~ 5n “5n—(n—1)e
Finally, by the monotone convergence theorem,
1 n
F dr < d" < wpd"®
/Qexp( (x)/ar)dx < [2+5n—(n—1)e] W, wnd™,
as required. O

We can now prove the following version of the John-Nirenberg theorem.!®

Theorem 7.5.4. Let Q be a bounded conver domain, and assume that v €
W), with

/ |Dv|dz < Kh"™!
QNB,

for all balls B) = By (z") with radius h > 0 and center z’ € ).
Then

o 1
— < n =
/Qexp( |v(x) UQ\) dz < w,d", Vg Q) /Qv x)dx
for all o < |Q|/5d™, where d = diam(€2).

The proof of Theorem 7.5.4 is a consequence of Proposition 7.5.1
together with the following lemma, due originally to Morrey.

Lemma 7.5.5. Let Q be a bounded convexr domain and f = |Dv| € L*(Q).
Then for a.a. x € €,

[v(z) —vg| < nl9) F(x).

For proof we refer the reader to [43, Lemma 7.16].

10The result as stated here is slightly weaker than the original theorem in [48]; it can be
obtained by the original theorem together with Poincaré’s inequality. The present proof
however is both simpler and more concise.



178 Chapter 7. The Harnack Inequality

Proof of Theorem 7.5.4. After a simple rescaling of v, the result follows by
combining Proposition 7.5.1 and Lemma 7.5.5. g

Corollary 7.5.6. Under the hypotheses of Theorem 7.5.4 there holds

/eav/K‘/eov/K < 2wnd2n‘
Q Q

This is a consequence of the relations v < |v — vo| + vg and —v <
v —vg| — vq.

It is interesting to observe that by Jensen’s inequality

/eav/K'/ efo”u/K > |Q‘2
Q Q

The John-Nirenberg theorem is closely related to a famous theorem
of Morrey concerning the Holder continuity of functions whose gradient is
in LP(2), p > n.

Theorem 7.5.7 (Morrey’s theorem). Let u € WHP(Q), p > n. Then u is
locally Holder continuous in Q with Holder exponent 1 —n/p. Moreover, if
Q is convex, then also

Ju(z) —u(y)| < 2C(n,p)|QY" VP d" | Dull,,  z,y€Q, (7.53)

where

1/p
C(n,p) _ n—l/p (p_ 1> w'rll—l/n‘
p—n

Proof. First, by essentially the same proof as that for Lemma 7.5.2 we have

17l < nC(n, p)|QI"4/7|| Dull,.

Suppose now that €2 is convex. Then by Lemma 7.5.5 we have (with f =
| Dul)

dn

< Ql/n—l/p—l n\ D .
o Z@ < Clplgl a1 Dul,

u(z) — uq| <

In turn, for x, y € €,
u(z) — u(y)] < |u(z) —ual + [uly) — ual,

so (7.5.3) follows at once.
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Suppose dist(x,082) = ¢ and let y be such that |z —y| = h < .
Obviously z, y € By(x). Taking Q = By (z), so d = 2h, then from (7.5.3)
follows

+1 1\ p—1 v 1-n/
— <2m D e —y| TP (7.5.4
o) —unl <27 () (P20) 1Dl e = o (5

whenever |z — y| < J, proving that u is Hélder continuous. O

Morrey’s inequality, Theorem 3.9.3, is an easy consequence of (7.5.4).
Indeed, if || = 1, then every point of (2 is at most a distance w,, 1 from
0. Then by (7.5.4), with y € 9Q so |x — y| < w;””, we get

2n+1 -1 1/17,
ol S (P20 i, (7:55)
wn''n

where we have used the fact that u(y) = 0 because u = 0 on 0f.

Notes

Theorems 7.1.1 and 7.2.1 are essentially due to Serrin [92], Theorems 1
and 5. They are based ultimately on the Moser iteration technique. Theo-
rem 7.1.2, as an intermediate step between Theorems 7.1.1 and 7.2.1, was
first explicitly stated by Trudinger [109]: its great usefulness, as pointed
out by Trudinger, lies in the fact that it applies to the differential inequal-
ity (7.1.4), rather than requiring the full differential equation (7.2.1) for its
validity. The proofs in Section 7.1 are due to Serrin [92], with important
modifications for clarity of presentation.

The results in Sections 7.2-7.4 are standard, but the statements and
proofs are in many respects new; see especially Theorem 7.4.1.

Harnack inequalities for domains Q C R? have been obtained by Pucci
and Serrin [80] and [83, Section 5.5]. While the restriction to R? is a draw-
back, on the other hand the operators and nonlinearities studied in this
work are more general than in earlier literature, for example applying to
the mean curvature equation even without bounds either on the solution
or its gradient.

For mean curvature-type equations Trudinger [111] has given a Har-
nack inequality for bounded solutions in n dimensions, with the constant
in the Harnack principle depending on the bound.
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Problems

7.1 Supply the details for the proof of (7.1.11).

7.2 Using the proof method of Lemma 6.2.4, prove the case p = 1 of
Theorem 7.1.1.

7.3 Prove Corollary 7.1.3.

74 Ifa € L™(Q) and ay € L™/?(Q) in Theorem 7.3.1, then show that
u is continuous. Produce an example in which u is no longer Holder
continuous.

7.5 Prove Lemma 7.5.5, adapting the proof of [43, Lemma 7.16].



Chapter 8

Applications

8.1 Cauchy-Liouville Theorems

A Cauchy-Liouville type theorem is a statement that under appropriate
circumstances an entire solution (a solution defined over R™) of an elliptic
equation must be constant.! For the Laplace equation in particular, it is
enough that a solution u should be bounded, or even, at a minimum, that
u(x) = o(|z]) as |x| — oco. For quasilinear equations, and even for semilinear
equations of the form

Au+ B(u,Du) =0, xr € R", (8.1.1)

the same question is more delicate than might at first be expected, since a
number of different kinds of behavior can be seen even for relatively simple
examples.

Consider first the simple Poisson equation

(1) Au = f(u), u € C*(R™),

in which f(u) is a non-decreasing function. If u(x) = o(|z|) as |z| — oo,
then u = constant. For the equation

(11) Au=(IDul* —1)*u,  ueC2RM),

IFrequently called Liouville theorems in the literature. For a discussion of the relative
contributions of Cauchy and Liouville, see reference [101].
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the same result holds, and indeed, more precisely ©« = 0. On the other
hand, in contrast to the Laplace equation, a one sided bound on u is not
enough to make u = constant, since one can check that both

u(m):\/l—i-x%, u(m):—\/l—i-x%

are solutions. In a third case
(I11) Au = |Dul*,  wue C'R"),

the only entire solutions are constants, without placing any bound on the
solution itself. Even more the equation

(IV) Au = |Du|* + a, a = constant # 0,

has no bounded entire solutions whatsoever.

—Uu

Case (III) is proved by making the substitution v = e~ ", whence

Av =0, v > 0, so that v and hence u must be constants.

Cases (I), (IT) and (IV) rely on the following subtle lemma, which we
state in greater generality than initially needed.

Theorem 8.1.1. Consider the quasilinear equation
a;j (:L',u,Du)@ixju + B(z,u, Du) = 0, x eR", (8.1.2)

in which [a;j(x, 2z,§)] is an n x n non-negative definite matriz, uniformly
bounded in R™ x R x Bs for some § > 0, where Bs denotes the §-ball of
R™. Assume also that for x € R"

> () = gllg). when f(:)20 and €€ By
- 1.

—B(z,2,£) {_ f(z)+g(&]), when f(2) <0 and € € By,

where f is continuous and non-decreasing in R, and g is continuous in Bg
with g(0) = 0.

(i) If f has only a single zero, 7y, then the only entire solution u € C?*(R™)
of (8.1.2) such that u(x) = o(|x|) as |x| — oo is u = const. = 7.

(ii) If f has no zeros, then there are no entire solutions u € C%(R") of
(8.1.2) such that u(x) = o(|z|) as |x| — oo.

Equation (8.1.1) is obviously covered by Theorem 8.1.1.
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Proof. Case (i). Let g € R™ and ¢ = u(zg). We assert that f(c) < 0.
Otherwise suppose for contradiction that f(c) > 0. For ¢ € (0,0) put

v(x) = u(z) — c —eh(x), h(z) = /14 |z — x0)2 — 1.

Then v(xg) = 0, while v(z) — —oo as || — oo. Consequently v takes a
non-negative maximum at some point y. Hence v(y) = u(y) —c—eh(y) > 0,
so u(y) > c and f(u(y)) > f(c) > 0 since f is non-decreasing. Moreover,

Du(y) = Du(y) —eDh(y) =0,  ay(y,u(y), Du(y))oz., v(y) < 0.

Since |Du(y)| = ¢|Dh(y)| < € < 9, by evaluating (8.1.2) at y and using
(8.1.3) we get

f(e) = g(elDh(y)]) < f(uly)) — g(|Du(y)])
< —B(y, u(y), Du(y)) = ai;(y, u(y), Du(y))d3,, u(y) (8.1.4)

< eaij(y, u(y), Du()d3,0,hly) < 2D aiily, u(y),=Dh(y)),

since aixjh(:n) = (1+|x—m0|) 71/26;; — (1+ |z —20|) /% (2, — 70,4 (T —T0.;)
and [a;;] is non-negative definite. Thus, letting ¢ — 0 in (8.1.4) yields
f(c) <0, a contradiction. Thus f(c) < 0.

In the same way we find f(c¢) > 0, so f(¢) = 0 and ¢ = 7. This
completes the proof of (i).

Case (ii). Suppose first that f(z) > 0 for all z. Then exactly as in (i) we
find that f(c) < 0 for any value ¢ in the range of u. The existence of an
entire solution such that u(x) = o(|x|) as |z| — oo therefore leads to a
contradiction. The case when f(z) < 0 for all z is treated similarly. O

To prove that (I) has no entire solutions which are o(|x|) as |z| — oo,
observe from Theorem 8.1.1, with B(x,z,&) = —f(z), that f(c) = 0 for
all ¢ in the range of w. Thus in fact Au = 0. But then (making use of
the spherical harmonic expansion of u about a given origin) we see that
u = constant, as required.

To prove (II) let f(z) = (9/16)z and g(|€|) = 0. Then (8.1.3) applies
with 6 = 1/2. Hence by (i) we find that u = 0 is the only entire solution such
that u(z) = o(|z|) as |x| — oco. To obtain (IV), we apply Theorem 8.1.1 (ii)
with f(z) = a, a # 0, and g(|¢]) = |€|>. Thus there can be no entire
bounded solution, or even an entire solution such that u(z) = o(|z|) as
|x| — o0.

As the examples (I)-(IV) make clear, there seems no simple overall
Liouville theorem for quasilinear elliptic equations, even in cases in which
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the principal part consists of the Laplace operator. Nevertheless, there are
further interesting results which can be obtained without difficulty.

A first case of interest occurs if f is strictly monotone in R. Then f
has at most one zero in R, and in turn every entire solution which is o(|z|)
as |r| — oo is constant. An important example is the capillary surface

equation

D

div “ = KU, k> 0. (8.1.5)
V1 + |Dul?

In particular, the only entire solution which is o(|z|) as |z| — oo is u = 0.
In fact, as will be seen later, the only entire solution of (8.1.5) which has
at most algebraic growth at infinity is u = 0.

Even more, the result of Theorem 8.1.1 extends to solutions u defined
in exterior domains, the result being again that f(c) = 0 for all values
¢ which the solution u can attain at oo, see Problems 8.3 (i) and 8.4.
For (8.1.5), this means that any exterior capillary surface solution must
approach the limit 0 as |x| — oo, if it is algebraic as |z| — oc.

When f = f(z) is non-decreasing but not strictly monotone in z, it
is still possible to draw useful conclusions. Suppose for example that f
vanishes for all z < 0 and is non-decreasing and positive for z > 0. In this
case the proof of Theorem 8.1.1 supplies the conclusion that all solutions
of (8.1.2) whose positive part is o(|z|) as |z| — oo must be non-negative.

Furthermore, by choosing other functions h than that used in the
proof of Theorem 8.1.1 we can obtain significant extensions of this result.
For example, if h(xz) — oo as |z| — oo and

sa,-j(y,u(y),sDu(y))@ixJ_h(y} < const. £”, B >0, (8.1.6)
then Theorem 8.1.1 continues to hold provided g(s) = 0 and u(z) = o(h(z))

as |x| — oo.
For example, the following result holds for the p-Laplace operator.

Theorem 8.1.2. Let u € CY(R™), with also u € C? in the neighborhood of
any point y where Du # 0, be an entire (distribution) solution of

Ay u= f(u), p>1, (8.1.7)

such that u(z) = o(|z[’") as |z| — oco.
Assume that f is a mon-decreasing function which does mot vanish
identically. Then u = constant.

The case p = 2 of this result is due to A. Farina [35].
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Proof. Writing (8.1.7) in standard form it becomes

where
a;j(Du) = |Du|p_25ij +(p— 2)|Du|p_461iu81j U.

Now take h(z) = |z|*, a > 1, so that, after a short calculation,
eai;(eDh(y))02,, h(y) = ()P {n + a(p — 1) — p}|y|*P~ 17
Taking o = p/(p — 1) = p’ then gives
eaij(eDh(y))d3,, h(y) = (ep')P " 'n,

so (8.1.6) is valid with 5 =p — 1.

Since f # 0, we may suppose for definiteness that v = {greatest zero
of f} > 0. Let u(zp) = ¢ > =, with Du(zg) # 0. Then following the proof
of Theorem 8.1.1 (i), we find Du(y) = eDh(y) # 0 if y # xo; that is, in
all cases, u € C? in a neighborhood of y. In turn we get f(c) < (ep’)?~'n.
Letting ¢ — 0 and noting that f(c) > 0 then gives a contradiction. That is
u(zg) < . From this, it follows easily by continuity that u(z) <+ for all
r e R™

Similarly u > +/, where +/ is the least zero of f (or 7' = —c0 if f =0
for z < 7). Finally, since f is non-decreasing we find also f(z) = 0 when
z € (7, 7). In summary, the solution u is necessarily bounded on one side,
with f(u(x)) = 0 for all values u(x) in the range of the solution, that is,

Apu=0.
The Liouville theorem, Corollary 7.2.3, now implies u = constant, com-

pleting the proof. O

Similar ideas can be applied to the case of the mean curvature oper-
ator, leading to the surprising

Theorem 8.1.3. Let u € C2(R™) be an entire solution of

div(\/l frDUI2> = f(u). (8.1.8)

such that u has at most algebraic growth as |x| — oo.
Suppose that f is non-decreasing and does not vanish identically. Then
u = constant.
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The proof is essentially the same as before, though with two main
differences. First, one shows that if h(z) = |z|%, « > 1, then with

aij(Du) = (1+ |Dul?) Y25, — (1 4 |Dul*)=3/20,,u 0,,u,
one gets
eaij(y, uly),eDu(y))d2,, h(y) < e'/® (8.1.9)

provided that ¢ is suitably small (see Problem 8.4).
Then as in the proof of Theorem 8.1.2 one finds that  is bounded on
at least one side, and that

div Du -0
V1 + |Dul?

Finally by a result of Bombieri, De Giorgi and Miranda [15] necessarily u
is constant.

Notes

The conclusions of this section are in most respects new, though based
originally on [96]. Other related results can be found in [70] and in the
extensive monograph [35].

It has been assumed throughout the section that f is a non-decreasing
function of w. When this is not the case, for example for the equation

Au + |u|9%u = 0, qg>1,

the situation is entirely different and the results much more delicate (more-
over, for the most part, being independent of maximum principle tech-
niques). There is a large literature concerning this case, cf. [12], [13], [41],
[60], and particularly [74] and [101], to which the reader can be referred.

8.2 Radial symmetry

Let B be a ball in R", for definiteness centered at the origin, and consider
the Dirichlet problem

Au+ f(u) =0, u>0 in B,

8.2.1
u=0 on 0B. ( )
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One may expect the existence of radial solutions u = u(r) of this problem,
coming from the ordinary differential equation

-1
u”—l—nr u' + f(u) =0.

The question then arises whether solutions are necessarily radial. Delicate
examples show that this in fact may not be the case, see for example [38,
page 104]. On the other hand, if the function f is, say, of class C!, then
the answer is yes, as a consequence of the following

Theorem 8.2.1 (Radial Symmetry). Let B be an open ball in R™, n > 1.
Assume u € C?*(B) N C(B) satisfies (8.2.1), where f is locally Lipschitz
continuous in Rg . Then u s radially symmetric, that is can be written in
the form v =u(r), r = |z|.

This result is due to Gidas, Ni and Nirenberg [40] for solutions of class
C?(B) and to Berestycki and Nirenberg [11] for the stated case. A short
proof of Theorem 8.2.1 was given by Brezis [16].

Theorem 8.2.1 allows extension to radially symmetric quasilinear
equations, moreover without the assumption of positivity of the solution,
or the full Lipschitz continuity of the nonlinearity f. There are two main
cases, first when the solution u € C'(B), and second for u € C(B)NC(B).

In the second result, which we state as Theorem 8.2.3, less regularity
is required of u near the boundary of B. This however leads to stronger
regularity hypotheses being needed for the operator A and nonlinearity f.
At the same time, it is easy to see that these extra hypotheses automati-
cally hold for the problem (8.2.1), where A(z,s) =1 and f = f(z). Thus
Theorem 8.2.1 is a special case of Theorem 8.2.3.

Theorem 8.2.2 (Radial Symmetry, I). Let B be an open ball in R™, n > 1.
Assume u € CY(B) is a distribution solution of the problem

div{A(u,|Du|)Du} + f(u,|Du|) =0, u>0 inB,

8.2.2
u=0 ondB. ( )

Here A = A(z,s) : R x Rf — R* is assumed continuously differentiable
with

sA'(z,s) + A(z,s) >0 ('=0s); (8.2.3)

while the function f = f(z,s) is locally Lipschitz continuous in Rar X Rar.
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Then u is radially symmetric about the origin in B and is of class
C?(B). When n > 2, then either u = 0 or u > 0 in B with u/(r) < 0 for
0<r<R.

The principal operator in (8.2.2) is closely related to the variational
integral

Iu] = /Qg(u, \Dul) dz,

where ¢ and A are related by A(z,s) = 9'(z,s)/s, s > 0. Ellipticity then
is equivalent to ¥”(z,s) > 0 for s > 0. Theorem 8.2.2 applies in particular
to the mean curvature equation

D
div (%HTDuI?) = f(u,|Dul).

Here A = A(s) = (14 52)71/2 > 0 and A(s) + sA'(s) = (1 + s%)73/2 > 0,
that is the equation is elliptic. Thus every solution in C*(B) with boundary
condition u = 0 on OB is radially symmetric.

Theorem 8.2.3 (Radial Symmetry, IT). Let B be an open ball in R™, n > 1.
Assume u € CH(B)NC(B) is a distribution solution of the problem (8.2.2).
Here the operator A = A(z,s) : R(J{ X R(J{ — RT is assumed to be uniformly
continuously differentiable in I' x Rg, where I' is any compact subset of
Rg , with both quantities

Az, s), sA'(z,8) + A(z, s) (8.2.4)

uniformly bounded away from zero in I' X R:{; while the function f =
f(z,8) is uniformly Lipschitz continuous in T' X Rar. Then the conclusion
of Theorem 8.2.2 continues to hold.

Condition (8.2.4) can be expressed alternatively as stating that the
differential equation is uniformly elliptic.

Remark. When the restriction v > 0 in B in Theorems 8.2.2 and 8.2.3 is
strengthened to v > 0 in B, it is not hard to see from the proofs below that
f(z,s) does not need to be lower Lipschitz continuous in the variable z at
z = 0, though upper Lipschitz continuity is still required. This allows for
example the interesting class of nonlinearities f = f(z,s) having asymp-
totic form —z? near z = 0, with 0 < ¢ < 1, not previously noted in the
literature.

The possibility of radial symmetry on annuli is the concern of the
next result.
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Theorem 8.2.4. Let B be a ball or an annulus B = By \ By, centered at the
origin. Assume that uw € C*(B) N C(B) is a solution of the problem

div{p(r)A(|Dul)Du} + f(r,u) =0 in B,

(8.2.5)
u = constant on any component of 0B.

Here the function A is assumed to be positive and s — sA(s) strictly in-
creasing in RT, with sA(s) — 0 as s — 0; while f = f(r,2), r = ||, is
locally bounded in B x R, and non-increasing in z; finally the function p is
positive and locally bounded in B\ {0}.

Then u is unique and radially symmetric.

In contrast with Theorem 8.2.2, no restriction on the sign of u is
required in Theorem 8.2.4, and even more in Theorem 8.2.4 the operator
A can be singular, e.g., A(s) = sP72, p > 1, whereas in Theorem 8.2.2
necessarily A(z,0) > 0. On the other hand, the monotonicity condition on
f, replacing locally Lipschitz continuity in Theorem 8.2.2, is itself a strong
requirement.

Proof of Theorems 8.2.2-8.2.4

Proof of Theorem 8.2.2. We use the technique of moving planes, intro-
duced in [2] and [95].

Write x = (z1,2") with 2’ = (z,...,z,). For A € (0, R), where R is
the radius of B, we set

By={z€B:z;>) and &=3i"=(2\—x,7);

Z is the reflection of the point x in the hyperplane T with equation 1 = .
Clearly & € B when x € B), so we can define

v =20 z) = u(d).
It is easy to see that v, along with u, satisfies
div{A(|Du|)Du} + f(u,|Du|) =0 in Bj.
Hence in B),
div{A(v, |Dv|)Dv — A(u,|Du|)Du} + f(v,|Dv|) — f(u,|Du|) = 0. (8.2.6)

Put w = w* = v* —u € CY(By) N C(By). Then w > 0 on dB,, that is
both on 0B N {zy > A} and on B N {z; = A}.
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It follows from (8.2.3) that the matrix [0 (A(z, [£])€)] is locally posi-
tive definite in Rf x R; moreover 9, A and |9¢A| are locally bounded in
R§ x RY. In turn, using the fact that Du is bounded in B, we see that for
r € B) there holds

A(v, |Dv|)Dv — A(u, |Du|)Du, Dw) > ai|Dw|? — asw?
< (7| ) ) )

8.2.7
|A(v, |Dv|)Dv — A(u, |Du|)Du| < ag|Dw| + a4|w], ( )

for appropriate constants ay, az > 0 and as, ag > 0: see (2.5.9). Also since
f = f(z,s) is locally Lipschitz continuous in Rj x R} we have similarly

|f (v, |Dv]) = f(u, [Dul)| < b1| Dw| + baw (8.2.8)

for appropriate constants by, bo > 0; the constants in the inequalities (8.2.7)
and (8.2.8) obviously depend only on bounds for v and Du in B.

For X\ near R, the set By has small measure, e.g., |By| < R — \. We
are therefore in position to apply Theorem 3.3.1. In particular, in view of
(8.2.7) and (8.2.8), the equation (8.2.6) takes the form (3.1.1) with w in
place of u, and with (3.2.1) holding for p = 2. Since w > 0 on dB, it now
follows from Theorem 3.3.1 that w = w? > 0 in By for \ sufficiently near
R. Let

A={\e€(0,R):w* >0in By}.
Thus A is non-empty and relatively closed in (0, R).
Let A € A. Remembering that f is locally lower Lipschitz continuous,

from the tangency principle Theorem 2.5.2 applied to the pair of solutions
uw and v = v in the set By, we see that either

w*=0 or w>0 in Bj. (8.2.9)
In the sequel we will need the following result.
Lemma 8.2.5. If w® > 0 in By for all A € A, then A = (0, R).

Proof. Let A € A. It is obviously enough to show that y € A when p < A
and p is sufficiently near A. Let K be a compact subset of By with the
property that the set B, \ K has measure so small that Theorem 3.3.1
applies; this can be accomplished by making at the same time p suitably
near A. Obviously w = w> > ¢ in K for a suitable constant § > 0. Then
for the function w*, we have when x € K,

wh (z) = v (z) —u(r) = w(@") —v*(2) +w (z) = w@") —u(@)+w(z) >0,

since |#* — | = 2(A — ) can be made as small as we wish by taking p
even nearer A if necessary (and since u is uniformly continuous in B).
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In particular, w* > 0 on 0K, so in turn
wt' >0 on O(B,\K)=0KUO0B,.

Hence by Theorem 3.3.1 we get w* > 0 in B, \ K, and in combination
w! > 01in B,. Hence p € A for all < A which are sufficiently near A, as
required. Thus A = (0, R). O

The proof now divides into three cases.

Case 1. w > 0 in B. It is easy to see that w* > 0 in By for all A € A:
otherwise, wy = 0 for some A\ € A, so in particular we would have w? =
v = 0 on OBy N OB. But this requires that u = 0 on the reflection of 0B
in the hyperplane 1 = A, contradicting the assumption that © > 0 in B.
It now follows from Lemma 8.2.5 that A = (0, R) and so w* > 0 in By, for
0<A<R

By continuity u(z) — u(z) > 0 for A = 0, that is
U(l’l,y) < u(_xlay)a Ty > 0.

The same argument applies with a moving plane ;1 = A < 0, with A €
(—=R,0). Thus u(z1,y) < u(—z1,y), 21 < 0. Consequently u(zi,y) =
u(—x1,y), and w is symmetric across the hyperplane z; = 0. By rota-
tion of coordinates the same conclusion applies in all directions and u is
symmetric across any hyperplane through the origin. Thus w is radially
symmetric.?

Case 2. u # 0 in B, and n > 2. We assert that there is some A € A such
that w* = 0 in B). Otherwise, recalling the dichotomy (8.2.9), if w* > 0
for all A € A, then by Lemma 8.2.5 we would have A = (0, R). In fact, this
is impossible: let zp € B be such that u(zg) = 0, and choose A so that
xo lies in the reflection of B) across the hyperplane x; = A. Then at the
reflected point g € By there would hold

0 < w(Zo) = u(zo) — u(io) = —u(Fg) <0,
a contradiction.
Let A\g € A be such that w*® = 0 in B),. Then necessarily « = 0 on

the reflection L of OB across the hyperplane Ty : x1 = Ag. Let y be a point
in 0BNTy. We reapply the previous moving planes argument, but now with

2If one assumes to begin with u > 0 in B, as in Theorem 8.2.1, then one can skip the
delicate Cases 2 and 3 which follow.
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\ A .xl

Figure 8.1: The dashed set L is the reflection in the hyperplane Ty of 0B. By
construction u = 0 on L and consequently by the moving plane argument
also u = 0 in the shaded “lens” set X.

hyperplanes parallel to the tangent hyperplane to OB at y. See Figure 1.
The previous reflection and thin set arguments then supply the conclusion
that the (new) functions w* are identically zero for all A suitably near R;
that is, for these functions the inequality w* = w(z) = u(z) — u(z) > 0
is incompatible with the condition v = 0 on L. But then u = 0 on the
boundary of any “lens” set X for which A is near R. Hence in turn u =0
at all points in any sufficiently small “lens” set adjacent to y. Evaluating
the main equation (8.2.2) in this set then yields f(0,0) = 0.

In turn, (8.2.8) gives
f(u,|Dul|) > —by|Du| — bau for u > 0.

The tangency principle Theorem 2.5.2 then implies ©v = 0 in B; that is, u
is (trivially) radially symmetric.

Case 3. u # 0 in B and n = 1. In this case there exists some point in the
interval B = (—R, R) where u = v/ = 0. There are two subcases.

First, if f(0,0) > 0, then again by the strong maximum principle one
gets u =0 in B.
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The remaining case f(0,0) < 0 is more complicated. Since this con-
dition makes it impossible to have any subintervals of B where u = 0,
necessarily B must consist of a finite or denumerable set of open intervals
I on which v > 0, separated by points where u = v/ = 0. Consider any
such subinterval I = (a,b). On I, u must be a solution of the ordinary
differential equation

{A(u, [u' '} + f(u, [u'[) = 0. (8.2.10)

Then by Case 1 it follows that 4 must be symmetric about the midpoint of
I, with v/ < 0 to the right of the midpoint. Using Lemma 8.2.6 below, for
the case n = 1 and with J = (}(a+b),b), we get v/ < 0in J; even more, the
function u, being a solution in J of the end value problem w(b) = u/(b) = 0
with «’ < 0, must equal, up to translation, a unique function U(z), and the
interval J must have a unique length, say d. That is, the difference b—a = 2d
must be independent of I, and the solutions for different subintervals I must
be identical following translation.

It follows that there are only a finite number of subintervals I, that
2R must be a multiple of b — a, and finally that u is symmetric on B,
though of course consisting of more than a single “hill’.

To complete the proof of Theorem 8.2.2, it thus remains only to show
that when v > 0 in B, then the solution u = wu(r) obeys u/(r) < 0 for
0 < r < R. To accomplish this, we first observe, since A = (0, R), that
necessarily u = u(r) is non-increasing, hence u'(r) < 0. That equality
cannot occur is a consequence of the following

Lemma 8.2.6. Let J denote the interval (0,S) and let u € C*(J)NC(J) be
a solution of the ordinary differential equation

-1
{AG /'Y + " A '+ fu ) =0, w>0, (8.2.11)

where A and [ satisfy the hypotheses of Theorem 8.2.2. Suppose v’ < 0 in
J and u(R) = 0. Then u € C*(J) and v’ < 0.

Moreover, when n = 1 there cannot be more than one value S and
one solution u € C1(J) such that u(S) = u'(S) =0 and u'(r) <0 in J.

Proof. Define ®(z,s) = sA(z,s) for z > 0, s > 0. By (8.2.3) the function
®(z,-) has a continuously differentiable inverse ®~1(z,-). Put

v=uv(r)=®u(r), | (r)]), reJ. (8.2.12)
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Then we can rewrite (8.2.11) in the form (where v’ is a weak derivative)

' = -0 (u,v),
, n—1

V= O (u, @ (u,v)) + fu, @ (u,v)).

(8.2.13)

Since v € C(J) it follows from the second equation of (8.2.13) that in fact
v’ € C(J), and in turn, from the first equation of (8.2.13), that v’ € C*(J)
and u € C%(J).

If at some point ¢ € J we have u(c) = up and u/(c) = 0, then also

u”’(c) = 0 since v’ has a maximum at c¢. But then (8.2.12) gives v'(¢) = 0,
and by (8.2.13) also

f(UOa 0) =0.

This being shown, by the uniqueness of the initial value problem for
(8.2.13), for the initial point r = ¢, we get u = ug, v = 0, a contradiction
since u(R) = 0 and ug > 0 by (8.2.11). That is, v/(r) > 0 in J.

The final part of the lemma follows from the uniqueness of the initial
(end) value problem together with the translation invariance of (8.2.13) for
the case n = 1. (|

Proof of Theorem 8.2.3. This is almost the same as for Theorem 8.2.2, the
only difference being in the derivation of the estimates (8.2.7) and (8.2.8).
The uniformity hypotheses however imply that the matrix [Og (A(z,|£])§)]
is uniformly positive definite in Rar x I'. Then with the help of the uniform
differentiability of A, the estimates (8.2.7) and (8.2.8) are obtained as be-
fore, with the constants in both inequalities depending only on bounds for
u in B. U

The key technical components in the proof of Theorems 8.2.2 and 8.2.3
are the tangency principle Theorem 2.5.2 and the thin set Theorem 3.3.1.
The latter result is relatively straightforward and even applies for solutions
in WH2(Q)NC(Q2). Theorem 2.5.2, on the other hand, is based on the Har-
nack inequality (2.5.3), and consequently is a considerably deeper result. At
the same time, (2.5.3) also applies when the solution is in W12(Q2)NC(Q),
see Theorem 7.1.2.

From these comments, it follows that Theorem 8.2.3 continues to hold
for solutions in W2(Q) N C(2). As a special case, Theorem 8.2.1 remains
valid when u is of class W12(Q) N (), as observed by Dancer [26] for the
case of the Laplace operator.
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More elementary proofs of Theorems 8.2.2 and 8.2.3 can be given
if u e C?(2) NC(Q), for then we can use the tangency principle Theo-
rem 2.2.1, based strictly on the Hopf strong maximum principle.

Proof of Theorem 8.2.4. Consider a second solution v(z) = u(—z1,y).
Since v is equally a solution of (8.2.5), it follows from Theorem 2.6.2 that
u = v in B. That is, u must be symmetric across the plane z; = 0. But
then as in the proof of Theorem 8.2.2, the solution must be radial. OJ

Notes

For the problem (8.2.1), Fraenkel [38, Theorem 3.6] gives conditions on
f closely related to those indicated in the remark after Theorem 8.2.3.
Castro and Shivaji [18] removed the positivity condition on the solution u
in (8.2.1) in the case n > 2. Theorem 8.2.4 is Theorem 1.1 of [78].

The (complete) symmetry results of Theorems 8.2.2 and 8.2.4 can
easily be extended to unidirectional symmetry for domains which exhibit
symmetry in only one (or several) directions, the proofs being essentially
unchanged from the radial case. A summary of results of this type is given
in [16]; see also [11], [38], [66], [75].

Other work of interest, e.g., for radial symmetry when 2 = R™, or for
degenerate operators, is contained in the papers [24], [25], [33], [100].

The reader can also be referred to the Notes for Chapter 3 of [38].

8.3 Symmetry for overdetermined
boundary value problems

In this section we consider overdetermined boundary value problems on a
general domain €2, for example when the boundary conditions involve both
Dirichlet and Neuman data. In this case, a natural question is whether the
domain itself must be restricted.

To be specific, let € be a bounded domain of R, n > 2, having
a smooth boundary 9€). Suppose as a first prime example the Poisson
differential equation

Au+1=0 inQ, (8.3.1)
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together with the overdetermined boundary conditions
u=0, Oyu = const. on 0€. (8.3.2)

Must € be a ball? We shall show that the answer is affirmative, and that
u must have the specific form (R? — r?)/2n, where R is the radius of the
ball and r denotes distance from its center. The precise result is as follows.

Theorem 8.3.1. Let Q be a bounded domain with boundary of class C>.
Suppose there ezists a solution u € C%(2) of the overdetermined problem
(8.3.1)(8.3.2). Then Q is a ball and u has the specific form (R* —r2)/2n
noted above.

For the physical motivation of Theorem 8.3.1, consider a viscous in-
compressible fluid moving in straight parallel streamlines through a straight
pipe of given cross sectional form 2. If we fix rectangular coordinates in
space with the z-axis directed along the pipe, it is well known that the flow
velocity w along the pipe is then a function of x, y alone, satisfying the
Poisson differential equation

Au+rk=0 in Q c R?,

where k is a constant related to the viscosity and density of the fluid and
to the pressure differential per unit length along the pipe. Supplementary
to the differential equation one has the adherence condition © = 0 on 0f.
Finally, the tangential stress per unit area on the pipe wall is given by
the quantity pd,u, where p is the viscosity. Theorem 8.3.1 states that the
tangential stress on the pipe wall is the same at all points of the wall if and
only if the pipe has a circular cross section.

Exactly the same differential equation and boundary conditions arise
in linear theory of torsion of a solid straight bar of cross section 2. Theo-
rem 8.3.1 then states that, when a solid straight bar is subject to torsion,
the magnitude of the resulting traction which occurs at the surface of the
bar is independent of position if and only if the bar has a circular cross
section.

Theorem 8.3.1 is a special case of the following general result for
quasilinear equations.

Theorem 8.3.2. Suppose the functions A = A(z,s) and f = f(z,s) sat-
isfy the hypotheses of Theorem 8.2.2, but with A now being assumed twice
continuously differentiable in R x R{ .
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Figure 8.2: Liquid rise in a non-circular capillarytube. Here ~ is the wetting
angle.

Let u € C%(Q) be a solution of the problem

div{A(u, |Du|)Du} + f(u,|Du|) =0, u>0 inQ,

8.3.3

u =0, Oyu = constant on 0f, ( )
where Q is a bounded domain with boundary of class C*. Then Q is a ball,
and u is radially symmetric about its center.

The proof is given below. With the help of Theorem 8.3.2, we can
consider the case of a liquid rising in a straight capillary tube of cross
section ) C R2. The function u = u(z,y) describing the upper surface of
the liquid satisfies the equation

. Du
div = Ku,
<\/1 + |Du|2)
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where k is a positive constant, see Example 2 of the Introduction. The
requirement that the wetting angle v at the wall of the tube be constant
leads to the boundary condition

Opu = coty = constant on 0f),

where v is the outward normal direction. Then, provided the wetting angle
v is different from 7/2, a liquid will rise to the same height at each point
of the wall of a capillary tube if and only if the tube has a circular cross
section. See Figure 8.2. When = /2 the unique solution is u = 0 for any
cross sectional form of the tube.

Remark. The domain €2 in Theorem 8.3.2 need not be assumed simply con-
nected. The conclusion that the domain must be a ball (simply connected)
is unaffected.

Proof of Theorem 8.3.2. The idea is the same as for Theorem 8.2.2, using
the method of moving planes, but without originally knowing the location
of the eventual center of (.

Let A € R and define as before & = (2\ —x1,y). In general & ¢ (). Let
Ao € R be such that the hyperplane 21 = Ag is one-sidedly tangent to €2,
that is, with Q C {z € R™ : ;1 < A\o}. Consider the set

Q)\:{{L‘EQZA<1’1<>\0}.

Since 99 is of class C2, it is evident that at least when ) is suitably near
Ao and = € 2y, then Z € Q. Consequently for such A and for z € Q) we
can define v(x) = v (z) = u(#) and w = w* = v — u. Moreover, w > 0
on 9y as before, and again as before if A is even closer to \g, if necessary,
the thin set Theorem 3.3.1 gives w > 0 in 2.

Now define
A={A< Xy : z € Q) implies Z € Q and w’\(x) > 0};

of course A is non-empty and closed. Consider the set Q\ = 9QNT)y, where
T is the hyperplane 1 = A, and let v denote the exterior normal vector
to £ at points of Q. It is evident that (v,e;) < 0 when \ is near \g, and
that as A decreases there would be a first value A\; where (v,e;) = 0 for
some point y € @, .

Step 1. Assume Ay < A < Ag and A € A. As in Case 1 of the proof of
Theorem 8.2.2 we must have w? > 0 in Bj.
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‘We now consider two subcases:

(i) thereis y € 9Q \ T such that § € 0Q;
(i) g € Q for all y € 0Q \ T).

For case (i) we use the overdetermined condition d,u = ¢ = constant
on 0. In fact dpu(y) = ¢, v(y) = dpu(y) = ¢, so that dw(y) = 0.
Recalling that w > 0 in ), the boundary point Theorem 2.7.1 applied
at the boundary point y shows that w = 0 in Q. In turn, v = 0 on the
reflection of 9y N IN. Since (v,e;) < 0 on 9N N T) it follows that u = 0
at a set of interior points of €2, a contradiction. That is, case (i) cannot
occur.

In case (ii), it is apparent by simple geometry that z € ) also for
all z € Q,, when the value p < A is sufficiently near A\. But then we can
apply Lemma 8.2.5 of Theorem 8.2.2 to show that A is open. That is,
A = (A1, \g), and in particular w* > 0 in By when A = ;.

Step 2. Let A = A\ and choose y € Qy so that (v,e;) =0 at y. Since w =0
on T we have d,w(y) = 0; because dyw(y) = 0 for any direction ¢ tangent
to 0 at y, it follows that Dw(y) = 0.

We now wish to apply the edge theorem stated as Lemma 2 in [95].
To this end, it is first necessary to write the difference equation (8.2.6) in
non-divergence form. In fact, since the function A is twice continuously
differentiable in R x Ry, we can write (8.3.3) in the form (after division
by A) 3 3

ij(u, Du)d3 , u+ b(u, |Dul)| Duf® + f(u,|Dul) = 0,
where
&
€17
h(z,s) = 05A(z,5)[A(z, 5),
b(z,5) = 0. A(z,5)/Alz, ),
f(za 3) = f(z7 S)/A(Z7 3)'

A similar non-divergence equation of course holds also for v.

aij(2,§) = i + h(z,[&])

and

~ Then by subtraction we get, using the Lipschitz continuity of h, b and
f in the variables z and s,

a;j(v, Dv)@ixjw < b1|Dw| + cqw

and equally (!)
Qij (u,Du)@ixjw < by|Dw| 4 cow.
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Finally, adding the last two inequalities yields

@ij (l’)aizj’w < b Dw| + cw, (8.3.4)
where
O, u 0y u Oz, 0 0z,
a;j(x) = 20;; + {h(u, | Dul) Dul + h(v, |Dv|) Dy } . (8.3.5)

The matrix [a;;(x)] is bounded and strictly elliptic in €. Moreover,
it has the crucial property

a1; =0 on Ty N, j=2,...,n. (8.3.6)

Indeed on T we have, by the reflection construction, 0, v = —0,,u, 0,,v =
Og;ufor j=2,...,n, |Dv| = |Du|, whence (8.3.6) follows from (8.3.5). But
also the coefficients a;; are uniformly Lipschitz continuous in €2, so that
(8.3.6) implies

laij(z)| < Const.z; in Qy; (8.3.7)

here it is convenient to choose new coordinates so that T’ is the hyperplane
x1 = 0, with 21 > 0 in Q,, while the z,-axis is in the normal direction —v
at y.

Since w* > 0, we are now in position to apply Lemma 2 of [95] to the
inequality (8.3.4), with the single exception that the right side is no longer
zero but instead has the form b| Dw|+cw, a case not directly covered by the
lemma. In order not to obstruct the flow of the proof we defer discussion
of this point until the Appendix at the end of the section. Recalling that
w(y) = 0, Dw(y) = 0, the conclusion of the lemma is that either w =0 in
Q) or 9% w(y) > 0 along any direction s which enters Q2 at y.

In fact, D?w(y) = Q. To see this, observe that (continuing to use the
special coordinates noted above)

w=w"=u(—z1,2') —u(z,2) in Q,.

Consequently on T we have

Ozya,w =03,,,w=0, i, =2,...,n.

Moreover, by the boundary condition © = 0, d,u = constant on 92 there
holds

2Z,u=0 i=1..,n-1
and the assertion follows. Lemma 2 of [95] therefore shows that w = 0

in Q)\.
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Hence for x € Q) there holds u(Z) = u(x). In particular, by continuity
u(Z) =u(x)=0 for x € 0Q\ \ T.

Consequently Z € 99 since u > 0 in €. Otherwise stated, the boundary of
Q) is symmetric across the hyperplane T}, and in turn € is symmetric across
T. Since, by rotation, this is also true for corresponding hyperplanes T’
with arbitrary normal directions, it follows that 2 must be convex. But the
only convex domains which have the symmetry just noted are balls. O

The condition that v > 0 in €2 can be weakened to u > 0 provided that
either the Neumann constant in (8.3.3) is positive (of course it is necessarily
non-negative) or f(0,0) > 0. The details can be left to the reader.

Appendix to Section 8.3

The calculations involved in the proof of Lemma 2 of [95] (see lines 7-24
on page 314 of [95]) are more complicated than one might wish, but still
are within reach of pencil and paper.? At the same time, there are three
further points which need to be made.

(1) The inequality (8.3.7) takes the place of (26) of Lemma 2 of [95]; it is
used on line 13 on page 314.

(2) The terms b|Dw| + cw on the right side of (8.3.4) cause no essential
new difficulties, once it is observed that, in the notation of [95],

= e o) o )

2 2 2
<2a(r; —xp)rie” " (e aT —e Ml)

(by the mean value theorem as on line 17 of page 324). In turn

—a(ritr —alr’+(z1—r1)?]

cz(z) < 2acxirie D < 2acxirie
Therefore in lines 20, 21 the estimate for Lz need be changed only to
include the additional term —2¢/« in the first set of braces, which leaves
the proof essentially unchanged.

3Fraenkel [38, page 305] remarks that results of the type of Lemma 2 unavoidably
involve “greater complexity” than standard boundary point theorems. The proof in [95],
as extended by the discussion below, should be judged in the context of Fraenkel’s
remark.
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Figure 8.3: Proof of Lemma 2 of [95]. The critical point y on 952, where
(v,e1) = 0, is at the center of the small ball K5. The hyperplane T" has
the equation 7 = 0, with x; pointing downward; and the x,-axis is taken
in the direction —v. (The diagram thus shows an (x1, x, )-plane section of
R™ near y.) The ball K; has center O on the x,-axis, is tangent to 92 at
y and K7 C QU {y}. The radius of K is r and the radius of K5 is 0r,
with 0 < # < 1/2. The shaded region is the (open) set K = K1NKoN{x €
R™ : xz; > 0}.

(3) For lines 22-24 we observe that, again in the notation of [95], see Fig-
ure 8.3;

z=w=0 on T; 2z =0, w>0 on 0K, NOK/,
z(z) <2ary-x; on K, NOK'.

By the tangency Theorem 2.5.2 either w = 0 or w > 0 in ). In the latter
case, from the boundary point Theorem 2.7.1 with B(x, z,&) = —b|&| — ¢z,
one gets 0, w > 0 on T'N ). But because w is continuously differentiable
and w > 0 in ), by compactness it follows that w > sx; on 0K, N OK'.
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We can now compare the solutions w and mz in K’, for suitably
small m > 0. By the comparison Theorem 2.3.1, noting that the required
monotonicity for the function B(x, z, &) is satisfied since ¢ > 0, it follows
from the fact that w > mw on K’ (m suitably small) that w > mw in
K'. Because Dw = Dz = 0 at y we obtain, as stated, that 0% w(y) > 0
along any direction s which enters 2. (]

Notes

Theorem 8.3.2 is essentially Theorem 2 of [95], the conditions on the non-
linearity f however being weaker, and the proof improved over the original
version.

The overdetermined boundary value problem for exterior domains
when the principal operator is the Laplacian was studied by Reichel [87]
and by Aftalion and Busca [1].

8.4 The phenomenon of dead cores

An elliptic equation is said to have a dead core solution u in some domain
Q) C R™ provided that there exists an open subset {2; with compact closure
in €, called the dead core of u, such that

u=0 1in ), u>0 inQ\ Q.

The condition u > 0 could be replaced by u # 0, but for definiteness (and
physical reality) we prefer the condition as stated.

In chemical models, for example, when the values of a solution repre-
sent the density of a reactant, the vanishing of a solution then delineates
a region (dead core) where no reactant is present (see [5], [29], [81], [82]).
We turn to an extended discussion of this phenomenon.

In particular, consider the dead core problem for the model A-Laplace
equation

div{A(|Du|)Du} — f(u) =0 in Q. (8.4.1)
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The following conditions will be imposed, as in Chapter 1:

(A1) Ae C(R*);

(A2) s sA(s) is strictly increasing in RT and ®(s) = sA(s) — 0 as
s — 0;

(F1)  fe CR),

(F2)  f(0) =0 and f is non-decreasing in R.

By the strong maximum principle, Theorem 1.1.1, the equation (8.4.1) can
have a dead core only if (1.1.5) fails, that is if f > 0 for v > 0 and

ds “
< 00, F(u :/ F(s)ds, 8.4.2
oo HO(E(s)) =), 1 542
with H given by (1.1.4). Consequently, we assume that (8.4.2) holds
throughout the sequel, except for Theorems 8.4.2 and 8.4.3.

The equation Au = |u|9~1u for example allows dead cores only if 0 <
q < 1. Actually condition (8.4.2) is not only necessary, but also sufficient

for the existence of solutions with dead cores. We have the following main
result.

Theorem 8.4.1. Suppose ®(00) = H(oc0) = 0o. Assume the dead core con-
dition (8.4.2) holds and let u be a C* distribution solution of (8.4.1), with
0 <u(z) <m on O for some constant m > 0. Then the following proper-
ties are valid:

(a) 0<u<minQ.
(b) Assume that

e ds
Ro :/0 ety < (8.4.3)

and let Br be a ball with radius R > Ry, compactly contained in €.
Then u has a dead core in Q2 for all m > 0.

(¢) If @ is any compactly contained set in §, then u =0 in Q' provided
that m > 0 is sufficiently small.

A more refined version of Theorem 8.4.1 can be obtained when 2 =
Bgr, where Bgr is any open ball in R", n > 2, of radius R > 0. Until
explicitly noted later, we continue to assume that ®(oo0) = H(0c0) = co.
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Theorem 8.4.2. Let (8.4.2) hold, with f(z) > 0 for z > 0. Then the problem

(8.4.4)

div{A(|Du|)Du} = f(u) in Bg,
u=m >0 on O0Bg,

admits a unique C distribution solution u, necessarily radial. Moreover
u=u(r) =u(r,m) is of class C1[0, R] and satisfies u > 0, v’ >0 in [0, R]
and v'(0) =0, where ' = d/dr.

Finally, at any r > 0 where u(r,m) > 0 we have also u'(r,m) > 0.

It is easy to see that the solution u = u(-,m) must be of one of the
following three types, see Figure 4:
(a) u>0in Bg;
(b) u(0,m) =0 and «/(r,m) > 0 when r > 0;
(c) There exists a radius S € (0, R) such that u = 0 in Bg and «/(r, m) >
0 in the annulus S <r < R.

That is, in case (c) the solution u of (8.4.4) has a dead core Bg. The
solution u has further properties of interest.

Theorem 8.4.3. The function m — wu(r,m) is continuous and non-decreas-
ing in the variable m (> 0), and u < m in Bg.

The following theorem gives an important relation between the value
m and the existence of dead core solutions of (8.4.4).

Theorem 8.4.4. Let u(-,m) be the unique solution of (8.4.4). Then either
u(-,m) has a dead core for all m > 0, or there is a unique (finite) number

m =my =mg(R) >0
for which a solution ug = ug(r) = ug(r,mo) of (8.4.4) in Bgr exists, with

the properties that
(i) uo(0) = 0;
(ii) u(0,m) > 0 for every m > my;
(iii) u(-,m) has a dead core for every m € (0,myg).
For convenience we define my = mg(R) to be oo when u(0,m) =0
for all m > 0. The examples

Au = (signu)~/|ul, (8.4.5)
Aqu=u (8.4.6)
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m m
0 K m0
IR
m
IR

R 0 R 0 R
(a) (b)

m
R S O S

(©

Figure 8.4: Three cases of Theorem 8.4.2. The values m are decreasing from
case (a) to case (c).

are particularly interesting as illustrations of the main theorems above.
Indeed, both of these are included in the canonical case

Apu=lul" u,  p>1,  ¢>0, (8.4.7)

for which F(u) = |u[?"/(q + 1). Here the dead core condition (8.4.2)
reduces exactly to

O0<g<p—1.

For these special cases, we search for ug in the form c¢r* | ¢, k > 0. Then
from (8.4.7) one finds

A

Lo ¢ =k (n+ kq) /P, mo =cRF. (8.4.8)
p—1—4q

For the case (8.4.5) we have p = 2, ¢ = 1/2, k = 4, so that

e <n+12>2 (l;)
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while for (8.4.6) we have p =4, ¢ =1, k =2 and so

R2

T e anre)

These reduce exactly to mg = R*/400 and mg = R?/2v/10 when n = 3. In
particular for the unit radius R = 1 we obtain respectively the unexpectedly
small numbers my = 0.00125 and mg = 0.158.

The equation (8.4.6), when written in full for n = 2 has the form
|Dul> Au + 2(0,u)?02:u + 40, u dyu agyu + 2(0yu)?0%u = u,

which is analytic in all its variables. Thus dead core behavior is not due
simply to a lack of smoothness in the basic equation. In fact (8.4.6) is an
analytic partial differential equation, elliptic except when Du = 0, which
has a non-analytic solution.

As a final example, consider the equation

Au = (signu)/|u| + |ul?u.

Here F(u) = §|u|3/2 + 4lul* so

Ho = \/g /O‘” \/(2/3)3652 fstyg %

By numerical calculation Ry =2 6.4334 if n = 2. Therefore by the results
of this section we have mg = oo whenever R > 7. In particular for the
problem

Au = (signu)/|u| + |ul?u in B; C R?,
u=m>0 on 0B7,

a dead core occurs for all m > 0. [This result also follows without recourse
to numerical calculation, since one can write, when n = 2,

(9)1/5/°° dt <9>1/5{ Lot /°° dt}

Ry = < +

2 0 V324t \2 o V32 i Vi
= 5(4.5)Y° = 6.75.]

The case n = 3 can be treated in the same way, with Ry = 7.879, so the
radius R = 7 should be replaced by R = 8.
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Proof of Theorems 8.4.2 and 8.4.3

Proof of Theorem 8.4.2. Existence of a radial solution u of (8.4.4), with
u >0, u >0 and uv'(0) = 0. For the purpose of this proof only, we shall
redefine f so that f(v) = f(m) for all v > m, and f(v) = 0 when v < 0.
This will not affect the conclusion of the theorem, since clearly any ultimate
solution u of (8.4.4), with v > 0, ' > 0 in [0, R], satisfies 0 < u < m.

We shall make use of the Leray—Schauder fixed point theorem. Denote
by X the Banach space X = C[0, R], endowed with the usual norm || - || oo,
and let 7 be the mapping from X to X defined pointwise for all w € X
and r € [0, R| by

Thwl(r) = m — /TR o1 <31” / t”lf(w(t))dt> ds.  (84.9)

0

Clearly 7 [w|(R) = m. Also

Tw)'(r)=0"" <r1—” /0 t"‘lf(w(t))dt>, r € (0,R]. (8.4.10)

Obviously 7 [w]’ is continuous and non-negative in (0, R], since 0 < f(w) <
f(m) for all w € X. Moreover r'=" ["t"~1 f(w(t))dt tends to zero as r —
0". Therefore 7 [w]'(r) approaches 0 as r — 0T, since ®(0) = 0, and in
turn 7 [w] € C*[0, R] with 7 [w]’(0) = 0.

We claim that if w is a fixed point of 7 in X, then w(0) > 0. Otherwise
w(0) < 0 and w(R) = m > 0. Thus there exists a first point 7y € (0, R)
such that w(r) < 0 in [0,79) and w(rg) = 0. Consequently f(w(r)) =0 in
[0,70] and so w’ = 0 for r € [0,7¢] by (8.4.10). Hence w(ry) = w(0) < 0
which is impossible, proving the claim.

Define the homotopy H : X x [0,1] — X by

Hw, o](r) = om — /TR o <asl—” / t"‘lf(w(t))dt> ds. (8.4.11)

0
By the above argument, any fixed point w, = H[w,, o] is of class C1[0, R]
and has the properties w, > 0, w. > 0 in [0, R] and w,(R) = om. Addi-
tionally, by (8.4.10) we find that ®(w’) € C1[0, R], and then from (8.4.9)
that w, is a classical distribution solution of the problem

{[r"-%(wg(rm/ —or" ! f(wy(r)) =0 in (0, R],

w! (0) =0, wy(R)=om. (8.4.12)
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In turn, it is evident that any function w; which is a fixed point of H[w, 1]
(that is wy = H[ws,1]) is a non-negative radial distribution solution of
problem (8.4.4) in By \ {0}, with w'(0) =0 and w’ > 0 in [0, R].

Since f > 0 for u > 0 it follows equally from (8.4.12) that the final
statement of the theorem is valid.

We assert that such a fixed point w = w; exists, using Browder’s
version of the Leray—Schauder theorem for this purpose (see Theorem 11.6
of [43]).

To begin with, obviously H[w,0] = 0 for all w € X, that is H[w, 0]
maps X into the single point wy = 0 in X. (This is the first hypothesis
required in the application of the Leray—Schauder theorem.) We show next
that H is compact from X x [0, 1] into X. First, H is continuous on X x [0, 1].
Indeed, let w; — w, 0; — o, (wj,0;) € X x [0,1]. Then in (8.4.11) clearly
ojf(w;j) — of(w), since the modified function f is continuous on R. Hence
Hlw;,0;] — Hlw, o], as required.

Next let (wy, oy)r be a bounded sequence in X x [0, 1]. It is clear from
(8.4.10) that

IH[w, o1) oo < @71 (Rf(m)/n). (8.4.13)

As an immediate consequence of the Ascoli-Arzela theorem, H then maps
bounded sequences into relatively compact sequences in X, so ‘H is com-
pact.

To apply the Leray—Schauder theorem it is now enough to show that
there is a constant M > 0 such that

|w|leo < M for all (w,0) € X x[0,1], with H[w,o] =w. (8.4.14)

Let (w, o) be a pair of type (8.4.14). But, as observed above, one has w > 0,
w’ > 0, so that ||w]e = w(R) < om < m. Thus we can take M = m in
(8.4.14).

The Leray—Schauder theorem therefore implies that the mapping
7 [w] = H[w, 1] has a fixed point w € X, which is the required solution of
(8.4.4) in Bgr \ {0}, proving the assertion above.

The fized point u = w is a C* distribution solution of (8.4.4) in Bg. The
proof is standard. Let ¢ € C!(Bg). We have to show that

(A(|Dul)Du, D) dx = — f(u)pdx.
Br Br



210 Chapter 8. Applications

To this end, let ¥ = ¢n, where for 0 < 2¢ < R,

(z) 0 for |z| <e,
€Tr) =
7 1 for |z| > 2e,

and such that n € CY(R"), 0 <7 <1 in R", |Dn(x)| < 2/e for all x with
e < |z| < 2e. Consequently, using ¢ as a test function in By \ {0}, we get

/ (A(|Dul)Du, D) dax + / (A(|Dul)Du, 1D + pDn) de
BR\BQE BQE\BS

=— / f(u)pdr — / f(u)npdz.
BRr\Ba. B2 \B:

Now

/ (A(|Dul)Du, D + ) dz
BQE\BE

<su {0(Du)- (101 + 2 ol| | 1Bl =ofe )

B25

since Du(0) = 0 and ® is continuous at o = 0 by (A2). Moreover

/ f(u)ne dx
By \B-

Letting e — 0 we get the required conclusion.

< Const.e".

Uniqueness of C' distribution solutions of (8.4.4). This is an immediate
consequence of the comparison Theorem 2.4.1 and Proposition 2.4.2. O

Proof of Theorem 8.4.3. That m +— wu(r,m) is non-decreasing in the vari-
able m follows from comparison, as above.

Continuity. Let 0 < m; < mg and write uy(r) = u(r,m;) and us(r) =
u(r,mz). We claim that

0 <ug(r) —ui(r) < ms —my, r € [0, R]. (8.4.15)
Indeed by (8.4.9), for all r € [0, R],

ua(r) = my — /TR<I>1 <sln /0 t"lf(ug(t))dt> ds,
up(r) =myg — /TR<I>1 (sln /0S t"lf(ul(t))dt> ds.
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Then by subtraction

(1) — g (1) = mag — my — /R[cb—l <sl—" /St"_lf(uz(t))dt>

r 0

_ ! <51_” /0 t”_lf(ul(t))dt>] ds.

The function ! is strictly increasing by (A2) and f is non-decreasing
in R by (F2). Therefore, since uy < ug in [0, R] by monotonicity, one sees
that the quantity in square brackets above is non-negative, and (8.4.15) is
proved.

Proof that w < m in Bg. By (8.4.9) it is enough to show that

I= /Rq)_l <31_” /S t”_lf(u(t))dt> ds >0 forre[0,R).
T 0

Clearly v > 0 in some interval (g, R] with ro > 0, and in turn f(u(s)) > 0
in (g, R] by (F2). Therefore

R s
I> / ot (sln/ t”lf(u(t))dt> ds >0,
max{rg,r} 70

as required. O

Proof of Theorem 8.4.4

We begin with a preliminary result, of interest in itself.

Theorem 8.4.5. If u; = u(-,m1) has a dead core Bg,, then us = u(-,ms),
my < my, has a dead core Bg,, with Sy > Sy. Similarly, if either u;(0) > 0
or u1(0) = 0 and uy(r) > 0 for r € (0,R]|, then uy > uy in Br when
meo > M.

Proof. To prove the first part of the lemma, assume for contradiction that
ma < mq, but either uz(r) > 0in (0, R], or 0 < Sy < S7. In the first case the
solutions u; and us must cross at some point rg € (S1, R). Then, applying
Theorem 2.4.1 in B, (always with the help of Proposition 2.4.2), we find
that u; = wug in [0, 7], which is an obvious contradiction since ug(r) > 0
on (0, 7], while us = u; =0 in [0, S1]. The next case 0 < Sp < S leads to
a contradiction in the same way, see Figure 8.5.
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m,

b S, Ste I, R
(8=5,=5,>0)

Figure 8.5.

The remaining case, when S = S, = 57 > 0 needs more care. For
e € (0, R) define

0, 0<r<e,
ui(r —e), e<r<R.

If € > 0 is suitably small, then one has m; > u.(R) > ma = us(R), while
at the same time

ua(S+¢e)>0=u(S) =u(S +¢). (8.4.16)

Thus there is a point rg € (S + ¢, R) where u. and us cross, see the second
case of Figure 5.

We assert that u. is a supersolution of (8.4.1) in the annulus By \ Be.
Indeed in this set we have

aiv [ A(Du-) D) — ) = (AQul ity + " At )
_ <”_1 _ ”_1><1>(u;) (8.4.17)

r r—e¢
= —¢ r8:1)¢(uﬁ(r —¢)) <0.

Observing that us(0) = u.(0) = 0, we can then apply the comparison The-
orem 2.4.1 in B,,. Therefore uy < u. in [0, rp], which contradicts (8.4.16)
for the specific value r = S 4 ¢, and completes the first part of the proof.
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To obtain the second part of the theorem, first assume for contradic-
tion that u2(0) < uy(0) when mo > m;. Define

~ u2(0)a OSTS&?,
uz(r—¢e), e<r<R,

where ¢ is chosen so small that mgy > 4.(R) > m; = ui(R). Moreover
uy(e) > u.(€), since by the final part of Theorem 8.4.2 we have u} (r) > 0 for
r € (0, R]. Hence there is a crossing point 7o € (g, R) where uy(rg) = @ (ro).
As in (8.4.17) above, @, is a supersolution of (8.4.1) in Bg. Thus u; < @,
in B,, by Theorem 2.4.1. In particular u;(¢) < u.(e), which contradicts
the fact that uq(g) > t.(¢). Thus u2(0) > uq(0).

That us > uq in all B now follows at once, since otherwise us and
u1 would cross at some value r = rg in which case comparison would lead
to the absurd result us = u; in B,,. O

Proof of Theorem 8.4.4. For the purpose of this proof, we suppose that
there is some m > 0 for which «(0,m) > 0.

Existence of ug. Define
mo = inf{m >0 : u(0,m) > 0}. (8.4.18)

We claim first that my > 0. Choose p > 0 so small that

H ds
Ro. :/0 a1 (s m) < B (8.4.19)

which of course is possible by assumption (8.4.2), see Lemma 4.1.2. Define
v(r) =w(r—=S),r € [S,R], S = R—C, where w is the function constructed
in the End Point Lemma 4.4.1, with 0 = 1/n and C' = Ry ,.

We assert that v is a supersolution of (8.4.1) in the set Bg \ Bg. In
fact
1

div{A(|Dv|)Dv} = [®(v")] + . d(v') < [1 + n; (r—295)of(v)

by (iii) and (iv) of Lemma 4.4.1. Thus

n

div{ A(|Dv|)Dv} < <1 _ nfs) F) < f(v),

as required. Then, since v(S) = v'(S) = 0, by defining v to be zero in Bg,
the extended function v is a C! supersolution of (8.4.1) in all Bg, while also
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v(R) = p. By the comparison Theorem 2.4.1 we find that u(-,u) = 0 in
Bg. Therefore mg > p > 0 by (8.4.18) and the first part of Theorem 8.4.5.
The assertion is proved.

Next, if (i) would be false, then u(0) > 0 and by Theorem 8.4.3 also
u(0,m) > 0 for all values m sufficiently close to mg, which would contradict
(8.4.18). Property (ii) is again a direct consequence of the definition (8.4.18)
of mg and Theorem 8.4.3. Finally if there is m € (0,mg) such that the
corresponding solution u(-,m) of (8.4.4) has no dead core, then (0, m) >
0 and u(r,m) > 0 for r € (0, R]. Thus by Theorem 8.4.5, with m; = m and
me = mg, we get up(0) > u(0,m) > 0, contradicting (i) and proving (iii).
Uniqueness of ug. Suppose both mg and mg have the properties (i)—(iii) of
the theorem. Then ug(0) = uo(0,mg) = 0 by (i), while u(0,m) > 0 when
m > myg by (ii). Hence mg < mg. Similarly mg < mg. Therefore mg = my,
as desired.

The case my = oo. If u(0,m) = 0 for all m > 0, then u(-,m) has a dead
core for all m > 0. Otherwise there would be a value m > 0 for which
u(0,m) =0 and u(r,m) > 0 for r € (0, R]. Hence u(0,m) > 0 for m > m
by Theorem 8.4.5, contradicting the assumption. This also justifies the
earlier agreement that mg = oo in this case. OJ

Remark. In summary, if mg is finite and m > mg, then the solution v =
u(-,m) of (8.4.4) is positive, namely u(r,m) > 0 for all r € [0, R]. On the
other hand, if m < mg < oo, then the solution v = u(-,m) of (8.4.4) has
a dead core Bg C Br, 0 < S < R.

The size of a dead core and proof of Theorem 8.4.1

Recall the assumption that ®(oo0) = H(o0) = 00, and let

o° ds
Ry _/0 H\(F(s)/n)’ (8.4.20)

Clearly 0 < Ry < oo since the integral is convergent at 0 by Lemma 4.1.2
with o = 1/n. Of course the integral can possibly be divergent at co.

We prove two preliminary results.

Theorem 8.4.6. We have

mo = 00 if Ryp<oo and R > Ry, (8.4.21)
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while
mgo > m Zf R < Ry, (8422)

where m is defined by the relation

m ds
R:A H-V(F(s)/n)

Proof. The proof of (8.4.21) is essentially the same as the proof of the
first part of Theorem 8.4.4, the only exception being that C,, , is replaced
by Ro.

To obtain (8.4.22), we define v(r) = w(r) as in the proof of Theo-
rem 8.4.4 but with S = 0. Then by the End Point Lemma, 4.4.1 there holds
v(0) = v'(0) = 0, v(R) = w(R) = m. Moreover v is a supersolution of
(8.4.1). By virtue of Theorem 2.4.1, it follows that 0 < wu(r, m) < v(r).
Hence u(0,m) = 0, and in turn from the definition (8.4.18) of my we get
mo > m, as required in (8.4.22). O

Theorem 8.4.7. Let m < myg, so that a dead core exists by Theorem 8.4.4-
(iii). In particular the solution u = u(-,m) satisfies

u=0 in Bg C Bpg,

where

m ds
B [ sty <5 <R

If R > Ry, then for all m > 0 one has
R—- Ry <S <R

Proof. The proof is the same as the first part of the proof of Theorem 8.4.4.
O

Remark. For any € > 0, if m is suitably small (depending on ¢), we have
R—-—e<S<R.

Proof of Theorem 8.4.1. Part (a). That u > 0 follows by Theorem 2.4.1 by
comparing the given solution w with the trivial solution 0.

The constant function m is a supersolution of (8.4.1), so that again
by Theorem 2.4.1 we have v < m in €. In fact u < m in Q. To see this,
let y be any point of @ and B a ball in  centered at y. Let v(-,m)
be the radial solution of (8.4.1) in B constructed in Theorem 8.4.2, with
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v(lz —y|,m) = m for x € 9B. Therefore u(z) < m = v(Jx — y|,m) for
x € 0B, and in turn u(z) < v(|Jz — y|,m) < m for € B by the final part
of Theorem 8.4.3.

Part (b). This is a direct consequence of Theorem 8.4.6.

Part (c). Let B be any ball compactly supported in €. Denoting the ra-
dius of B by R — ¢, then by comparison, together with the remark after
Theorem 8.4.7, we have u = 0 in B when m > 0 is suitably small.

Since Q' can be covered by a finite numbers of balls B, it follows that
u=01in " when m > 0 is suitably small (depending only on the distance
of @ to 00N). O

The case $(00) < oo

This is the case, for example, for the mean curvature operator for which
®(00) = H(oo) = 1. The proof of the principal Theorem 8.4.2 requires only
the modification that the parameter m in (8.4.4) should be restricted so
that

Rf(m) < n®(c0), (8.4.23)

so that 7 in (8.4.9) is well defined. Moreover, for the application of the
End Point Lemma 4.4.1 in the proof of Theorem 8.4.4 we also need the
further restriction

F(m) < nH(0). (8.4.24)

Denote by mq the supremum of all m > 0 satisfying (8.4.23) and (8.4.24).

Then the main results stated in Section 8.4 remain true provided that
the condition m < my, is assumed in all the statements. For instance we
have the following analog of Theorem 8.4.1.

Theorem 8.4.8. Assume the dead core condition (8.4.2) holds and let u be

a solution of (8.4.1), with 0 < u(z) < m on IQ for some positive constant

m < Myo. Then the following properties are valid:

(a) 0 <u<min.

Moo ds

o H(F(s)/n)
radius R > R, compactly contained in 2. Then u has a dead core in
Q for allm € (0,ms).

(¢) If Q' is any compactly contained set in Q, then u =0 in Q' provided
that m > 0 is suitably small.

(b) Assume that Ry = < 00, and let Br be a ball with
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It is not hard to show that if ®(c0) = oo, then necessarily H(co) =
00, but it is possible to have ®(c0) < oo and H(oo) = oo, as shown by
A(s) =1/(1+ V1 + s2), with correspondingly

1 2 1 1+ s2
H(s) = s _ log +V1+s
2 11+V1+s2 2

In this example ®(o0) = 1, while H(co0) = 0.

The case H(o0) < oo for unrestricted m > 0 was treated by Siegel in [102].

A dead core with bursts

It is known that when (1.1.7) holds and when f = f(z) appropriately
changes sign for z > §, there are non-negative radially symmetric solutions
v of (8.4.1) having compact support; see for example [39]. Let R, be the
support radius of such a solution.

Next choose R and S in Theorem 8.4.7 so that R, < S < R, and
let w denote a corresponding dead core solution with small m. This being
done, we can now replace the solution w on the set Bg, , where it vanishes,
by the solution v, thus obtaining a new solution v which is then positive in
Bpg, and B\ Bgs, and otherwise vanishes. This solution may be considered
as a dead core with a symmetric burst centered at the origin.

Of course, the same procedure may be repeated at other suitably
chosen origins in Bg, giving rise to multiple bursts. Naturally a given ball
Bg can accommodate only a certain number of bursts, but the larger are R
and S, the more bursts which can be allowed (since possible values of the
radius R, are bounded away from zero). For details and further extensions
the reader is referred to [82].

Notes

The results in Section 8.4 are taken from the paper [82]. In [82] the dead
core problem for a weighted equation has been studied; for other related
work we refer to the bibliography of this paper. A further related dead core
theorem was given by Diaz and Véron [32].

Sperb [105] considers similar dead core problems for the special case of
the Laplace operator, that is A = 1. He estimates the critical value mg for
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general domains, but only for the homogeneous case f(u) = Const. |u|9™ u,
0 < ¢ < 1. For balls his estimate is weaker than the exact result (8.4.8).

Theorem 8.4.4 for the general equation (8.4.1) seems to capture and
extend many of the ideas of these earlier papers (for further extensions
see [82]).

8.5 The strong maximum principle for
Riemannian manifolds

Let .# be an n-dimensional Riemannian manifold of class C!, with
controvariant metric tensor [¢%] continuous in local coordinates r =
(x',...,2"). Let u be a real-valued C! function defined on some open
connected submanifold 2 of .#. The Riemannian norm of the gradient
vector Vu on ) is then defined as the non-negative continuous function on
Q given in local coordinates by

ou

|Vulg = V990, udyu, Opit = P

Consider the variational integral
- /Q{g(\wg) L F(u)}ydt.

The corresponding Fuler—Lagrange equation is then
divg{A(|Vuly)Vu} — f(u) =0, (8.5.1)

where div, is the Riemannian divergence operator and A(s) = ¥'(s)/s,
s > 0, as in Section 1.1, see (1.1.3). More explicitly, in local coordinates
x=(x1,...,2") in Q, one has d.# = /g dz, where g = 1/det[g"/]. Then a
direct calculation of the Euler—Lagrange equation yields

that is, exactly (8.5.1). When A = 1 the differential operator in (8.5.2)
reduces just to the manifold Laplacian, see [116, page 232].
A specific example is given by the variational integral

/{;\VUVQ’—FF(U)}d///, p>1, where d.# = ./gdx on (Q,
Q
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introduced by Mossino ([64], page 40), though without the volume factor
g. Here of course A(s) = sP=2 p > 1. Other examples are given also in
73], [77], 4]
Obviously (8.5.2) is the special case of

Opi{a;j(z,u)A(|Du|y)0piu} — B(x,u, Du) <0, (8.5.3)

where |Dul, = \/g% (2, u)0,iud,u is a gradient norm of Riemannian type
and
aij(z,u) = \/g(x (z,u,8) = \/g(x

With this motivation in hand in Sectlon 9 of [81] we established a strong
maximum principle for (8.5.3), but with a somewhat difficult proof. A
strong maximum principle for the Riemannian equation (8.5.1)—(8.5.2), or
for the corresponding inequality, can be treated more simply and under
slightly lighter hypotheses. The result is as follows.

Theorem 8.5.1. Let conditions (A1), (A2), (F1) and (F2) hold, as in Sec-
tion 1.1. Assume that the Riemannian manifold .# is of class C3. Then
the strong mazximum principle is valid for the inequality

divg{A(|Vulg)Vu} — f(u) <0 in Q, (8.5.4)

provided that f(z) =0 for z € [0,d], d > 0, or f(z) >0 for z € (0,0) and
(1.1.5) is satisfied.

Proof. In essence, we follow the proof of Theorem 1.1.1 in Section 5.1, but
in the Hopf construction we replace the ball Bg tangent to the support of
u by a small geodesic ball {z €  : s(z) < S} centered at y and tangent
to the singular set where v = 0, Du = 0; here s(x) denotes the geodesic
distance (with respect to the metric induced by the matrix [¢¥/]) from the
given center y to nearby points z € ). The existence of such a tangent ball
can be shown exactly as in Hopf’s original proof, at least provided that
|Ds| is equally bounded above and bounded away from zero.

To show this fact, we observe by Gauss’ lemma (see [116], page 235)
that

|Ds(m)|§ = g (2)0yi5(x)0ys(z) = 1, T # . (8.5.5)

Thus, letting #2 and ©2 be the least and greatest eigenvalues of [¢%], we
get
0 ' < |Ds| <671,

as required.



220 Chapter 8. Applications

Consider the geodesic annular set Gg = {xr € Q : §/2 < s(z) < S}
and let v be the unique solution of (4.2.1) given by Lemma 4.2.3, in k-
dimensional space, where R = S and the constant k& will be determined
later. In view of (1.1.5) of course |Dv| > 0 and so |Dv|, = |Dv|/|Ds| >
0| Dv| > 0.

Also by restricting the boundary value v = m at dBg/ to be suffi-
ciently small, one can maintain sup |Dv|, < ©|Dv| < 1.

The principal calculation, for x € Gg, is the following:

1
0y Dv|,)0 v} — f(v
Vo) {\1/9 A(|Dvlg)yiv} = f(v)

=— Oy )Opis A " flw
Vo) {\/9 (w)w'} = f(w)

= [2(w")] = As®(w') = f(w) = [e(w)] = O(w') = f(w),

where k is an appropriate constant. The remaining part of the proof in-
volves application of the comparlson Theorem 2.4.1. To this end, we have to
check (2.4.3) when A(z, &) = \/g(x) A(|€]4)&, that is, in Riemannian

notation,

V(@) {Allnlg)n — A€l,)én —€) 4
> Vg()(@(|nly) — 2(€ly)) - (Inly — 1€,)

since (§,m) 4, < |€lglnly, and (2.4.3) now follows because ® is strictly
increasing by (A2). O

The strong maximum principle Theorem 8.5.1 was given in [81]. For
the corresponding necessity of the conditions in Theorem 8.5.1 we refer to
[77].

For the Laplace equation there is of course no problem — all solutions
which are o(|z|) as |z| — oo, or are bounded either above or below, are
constants.

Problems

8.1 The condition that f be non-decreasing in Theorem 8.1.1 can be weak-
ened to the condition

;I;fcf(z) >0 when f(c)>0

sup f(z) <0 when f(c) <0

z<c
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8.3

8.4

8.5
8.6

8.7

8.8
8.9
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Show that for the Poisson equation (I) it is enough for the conclusions
to hold that u(x) = o(|z|?) as |z| — oo.

Let the hypotheses of Theorem 8.1.1 hold.

(i) If w is a solution of (8.1.2) in an exterior domain, which is o(|z|)
as |x| — oo, show that f(c) = 0 for all values ¢ which can be attained
by the solution at oc.

Carry out the details in the proof of Theorem 8.1.3.

[Hint: In proving (8.1.9) it is helpful to use Young’s inequality.]
Prove Theorem 8.2.2 in the easier case in which v > 0 in Q.

Prove Theorem 8.3.2 when v > 0 and the Neumann constant in (8.3.3)
is positive and when v > 0 and f(0,0) > 0.

Prove that the solution u = wu(-,m) of (8.4.4) must be of one of
the following three types: (a) u > 0 in Bpg; (b) u(0,m) = 0 and
uw'(r,m) > 0 when r > 0; (c) There exists S € (0,R) such that
uw'(r,m) >0 when S <r < Rand u =0 in Bg.

Supply the details for the proof of Theorem 8.4.7.

Prove Theorem 8.4.8.

8.10 Show that if ®(c0) = oo then necessarily H(o0) = oo.
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