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Abstract

Using three different notions of generalized principal eigenvalue of linear sec-
ond order elliptic operators in unbounded domains, we derive necessary and
sufficient conditions for the validity of the maximum principle, as well as for
the existence of positive eigenfunctions for the Dirichlet problem. Relations be-
tween these principal eigenvalues, their simplicity and several other properties
are further discussed.
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What is the principal eigenvalue of a general linear second order elliptic oper-
ator in an unbounded domain associated with Dirichlet conditions ? Under what
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conditions do such operators satisfy the maximum principle ? When do positive
eigenfunctions exist ? These are some of the themes we discuss in this paper.

The Krein-Rutman theory provides the existence of the principal (or first) eigen-
value Aq of an elliptic operator —L in a bounded smooth domain Q, under Dirichlet
boundary condition. This eigenvalue is the bottom of the spectrum of —L, for the
Dirichlet problem, it is simple and the associated eigenfunction is positive in €.
The positivity of Aq guarantees the existence of a unique solution to the inhomo-
geneous Dirichlet problem. These properties, together with several others, have
been extended by H. Berestycki, L. Nirenberg and S. R. S. Varadhan [11]] to the
case of bounded non-smooth domains by introducing the notion of the generalized
principal eigenvalue.

In the present paper, we consider the case of unbounded domains, continuing
the study begun in [§]], in collaboration with F. Hamel, and in [12]. Our aim is
to emphasize the implications of unboundedness of the domain rather than lack
of smoothness. For this reason, some of our results are stated for domains with
smooth boundaries even though the techniques of [[11] would allow one to extend
them to non-smooth domains. Let us also say from the outset that rather than adopt-
ing a functional analytical point of view, the object of study here are the very partial
differential equations (or inequalities) associated with the eigenvalue problem. We
consider general linear second order not necessarily self-adjoint operators. As we
show here, some of the basic properties of the principal eigenvalue fail in general
in the unbounded case.

In [8], it has been pointed out that the generalized principal eigenvalue A; of
[[L1] is not suited for characterizing the existence of solutions for a class of semi-
linear problems in unbounded domains. It is further shown that another quantity -
denoted by A{ - provides the right characterization.

Here, we introduce still another quantity, A{’, which turns out to provide a suf-
ficient condition for the validity of the maximum principle in unbounded domains.
The main object of this paper is to investigate the relations between the three quan-
tities A1, A{, A" and their properties. The relations between A; and A{ have been
established in [8], [12], but only in low dimension. Here, we improve them to
arbitrary dimension.

The forthcoming paper [[10], in collaboration with G. Nadin, deals with exten-
sions to parabolic operators of the notions introduced here. We also examine there
the relationship of these notions with Lyapunov exponent type ideas. Applications
to nonlinear problems will be further discussed in [10].
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1.2 Motivations: semilinear problems, maximum principle and eigen-
functions

Our interest for the generalization of the notion of principal eigenvalue to un-
bounded domains originally stemmed from the study of the Fisher-KPP reaction-
diffusion equation

Ot — a;(x) 0;ju — bi(x)du = f(x,u), t>0, xR,

which arises for instance in some models in population dynamics. In such mod-
els, the large time behavior of the population - and in particular its persistence or
extinction - is determined by the existence of a unique positive stationary solution.
This, in turn, depends on the sign of the principal eigenvalue associated with the
linearized operator about u = 0:

Lu = a;j(x)0;ju+ bi(x)du+ fi(x,0)u.

When the coefficients of the equation do not depend on x, the right notion of princi-
pal eigenvalue is the quantity A; introduced in [11]], whereas when the coefficients
are periodic and .Z is self-adjoint, it is the periodic principal eigenvalue (see [[7]).
In the general case considered in [8]], one needs to consider both A; and A/, the
latter being a kind of generalization of the periodic principal eigenvalue.

Furthermore, the study of asymptotic spreading speeds for general Fisher-KPP
equations like the one above involves principal eigenvalues of families of asso-
ciated linear operators. Building on the results and related notions to the ones
presented here, properties about the asymptotic spreading speed for general non-
homogeneous equations are established in [9]].

Another motivation for our study comes from a very basic question: does the
sign of the generalized principal eigenvalue A; characterize the validity of the max-
imum principle for bounded solutions to linear equations in unbounded domains ?
This is known to be the case for bounded domains. We show here that the an-
swer is no. The necessary and sufficient conditions for the maximum principle
will be shown here to hinge on A{ and on another generalization of the principal
eigenvalue, denoted by A;'.

It is also a very natural question in itself to determine what are the eigenvalues
associated with positive eigenfunctions for the Dirichlet condition, as well as their
multiplicities, for general operators in unbounded domains.

1.3 Hypotheses and definitions

Throughout the paper, Q denotes a domain in RY (in general unbounded and
possibly non-smooth) and L a general elliptic operator in non-divergence form:

Lu = a;j(x)0;ju+ bi(x)diu+c(x)u

(the usual convention for summation from 1 to N on repeated indices is adopted).
When we say that Q is smooth we mean that it is of class C!. We use the notation
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o(x), a(x) to indicate respectively the smallest and the largest eigenvalues of the
symmetric matrix (a;j(x)), i. e.

&(x) := min a;j (x)&&j,  lx) = max a;j(x)&iS;.
[&]=1 [&]=1

The basic assumptions on the coefficients of L are:

a,‘jECO(ﬁ), v-xeﬁy Q(x) >07 bi7C€Llo;c(Q)'

These hypotheses will always be understood, unless otherwise specified, since they
are needed in most of our results. Note that we allow the ellipticity of (a;;) to de-
generate at infinity. Also, C°(Q) denotes the space of functions which are contin-
uous on Q, but not necessarily bounded. Additional hypotheses will be explicitly
required in some of the statements below. The operator L is said to be uniformly
elliptic if infg o > 0 and is termed self-adjoint if it can be written in the form

Lu = d;(a;j(x)dju) + c(x)u.

It is well known that if the domain Q is bounded and smooth then the Krein-
Rutman theory (see [20]]) implies the existence of a unique real number A = Ag
such that the problem

—Lp=A¢p ae.inQ
0=0 on dQ

admits a positive solution ¢ € W??(Q), V p < o. The quantity Aq and the as-
sociated eigenfunction ¢ (which is unique up to a multiplicative constant) are
respectively called Dirichlet principal eigenvalue and eigenfunction of —L in Q.
Henceforth, we keep the notation Aq for this Dirichlet principal eigenvalue.

The Krein-Rutman theory cannot be applied if Q is non-smooth or unbounded
(except for problems in periodic settings), because the resolvent of —L is not com-
pact. However, the fundamental properties of the Dirichlet principal eigenvalue
have been extended in [[L1] to the case of non-smooth bounded domains consider-
ing the following notion:

(L1) A(~L,Q):=sup{A : 3¢ e W2 (Q), ¢ >0, (L+1)¢ <Oae.inQ}.

If Q is bounded and smooth, then A, (—L, Q) coincides with the classical Dirichlet
principal eigenvalue Aq. An equivalent definition was previously given by S. Ag-
mon in [1] in the case of operators in divergence form defined on Riemannian
manifolds and, for general operators, by R. D. Nussbaum and Y. Pinchover [22],
building on a result by M. H. Protter and H. F. Weinberger [27].

The quantity defined by (1.1)) is our first notion of a generalized principal eigen-
value in an unbounded domain. We also consider here two other generalizations.
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Definition 1.1. For given Q and L, we set
(1.2)
M(~L,Q) :=inf{A : 39 cW2N(Q)NL(Q), ¢ >0, (L+21)p >0ae. inQ,
VEedQ, lim¢(x) =0};
x—&

(1.3) A/ (~L, Q) :=sup{A : ¢ e W2(Q), inf¢ >0, (L+2)¢ <Oae.inQ}.

The quantity 7Ll’ has been introduced in [[7], [8] and it also coincides with Aq if
Q is bounded and smooth. However, in contradistinction with Ay, it is equal to the
periodic principal eigenvalue when Q and L are periodic. Later on we will show
that these two properties are fulfilled by A{" as well.

If Q is smooth then the three quantities A;(—L,Q), A{(—L,Q), A{'(—L,Q) -
if finite- are eigenvalues for —L in Q under Dirichlet boundary conditions. This
follows from Theorems [1.4] and part (ii) below and the obvious inequality
A'(—L,Q) < A1(—L,&). But, as shown in Section |8} the principal eigenvalues
A{, A{" do not have in general admissible eigenfunctions, i.e. eigenfunctions satis-
fying the additional requirements of being bounded from above or having positive
infimum far from 9dQ respectively.

It may occur that the sets in the definitions (I.I), (I.2) or (I.3) are empty
(see Section 2.3). In such cases, we set A;(—L,Q) := —co, A{(—L,Q) := oo,
A{'(—L,Q) := —oo respectively. A sufficient (yet not necessary) condition for the
sets in (I.1)), (I.3) to be nonempty is: supq ¢ < oo, as is immediately seen by taking
¢ = 1 in the formulas. We will find that A{ < +c0 when Q is smooth as a conse-
quence of a comparison result between A; and A{, Theorem part (ii). If Q is
non-smooth then the boundary condition in (I.2)) is too strong a requirement, and
one should relax it in the sense of [[11]. However, we do not stress the non-smooth
aspect in the present paper. In Section 2.1 we show that, if € is uniformly smooth
and L is uniformly elliptic and has bounded coefficients, then the definition (1.3)
of A" does not change if the condition inf¢ > 0 is only required in any subset of
Q having positive distance from dQ. This condition is more natural because it is
satisfied by the classical Dirichlet principal eigenfunction when € is bounded and
smooth.

The admissible functions for A{ and A{" are bounded respectively from above
and from below by (a positive constant times) the function f = 1. Considering
instead an arbitrary barrier 8 yields further extensions of these definitions.

Definition 1.2. For given Q, L and positive function f : Q — R, we set
Ag(—L,Q):=inf{A : T e W2 (Q),0< ¢ <B, (L+A)¢ >0ae. inQ,
VEedQ, lim¢(x) =0}
x—&

QL[’;’(—L,Q) =sup{A : ¢ € Wlf)gN(Q), 0>p, (L+A)p <Oae.inQ}.
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If A{, A{ arise in the study of the existence and uniqueness of positive bounded
solutions for the Dirichlet problem, 7Ll’3, 11’3’ come into play when considering solu-
tions with prescribed maximal (or minimal) growth 3. We will mainly focus here
on A and A/, but we also derive properties with A, 7%’ along the way.

1.4 Statement of the main results

We start with investigating the existence of eigenvalues associated with positive
eigenfunctions satisfying Dirichlet boundary conditions. These are given by the
problem

(1.4) —Lo=A¢ ae.inQ
' =0 on 9Q (if Q #RV)

Definition 1.3. We say that A € R is an eigenvalue of —L in Q (associated with
positive eigenfunction), under Dirichlet boundary condition, if the problem (1.4)
admits a positive solution ¢ € Wli’cp (Q), V p < . Such a solution is called (posi-
tive) eigenfunction and the set of all eigenvalues is denoted by &.

In the following, since we only deal with positive eigenfunctions, we omit to
mention it. If Q is bounded and smooth then it is well known that & = {1} and
that this eigenvalue is simple. This property is improved in [[11] to non-smooth do-
mains, by replacing Ao with A;(—L,Q) and imposing the boundary conditions on
a suitable subset of dQ. The picture changes drastically in the case of unbounded
domains. Indeed, in Sectionbelow, we derive the following characterization.

Theorem 1.4. If Q is unbounded and smooth then & = (—eo, A1 (—L,Q)].

Theorem improves the property already known that the set of eigenvalues
associated with eigenfunctions without prescribed conditions on dQ coincides with
(—eo, A1(—L,Q)] (see, e.g., [1]]). Note that in the case of bounded smooth domains
this property still holds if one prescribes the Dirichlet condition on a proper subset
of the boundary. This example might lead one to believe that the reason why &
does not reduce to a singleton when € is unbounded is that no Dirichlet condition
is imposed at infinity. Counter-example [3.3]in Section [3] shows that this is not the
case, even if one imposes an exponential decay.

Recently, we came across the work [[17] by Y. Furusho and Y. Ogura (1981)
that does not seem to be very well known. In that paper, they prove Theorem [I.4]
but only in the case where Q is an exterior smooth domain (and L has smooth
coefficients). The main difficulty when dealing with general unbounded domain
is that, in order to construct a solution, one needs to control the behavior near the
boundary of a family of solutions in bounded domains. We achieve this by use of an
appropriate version of the boundary Harnack inequality (also known as Carleson
estimate) due to H. Berestycki, L. Caffarelli and L. Nirenberg [6].

Let us further point out that, if L has Holder continuous coefficients, the prob-
lem of the existence of eigenfunctions (vanishing on dQ2) can also be approached
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by using the Green function and the Martin boundary theory (see, e.g., [24]). How-
ever, as far as we know, the result of Theorem [1.4] was not previously derived in
the generality in which we state it here.

Next, we derive a necessary and a sufficient condition, expressed in terms of
A{ and of A{" respectively, for the validity of the maximum principle in unbounded
domains. With maximum principle we mean the following:

Definition 1.5. We say that the operator L satisfies the maximum principle (MP
for short) in Q if every function u € WIZ’N(Q) such that

ocC
Lu>0 ae.inQ, supu < oo, V& €9dQ, limsupu(x) <0,
Q

x—&

satisfies u < 0 in Q.

Note that no conditions are imposed at infinity, except for the boundedness from
above. This condition is redundant if € is bounded. In the case of bounded smooth
domains, it is well known that the MP holds iff Aq > 0. This result is improved
in [L1] to bounded non-smooth domains by replacing Aq with A;(—L, Q) and con-
sidering a refined version of the maximum principle. The extensions and results
in the general theory of [11] are recalled in the Appendix [A]here. For unbounded
domains, we will show that the validity of the MP is not related to the sign of A;
(even if one restricts Definition[I.5]to subsolutions decaying exponentially to 0, see
Counter-example 3.3)), but rather to those of A{ and A/".

Theorem 1.6. The operator L satisfies the MP in Q
(i) if A{'(—L,Q) > 0 and the coefficients of L satisfy

y blx) -
(1.5) supc < oo, lim sup \a,.,(;c)] oo, lim sup (x)z Y <o
Q e x| e |x]

(ii) only if A{(—L,Q) > 0.

Condition is specific to the metric of RY. Actually, many of the results
here can be extended to more general Remaniann manifolds. For this purpose, this
condition (1.5) should be modified by involving the corresponding metric.

Y. Pinchover pointed out to us that the hypothesis on the g;; in is sharp
for statement (i) to hold. Indeed, it can be proved that the operator Lu = (1 +
x[)>*€Au —u in RY, with € > 0 and N > 3, satisfies A/'(—L,RY) > 1 but the
equation Lu = 0 in RY admits positive bounded solutions (actually, one can show
that A{(—L,RY) = —c0). Moreover, it is easy to construct operators with b;(x) =
O(|x|'*€) for which A{ > 0 and the MP does not hold. Let us mention that the
continuity of (a;;) is not used in the proof of Theorem and that the ellipticity
is only required to hold locally uniformly in . Theorem is a particular case
of Theorem |4.2| below, which asserts that the MP holds for subsolutions satisfy-
ing supu/P < oo instead of supu < oo - for a given barrier function f growing at
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most exponentially - if A5(—L,Q) > 0 and only if A5(—L,Q) > 0, where 45, A4
are given by Definition In the case of operators with bounded coefficients and
subsolutions bounded from above, the implication A" > 0 =-MP is implicitly con-
tained in Lemma 2.1 of [8]. Note that if € is bounded (possibly non-smooth) then
Proposition 6.1 of [11] yields A{"(—L,Q) = A;(—L,Q). This is why, in that case,
A1 (—L,Q) > 0 = MP. In the limiting case where A{ and A" are equal to 0, the MP
might or might not hold (see Remark [4.3]below).

Next, we derive some relations between the generalized principal eigenvalues

A, A{ and A{'.
Theorem 1.7. Let Q be smooth. Then, the following properties hold:

(i) if L is self-adjoint and the a;j are bounded then A, (—L,Q) = A{(—L,Q);
(ii) for general L it holds that A{(—L,Q) < A1 (—L,Q);
(iii) under the growth condition (1.3) it holds that A'(—L,Q) < A{(—L,Q).

From the above result and the definitions of A; and 7Ll’ it follows that, if a self-
adjoint operator L with a;; € L*(€) admits a bounded (positive) eigenfunction
associated with an eigenvalue A € R, then necessarily A =24 (—L,Q) =A{(—L,Q).

We actually prove Theorempart (i) with A{(—L, Q) replaced by % (—-L,Q),
for any barrier B with subexponential growth.

In the case of uniformly elliptic operators with bounded smooth coefficients, the
inequality A{ < A; was proved in [12] in dimension 1, together with the inequality
A{ > A; for self-adjoint operators in dimension less than 4 (subsequently improved
to non-smooth operators in [25]). The question in arbitrary dimension was stated
as an open problem. With the results here, it is now completely solved. Instead, the
relations between A{ and A{" are not fully understood; Theorem |1.7| part (iii) gives
only a partial information. Indeed, we do not know any example of operators for
which A{" < A{. We leave it as an open problem to prove the following

Conjecture 1.8. If Q is smooth and L has bounded coefficients then A{(—L,Q) =
A'(—L,Q).

We are able to prove Conjecture[I.8]in some particular cases, where we actually
show that all three notions of generalized principal eigenvalues coincide.

Theorem 1.9. Let Q be unbounded and smooth. Then A(—L,Q) = A{'(—L,Q)
(= A (—L,Q) if (1.5) holds) in each of the following cases:

1) L is a self-adjoint, uniformly elliptic operator with bounded coefficients and
either N =1 or Q = RY and L is radially symmetric;

2) L= L+ y(x), where L is an elliptic operator such that A, (—L,Q) = A{'(—L,Q)
and y € L*(Q) is nonnegative and satisfies lklel‘glzl Y(x) =0;

[x[—oe



GENERALIZED PRINCIPAL EIGENVALUES IN UNBOUNDED DOMAINS 9

3)
A (—L,Q) < —limsupc(x);
XEQ
x|
4) the a;j are bounded, L is uniformly elliptic and it is either self-adjoint or in
non-divergence form with lim b(x) =0, and
e
Vr>0,VB <limsupc(x), 3IB,(xg) CQ s.t. inf c>f.

xeQ B, (X())
e

We remark that the hypothesis on c in the case 4 of Theorem [I.9]is fulfilled if
Q =R and c(x) — y(x/|x|) as |x] — oo, with y lower semicontinuous. Cases 2-4
will be derived from a general result - Theorem|[7.6]below - which provides a useful
characterization for A{". One of the tools used in its proof is an extension of the
boundary Harnack inequality to inhomogeneous Dirichlet problems. Another tool
is a continuity property of A; (—L, Q) with respect to perturbations of the domain Q.
In particular, we derive the following continuity property with respect to exterior
perturbations, which is of independent interest.

Theorem 1.10. Let (Q,)qen be a family of domains such that Q1\Q is bounded,
dQ is smooth in a neighborhood of 1\ and

VneN, ©,DQ.,1DQ, ﬂﬁnzﬁ.

neN

Then A\ (—L,Q,) /A (—L,Q) as n — oo.

In the above statement, it is understood that the coefficients of L satisfy the hy-
potheses of Section |1.3|in £ and not only in Q. Theorem |1.10|is an important
feature of the principal eigenvalue A;. Contrary to interior convergence of domains
(cf. Proposition [2.3] part (iv) below), continuity with respect to exterior perturba-
tions is a subtle issue and it may possibly fail (see, e.g., [4], [LS5] for the case of
bounded domains). We discuss several aspects of this property in Section

In Section we discuss the existence of admissible eigenfunctions for A, kl” ,
as well as the simplicity of A;. A sufficient condition for the latter is derived by
using the notion of solution of minimal growth at infinity. This is in the spirit but
a slightly different version of the notion introduced by S. Agmon in his pioneering
and important paper [1]. Combining this condition with Theorems and
the characterization of A{’ given in Theorem we are able to extend the basic
properties of the classical Dirichlet principal eigenvalue to the case of unbounded
domains, provided that ¢ is negative at infinity.

Proposition 1.11. Let Q be unbounded and smooth and let
& :=limsupc(x).

XEQ
[x]—reo

The following properties hold:
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(i) if E <0and holds then L satisfies the MP in Q iff 1;(—L,Q) > 0;

(ii) if M(—L,Q) < —& then any positive function v € WliCN(Q) satisfying (L +
M (=L, Q))v <0 a.e. in Q coincides, up to a scalar multiple, with the eigen-
function @y associated with A(—L,Q). Moreover, ¢, is bounded and, if the
coefficients of L are bounded, it decays exponentially to 0.

Actually, hypothesis is not required in the “only if” implication of state-
ment (i). If £ =0 then A, (—L,Q) > 0 does not imply the MP, even if ¢ < 0 every-
where (see Remark [8.8). Statement (ii) was announced and used in our previous
paper [13]]. There, we dealt with Neumann problems in smooth infinite cylinders.
This led us to define a notion of generalized principal eigenvalue which incorpo-
rates the Neumann boundary condition. However, the proof presented below works
exactly at the same way in that case. The last statement of Proposition [1.11]| part
(ii) follows from a general result about the exponential decay of subsolutions of the
Dirichlet problem - Proposition [8.7 below.

We conclude by investigating the continuity of A; with respect to the coeffi-
cients, as well as its behavior as the size of the zero and the second order coeffi-
cients blows up or the ellipticity degenerates.

Let us point out that some of the results concerning A; and A{’ still hold if Q
is not connected. This is seen by noticing that A;(—L,Q) and A" (—L,Q) coincide
with the infimum of the A4; and A’ in the connected components of Q. Exceptions
are: the results about the existence of eigenfunctions, such as Theorem [1.4] the
implication MP=- A; > 0 in Proposition[I.11]part (i) (unless Q has a finite number
of connected components). Note that A[ is equal to the supremum of the A{ in
the connected components of Q. We further remark that, if Q is connected, the
definition of A; does not change if one replaces ¢ > 0 with ¢ >0, ¢ # 0.
This is no longer true if Q is not connected.

As was already mentioned above, most of the results of this paper can be ex-
tended to the case of linear elliptic equations on noncompact manifolds. There are
only few points, such as condition (1.5), where the volume growth of balls and
other properties of RV are used and need to be adapted to this more general setting.

2 Preliminary considerations on the definitions and assumptions

2.1 Exploring other possible definitions

To start with, we address the question of what happens if one enlarges the class
of admissible functions in definition (1.3)). For € > 0, we set

Qf :={xe Q : dist(x,0Q) > €}.

Proposition 2.1. Let Q be uniformly of class C>' and L be a uniformly ellip-
tic operator with a;j, b; bounded and ¢ bounded from above. Then, the quantity
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A{'(—L,Q) defined by (1.3) satisfies
A'(=L,Q)=sup{A : F¢p € Wligv(ﬂ),VS >0, lslzlsf(p >0, (L+A)¢ <0a.e inQ}.

Proof. To prove the statement it is sufficient to show thatif L € R, ¢ € WkZ)CN(Q)
satisfy
Ve>0, i(rzlgf¢>0, (L+A)p <0Oae.inQ,

then every <A belongs to the set in . We can assume without loss of gener-
ality that A = 0, so that 1 < 0, and that Q # RV For x € Q, set d(x) := dist(x, Q).
Since Q is uniformly of class C>!, we know from [21]] that, for € > 0 small enough,
the distance function d belongs to W2>(Q\Q¥f). Furthermore, |Vd| = 1 in Q\ Q.
Define the function v(x) := cos(kd(x)), where k is a positive constant that will be
chosen later. For a.e. x € Q\ Q¥ it holds that

Lv = —ka;j(x)[kvd;dd;d + sin(kd ) d;;d| — ksin(kd)b;(x)did + c(x)v
< (=K a(x) +¢(x))v+ (Ck+k|b(x)|)| sin(kd)|,
where C =Y, ;|/a;;d;jd||. Hence, since v > |sin(kd)| in Q\Qit, setting § :=
min(e, 7) we get
Lv < (—kzigfg—ksgpc—i—Ck—i—ksgp\b])v a.e. in Q\Q7.

It is then possible to choose k > 0 in such a way that Lv < 0 a.e. in Q\Qa. Let
X : R — [0,+00) be a smooth cutoff function satisfying

x=1 1in[0,1/2], X =0 in[l,4oo).
Then, for x € Q, define w(x) := v(x)x(5d(x)). The function w is nonnegative,
smooth, belongs to W= (Q), vanishes on Q° and it satisfies

inf w>0, Lw<O0 ae. inQ\Q%2
Q\QE/Z

We finally set ¢ (x) := h¢(x) + w(x), for some positive constant 4. This function
satisfies

inf¢ > min <h inf ¢, inf w> >0, Lp<0 ae. inQ\Q%2
Q Q8/2 Q\Qé‘/z

Moreover, for a.e. x € Q9/2,
(L4+A)¢ < hdo+ (L+A)w.

Therefore, for h large enough, we have that (L+ i)(ﬁ <0 a.e. in Q. This shows
that A belongs to the set in (1.3)). O

The above proof leads us to formulate the following.

Open problem 2.2. Does the result of Proposition hold true if one drops the
uniform ellipticity and boundedness of the coefficients of L ?
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Starting from definition (I.T)), one could define several quantities by replacing
“sup” with “inf”, (L+A)¢ < 0 with (L4 A)¢ > 0 as well as by adding the condi-
tions sup ¢ < o or inf@ > 0 (or, more generally, sup% < oo or inf % > 0 for a given
barrier function 3). Let us explain why we focus on the ones in Definition[I.1]and
their extensions with a barrier function f3.

First of all, it is clear that if ¢ € L*(Q2) then replacing sup with inf in definition
gives —oo, whereas taking (L+ A)¢ > 0 instead of (L+A)¢ < 0 gives +oo.
This is true even if one adds the conditions sup@ < oo or inf¢ > 0.

Two other possibilities are thus left.

(=L, Q) :=sup{A : T¢ WlicN(Q) NL*(Q), ¢ >0, (L+A)p <0Oae.in Q},

loc

A(~L,Q):=inf{A : 3¢ e W2N(Q), inf¢ >0, (L+2)¢ >0ae. inQ}.

One can show that, if L is a uniformly elliptic operator with bounded coef-
ficients, then A (—L,Q) = —co. Instead, if ¢ is bounded from above, the quan-
tity A/ (—L,Q) is a well defined real number satisfying —supg ¢ < A{(—L,Q) <
A1(—L,Q). However, its sign is not related to the validity of the MP. This is seen,
by means of Theorem[I.6] considering the operator L defined in Counter-example
that satisfies

A(—L,R) < A{(=L,R) < 0 < A;(—L,R) = {(—L,R).

2.2 Previously known properties of 1, and 1|

In this section, we present some known properties of A; and A{. We recall that,
for a bounded smooth domain Q, Aq denotes the classical principal eigenvalue of
—L in Q under Dirichlet boundary conditions.

Proposition 2.3. The generalized principal eigenvalue Ay (—L,Q) defined by (1.1)
satisfies the following properties:
(i) if Q is bounded and smooth then A;(—L,Q) = Aq;
(ii)
—supc < A (—L,Q) < Cr2,
Q

where 0 < r < 1 is the radius of some ball B contained in Q and C > 0 only
depends on N, infg & and the L™ (B) norms of ajj, b;, ¢;

(iii) if Q' C Qthen A (—L,Q') > A1 (—L,Q), with strict inequality if Q' is bounded
and |Q\Q'| > 0;

(iv) if (Qn)nen is a family of nonempty domains such that

-QnC-Qner U-anga

neN

then A1 (—L, Q) \(A1(—L,Q) as n — oo;



GENERALIZED PRINCIPAL EIGENVALUES IN UNBOUNDED DOMAINS 13
(v) if i (—L,Q) > —oo then there exists a positive function @ € ng’cp(Q), V p <o,
satisfying
(2.1) —Lo=X4(—L,Q)p a.e. inQ;
(vi) if L is self-adjoint then

22 A(—L,Q) = inf Jo(aij(x)9i$9;¢ —c(x)9?)
. 1 ’ ¢€§iém fQ q)z )

where C!(Q) denotes the space of compactly supported, C' functions in Q.
In particular, A, (—L, Q) is nondecreasing with respect to the matrix (a;;);

(vii) in its dependence on ¢, A (—L,Q) is nonincreasing (i. e. h > 0 in Q implies
M(=(L+h),Q) < A (—L,Q)), concave and Lipschitz-continuous (using the
L norm) with Lipschitz constant 1;

(viii) for uniformly elliptic operators with bounded coefficients, Ai(—L,Q) is lo-
cally Lipschitz-continuous with respect to the b;, with Lipschitz constant de-
pending only on N, Q, the ellipticity constants and the L™ norm of c.

The above properties, in particular (i), motivate the terming of “generalized
principal eigenvalue”. Property (i) can be deduced from a mini-max formula in
[28]]. The upper bound in (ii) is Lemma 1.1 of [11]. The lower bound follows
immediately from the definition, as does the inequality > in (iii). The strict in-
equality in the case of bounded Q' is given by Theorem 2.4 of [[11] (and it actually
holds in greater generality, cf. Remark [7.4] below). The proofs of (iv), (v) can be
found in [[1] in the case of operators with smooth coefficients (see also [[11] for gen-
eral operators in bounded, non-smooth domains), but the same arguments apply to
the general case. We point out that if Q is smooth then Theorem [I.4] above is a
much stronger result than Proposition part (v), providing in particular a func-
tion ¢ satisfying in addition the Dirichlet boundary condition. Property (vi) follows
from (i), (iv) and the Rayleigh-Ritz variational formula for the classical Dirichlet
principal eigenvalue, as shown in [1]]. Properties (vii) and (viii) are respectively
Propositions 2.1 and 5.1 in [[L1].

Remark 2.4. The monotonicity of A; with respect to ¢ is strict if Q is bounded,
whereas it might not be the case if Q is unbounded (see the proof of Proposition
below for an example). Likewise, the decreasing monotonicity with respect
to the domain given by Proposition part (iii) might not be strict in the case of
unbounded domains. For example, in dimension 1, the operator Lu = u” clearly
satisfies A; (—L,R) = A;(—L,R,) =0.

The generalized principal eigenvalue A (—L, Q) also coincides with the Dirich-
let principal eigenvalue Aq if Q is bounded and smooth. Moreover, it coincides
with the periodic principal eigenvalue A, under Dirichlet boundary conditions if
Q is smooth and Q and L are periodic with the same period. We say that Q is
periodic, with period (ly,...,Iy) € RY, if Q+ {lie;} = Q fori =1,...,N, where
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{e1,...,en} is the canonical basis of RY: the operator L is said to be periodic, with
period (I,...,ly), if its coefficients are periodic with the same period (/y,...,Iy).
We recall that A4, is the unique real number A such that the problem admits a
positive periodic solution. Such a solution, which is unique up to a multiplicative
constant, is called periodic principal eigenfunction.

Proposition 2.5. The generalized principal eigenvalue A{(—L,Q) defined by (1.2)
satisfies the following properties:

(i) if Q is bounded and smooth then A{(—L,Q) = Ag;
(ii) if Q is smooth then A{(—L,Q) < oo and, if in addition holds, then
A(—L,Q) ER;
(iii) if Q is smooth and Q, L are periodic, with the same period, then A{(—L,Q) =
Ap.

The fact that the set of “admissible functions” in could be empty was not
discussed in previous papers, where, essentially, only the case Q = R" and L with
bounded coefficients was treated. Statements (i) and (iii) are proved in [8] (for
operators with smooth coefficients) and [29], requiring, in both cases, the addi-
tional condition that the functions ¢ in are uniformly Lipschitz-continuous.
In the general case where this extra condition is not imposed, properties (i), (ii) and
the inequality A{ > A, in (iii) can be deduced from the properties of A; and A" -
Propositions - by means of Theorem here. The inequality A{ < A, is
immediately obtained by taking ¢ equal to the periodic principal eigenfunction in

(T2).

2.3 Finiteness of 1,

By Proposition 2.3| part (ii), we know that A; € R if ¢ is bounded above. Other-
wise, it could be equal to —eo, that is, the set of admissible functions in (I.T]) could
be empty.

Proposition 2.6. Let Q be a smooth domain and L be a uniformly elliptic opera-
tor with a;j, b; bounded and c such that there exists a positive constant 0 and a
sequence (X,)eN satisfying
(2.3) VneN, Bs(x,) CQ, lim inf ¢ = +oo.

n—° Bs(xy)
Then, A(—L,Q) = —oo and the MP, as stated in Definition does not hold for
Lin Q.

Proof. Since, for A € R, L — A satisfies the same condition (2.3)) as L and, by
definition,

M(=L,Q) = hi(=(L=2),Q) -4,
to prove that A;(—L,Q) = —eo it is sufficient to show that A;(—L,Q) < 0. Thus,
owing to Proposition [2.3|part (iii), it is enough to show that A;(—L, Bs(x,)) < 0 for
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some n € N. Consider a function ¥ € C2([0, §]) satisfying
)
¥ >0 in [0,98), ¥'(0) =0, B(8) ='(8) =0, 9" >0 in [5,5]

(for instance, ¥(r) := cos(§r) +1). The functions (6,).cn defined by 6,(x) :=
B (Jx — x,|) satisfy, a.e. in Bg(x,)\Bs (xn),
2

a3 (1036 + 51,0, > (ipfe) 0" () ~ K10l ) + 9 ().

for some k independent of n. There exists then p € (0,d), independent of n, such
that a;;(x)0;;6, + bi(x)0;6, > 0 a.e. in B5(x,,)\Bp(x,). On the other hand,

L6, > —k + ( inf c) (min 19> a.e.in Bp(xy),
B (xn) [0.p]

where k" is another positive constant independent of n. As a consequence, using the
hypothesis on ¢, we can find n € N such that L6, > 0 a.e. in Bg(x,). Taking ¢ = 6,
in (1.2) we obtain A{(—L,Bg(x,)) < 0. Eventually, statement (i) of Propositions

[2.3]and [2.5]yield

0> l{(_LaBSOC”)) = lB(;()c,,) =M (_LvBS(xn»'
That the MP does not hold in this case (in fact, as soon as —oo < A; < 0) follows
from Theorems|[I.6|and 1.7 part (ii), proved in Sections @] and [6|respectively. O

The hypothesis on ¢ in the previous statement cannot be weakened by supc =
+oo. One can see this by considering, in dimension 1, the operator Lu := u” +¢(x)u,
with ¢(x) :=V/(x) —v?(x) and v € C'(R) such that sup(v' —1?) = 4-o0. We leave
to the reader to check that such a function v exists. Since the function ¢(x) =
e lovDdt gatisfies L¢ =0, it follows that A;(—L,R) > 0. We now show that if the
b; are unbounded then it may happen that 4;(—L,Q) € R even though c satisfies

23).

Proposition 2.7. If the a;;j are bounded, b(x) - x does not change sign for |x| large
and it holds that

: c(x)
lim sup COE < oo,
i Tt

then A1 (—L,Q) is finite.

Proof. Let ¢ € C2(RN) be a positive function satisfying, for |x| > 1, ¢ (x) = e*°M,
where the £ is in agreement with the sign of —b - x at infinity, and ¢ > 0 will be
chosen later. Direct computation shows that

. Tr(ay) aixx; | b- i
Lo = [aszxjczi ( (aij) ajxng +x> G—H‘] ¢ ae.in Q\B;.
x| x| x| x|

Using the hypotheses, we can then choose ¢ large enough and A € R such that
(L+A)¢ <O0a.e.in Q. Hence, A;(—L,Q) > A. On the other hand, A;(—L,Q) <
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+c0 by Propositionpart (ii). This proof also shows that A;'(—L,Q) € R, under
the same conditions, when b(x) - x < 0 at infinity. O

3 Existence of positive eigenfunctions vanishing on 0Q

We now prove the characterization of the set of eigenvalues &. One of the main
tools we require is the following boundary Harnack inequality, quoted from [6]],
which extends the previous versions of [14]], [5]. We recall that, for 6 > 0, QS
denotes the set {x € Q : dist(x,dQ) > 6}.

Theorem 3.1 ([6]]). Let Q be a bounded domain and Q' be an open subset of Q such
that T := dQN (' + By) is of class CY, for some > 0. Then, any nonnegative

solution u € W2N(Q)NCO(QUT) of

loc
Lu=0 a.e inQ
u=0 onT,

satisfies

supu < Cinfu,

Q Q8
for all 6 > 0 such that QS = 0, with C depending on N, Q, 6, n, inf a and the L™
norms of a;j, b;, c.

Proof of Theorem[I4) From the definition of A1 (—L,Q) it follows that & C
(—oo,A1(—L,Q)]. This concludes the proof if A;(—L,Q) = —oo. Let us prove
the reverse inclusion when A;(—L,Q) > —oco. We can assume, without loss of
generality, that 0 € Q. Since € is smooth, a compactness argument (that we leave
to the reader) shows that, for any n € N, there exists r(n) > n such that QN B,
is contained in a single connected component of N B,(,). Let Q, denote this
connected component. It is not restrictive to assume that Q, C Q. for n € N.
Hence, Proposition [2.3]part (iv) yields

fim 24 (~L, Q) = A (~L,Q).

We first show the existence of an eigenfunction associated with A;(—L,Q), and
then of one associated with A, for any given A < A;(—L,Q).
Step 1: 1(—L,Q) € &.

For n € N, let ¢" be the generalized principal eigenfunction of —L in £,,, normal-
ized by ¢"(0) = 1. This eigenfunction is obtained in the work of Berestycki, Niren-
berg and Varadhan [11] (note that Q,, in general, is not smooth). For the reader’s
ease, some of the main results of that paper are described in Appendix [A]here. In
particular, the existence of ¢@”" is provided by Property A.1. Fix m € N. Since for
n > m, ¢" belongs to WP (QNB,,),V p < o, and vanishes on dQ N B,,, applying
the boundary Harnack inequality - Theorem - with Q = Q11, Q' = QN By,
n =1and 6 < dist(0,dQ), we find a constant C,, such that

Vn>m, sup @" <Cp.
QNByy,
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Thus, the elliptic local boundary estimate of Agmon, Douglis and Nirenberg [2]]
(see also Theorem 9.13 of [18]]) implies that the (¢"),~,, are uniformly bounded
in W2*(QNB, 1 ) (since B, 1N dQ is contained in a smooth boundary por-
tion of B, N Q). Consequently they converge, up to subsequences, weakly in
W*P(QNB, 1 ) and, by Morrey’s inequality (see, e.g., Theorem 7.26 part (ii)

of [18]]), strongly in C' (QNB,,_) to a nonnegative solution ¢" of

—Lo™ =11 (—L,Q)¢™ ae.in QNB,_;
0" =0 on dQNB,_1.

In particular, "*(0) = 1 and then ¢™ is positive in QN B,,_; by the strong maxi-
mum principle. Therefore, using a diagonal method, we can extract a subsequence
of (¢"),en converging to a positive function ¢ which is a solution of the above
problem for all m > 1. Thatis, 4;(—L,Q) € &.
Step 2: (—oo, A1 (—L,Q)) C &.

Take A < A;(—L,Q). Since  is unbounded and connected, €, \B,_1 # 0 for all
n € N. Let (f,),en be a family of continuous, nonpositive and not identically equal
to zero functions such that

VneN, suppfy CQ\Bn_1.

Since for n € N, A;(—L,Q,) > A;(—L,Q) > A by Proposition part (iii), we
have A;(—(L+A),Q,) > 0. Hence, Property A.5 provides a bounded solution
w' € WEN(Q, U (B,NIQ)) of

loc
(L+A)u"=f, ae.inQ,
W20 on 0Q,,.

The meaning of the relaxed boundary condition u" 2 0 is recalled in Appendix
However, we only use here the fact that it implies #” = 0 in the classical sense on
the smooth portion B, N dQ. Note that u" is nonnegative by Property A.2, and then
it is strictly positive in Q, by the strong maximum principle. Moreover, Lemma
9.16 in [18]] yields u" € W[if(ﬂn U(B,NdQ)), ¥ p < oo. For n € N, the function
V" defined by

nioy . W)

V(x) := 1(0)°

belongs to W>P(QNB,_1), it is positive and satisfies: v'(0) = 1,

—LV"=AV" a.e.in QNB,_»
V=0 on dQNB,.

We can thereby proceed exactly as in step 1, with (v*),en in place of (¢"),cn, and
infer that A € &. 0

Remark 3.2. Actually, the arguments in the proof of Theorem yield a more
general statement. Namely, if Q is unbounded and has a smooth boundary portion
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T then & = (—oo0, A1 (—L,Q)], where
Er={AeR : 3P eWZP(QUT),Vp<oeo, ¢ >0, —Lp = A a.e.in Q,
¢p=0o0nT}.

We now exhibit an example where the set of eigenvalues does not reduce to
{A1(—L,Q)} even if one restricts to (positive) eigenfunctions decaying to 0 at in-
finity. This example also shows that A; > 0 does not imply the validity of the MP
for subsolutions which are nonpositive also at infinity, and not only on 9Q.

Counter-example 3.3. There exists an operator L in R such that A;(—L,R) > 0
and, for all A € [0,A1(—L,R)), there is a positive function ¢ € W*P(R), V p < oo,
satisfying
—Lp=A¢ ae inR, limsup ¢ (x)e < 1.
| o0
Proof. Consider the operator L defined by
u”(x) — 4 (x) +3u(x) ifx<—%
Lu(x) :=< u"(x)+u(x) if —7<x<7%
u"(x) +4u' (x) +3u(x) ifx>%.
In order to show that A (—L,R) > 0, we explicitly construct a function v € W>=(R)
such that (L+A)v <0, for some A > 0. We set
ke** ifx<—7%
v(x) = cos(yx) if —F<x<%
ke ifx> 1%,

where k = e2 cos(%7) and v is the solution in (1,2) of the equation
T
tan( —7y)] —2=0.
rian (4 7)

We leave to the reader to check that v € W>*(R). We see that Lv = —v for |x| >
m/4. For |x| < m/4, we find Lv = (1 — ¥*)v. Hence, (L+A)v <0 ae. in R, with
A =min(1,y> — 1) > 0. Now, direct computation shows that the function

¢ ifx<—12
u(x):=< 2 Fcos(x) if —i1<x<?t
e ifx>2

belongs to W2>(R) and satisfies Lu = 0 in R\{£7x/4}. For A € [0,A;(—L,R)], let
¢ be the associated positive eigenfunction constructed as in the proof of Theorem
with Q, = B,,. It is clear that, when A < A;(—L,R), it is possible to take an
even function f, in that construction. Hence, the symmetry of L implies that ¢ is
even. Normalize ¢ in such a way that ¢ (0) < u(0). By property (iv) of Proposition
M (—L,B,) > 0 for r large enough. Thus, if u(£r) < ¢(£r) for such values of
r, the MP yields a contradiction. This shows that ¢ (x) < u(x) for |x| large enough,
which concludes the proof.
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We remark that A{(—L,RR) < —1, as is seen by taking ¢ = 1 in (1.2). This is in
agreement with Theorem [1.6] O

4 Maximum principle

We derive Theorem [I.6]as a particular case of a result concerning subsolutions
bounded from above by (constant times) a barrier . The function  is positive and
satisfies either
4.1 Jo >0, limsupf(x)lx| =0,

xeQ
[ oo

if the coefficients of L satisfy (1.5)), or
4.2) do >0, limsupﬁ(x)e_o‘x‘ =0,
xeQ

e —eo

if they satisfy the stronger hypothesis

4.3) supc < oo, supa;; < oo, sup
Q Q

Definition 4.1. Let 8 be a positive function on Q. We say that the operator L
satisfies the B-MP in Q if every function u € WliCN(Q) such that

Lu>0 ae.inQ, supE < oo, V& €dQ, limsupu(x) <0,
Q ﬁ x—&

satisfies u < 0 in Q.

Theorem|[1.6|represents the particular case § = 1 of the following statement.
Theorem 4.2. The operator L satisfies the 3-MP in Q

(i) if)Lé’(—L, Q) > 0 and either , or , hold;

(ii) only if l‘é(fL,Q) > 0.

Proof. Statement (ii) is an immediate consequence of Definition [I.2] Indeed, if
llg (—L,Q) < 0 then there are A < 0 and a positive function ¢ € W= (Q) such that

loc

O<B, Lp>—-A¢ ae.inQ, VE €adQ, lin%(b(x)SO.

Hence, ¢ violates the 3-MP.
Let us prove (i). Assume by contradiction that there exists a function u €

W]iCN(Q) which is positive somewhere in Q and satisfies

Lu>0 ae.in Q, supE < oo, VE e€dQ, limsupu(x) <O0.
Q x—&
Since /lg (—L,Q) > 0, by Definition there exists A > 0 and a function ¢ €

WY (Q) such that

loc

¢>B, (L+A)p<0, ae inQ.
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In particular, up to renormalization, we can assume that ¢ > u in Q. We want to
modify ¢ in order to obtain a function that grows faster than u at infinity and is
still a supersolution in a suitable subset of Q. To this aim, we consider a positive
smooth function y : RY — R such that, for |x| > 1, y(x) = |x|° if B satisfies
or x(x) = eI if B satisfies (4.2). For n € N, we set

() = 05) + 1 2(0), ki sup o

Note that the sequence (k) cn is positive, nondecreasing and bounded from above
by 1. Thus, it is convergent. Moreover, since

h‘ii“%n(( < (swg) li?éfp%:(” veeon, map

_0’

there exists x,, € Q such that k,, = 3 (( )) We claim that, for n large enough, L¢, < 0

in a neighborhood of x,. The operator L acts on a radial function 6(x) = ¥(Jx|) in
the following way:

LO(x) = A(x)" ([x[) + B(x)®' (|x]) + c(x) I (|,

where

a,j(x)xixj _ b(x) X i Tr(aij(x)) _ aij(x)xixj
X2 x| IXI [x[?

Hence, for a.e. x € Q\Bj, in the case where f3 satisfies (4.1) we get

sz( (o —1>|(|2+ B|()|‘>+c<x>)x

((N+G 2)‘(|)+ (‘?x—i-c(x))x,

while, in the case of condition (4.2), we get
Ly = (6*A(x) + 0B(x) +c(x))x

< [G <G + Nl) o(x)+ Gb(x) -t —i—c(x)} X

x| x|

Therefore, in both cases, there exists a positive constant C such that Ly < Cyx a.e. in
Q. Let us estimate the “penalization” term 1 ~X(x,). For n € N, we find that

Gon(xa)  O(xn) + 2n7((xn) 1 X (%)

kon = u(xy) u(xy) T ke 2nu(x)’

@44)  Alx):=

and then that
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As a consequence, for n € N, there exists §, > 0 such that, for a.e. x € Bs, (xn),

Yy < c"’(f) <3c <1 _ 1> u(x) < 3C (1 _ ]) 0(x).

n kn 2n kn k2n
Thus,
1 1
Lo, < |-A+3C(——-— |9 ae. inBg (x,).
kn k2n !

Since the sequence (k; ),cn is convergent, we can then find n € N such that L@, < 0
a.e. in B, (xn). Whence we infer that the nonnegative function w, := k,¢, — u
satisfies Lw, < 0 a.e. in Bg, (x,) and vanishes at x,. This contradicts the strong
maximum principle. 0

Remark 4.3. If A{(—L,Q) = A{'(—L,Q) = 0 then the MP might or might not hold.
Indeed, if L and Q are periodic then A{(—L,Q) and A{'(—L,Q) coincide with A,.
Hence, if A, = 0, the periodic principal eigenfunction violates the MP. On the

other hand, the operator L introduced at the beginning of the proof of Proposition
B.1]below satisfies the MP and A{(—L,R) = A'(—~L,R) = 0.

5 Properties of 1

Proposition 5.1. The quantity A{(—L,Q) defined by (1.3) satisfies the following
properties:

(i) if Q is bounded and smooth then A{'(—L,Q) = Aq;
(ii)
—supc < A‘I//(_Lv 'Q) < Al(_L’ Q.),
Q

(iii) if Q' C Q then A/'(—L,Q') > A/'(—L,Q);

(iv) if Q is smooth and Q, L are periodic, with the same period, then A{'(—L,Q) =
Ap;

(v) in its dependence on c, A{'(—L,Q) is nonincreasing, concave and Lipschitz-
continuous (using the L™ norm) with Lipschitz constant 1;

(vi) for uniformly elliptic operators with bounded coefficients, A{'(—L,Q) is lo-
cally Lipschitz-continuous with respect to the b;, with Lipschitz constant de-
pending only on N, Q, the ellipticity constants and the L™ norm of c.

Proof. The first inequality in property (ii) follows by taking ¢ = 1 in (I.3). The
second inequality in (ii), as well as property (iii), are immediate consequences of
the definition.

(i) From (ii) and Proposition part (i) it follows that A;'(—L,Q) < Aq. The
reverse inequality is a consequence of Lemma Note that if Q is of class C*!
then this inequality also follows from the characterization of Proposition[2.1] taking
¢ equal to the Dirichlet principal eigenfunction of —L in Q.

(iv) We consider the periodic principal eigenfunction @ of —L in €, under
Dirichlet boundary conditions. Taking ¢ = ¢ in the characterization of Proposition
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yields A{'(—L,Q) > A,,. Assume now by contradiction that A{(—L,Q) > A,,.
Thus, by Theorem the operator (L + A,) satisfies the MP in Q. This is in
contradiction with the existence of the periodic principal eigenfunction.
Properties (v), (vi) follow from the same arguments used to prove the analogous
properties for A; (cf. Propositions 2.1, 5.1 of [11]). U

We now derive a result about the admissible functions ¢ in (I.3)). It will be used
in the sequel to obtain the sufficient conditions for the equivalence of A, A{, A{".

Proposition 5.2. If Q has a C'"' boundary portion T C 9 then the definition (1.3)
of A{'(—L,Q) does not change if one further requires ¢ € Wli’cp(ﬂ UT), V p <o

Proof. We prove the statement by showing that, if for some A € R there exists a
function ¢ € WliCN(Q) satisfying
inf¢ >0, (L+2)p <0 ae.inQ,

then we can find a function u € Wlif (QUT), Y p < oo, with the same properties.
The function u will be obtained as a solution of a suitable nonlinear problem.
First, by renormalizing ¢ and replacing ¢ with ¢+ A, the problem is reduced to

the case where infg ¢ =2 and A = 0. Consider the function f : Q x R — R defined
by f(x,s) :=|c(x)|g(s), where

—1 fors <1
g(s)=<¢ s—2 forse(1,2)
0 for s > 2.

Setting u = 1, we find that, a.e. in Q,
Lu> f(x,u), Lo <f(x,9), u<9.

Standard arguments provide a function u € WZZOC”(Q) satisfying 1 < u < ¢ and
Lu = f(x,u) a.e. in Q. More precisely, one constructs solutions of problems in
bounded domains invading Q by an iterative method and then uses a diagonal ex-
traction procedure. However, getting the improved regularity u € leof(Q uT) is
delicate, especially because ¢ may blow up at 7. Moreover, in order to pass to the
unbounded domain, one needs a version of the boundary Harnack inequality for
solutions of inhomogeneous problems. This is the object of Appendix [B| Let us
now describe the method in detail.

The first step consists in solving semilinear problems in bounded domains with
Dirichlet conditions on smooth portions of the boundary. Namely, we derive the
following

Lemma 5.3. Let Q be a bounded domain with a C"' boundary portion T and
let f: QxR — R be such that f(-,0) € LN(Q) and f(x,-) is uniformly Lipschitz
continuous in R, uniformly with respect to x € Q. Assume further that the problem
Lu= f(x,u) a.e.inQ
u=20 on dQ
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has a subsolution u € W2 (Q)NL=(Q) and a supersolution i € leoéN(Q) such that

loc

u <0 <uin Q. Then, there exists a function u € WIZ’N(Q UT)NL>(Q) satisfying

oc

Lu= f(x,u) a.e. inQ
u=20 onT
u<u<u in Q.

Note that, in the above statement, one can replace the O boundary conditions
with a more general datum y € W>V(Q), provided that u, u satisfy u < v < @.
Let us postpone the proof of this Lemma until we complete the argument to prove
Proposition We assume that 0 € Q. For n € N, let ,, denote the connected
component of QN B, containing 0 and let 7, be its portion of the boundary of
class at least C!. 7, is open in the topology of d€, and is nonempty for n large
enough. Consider the functions u" € W,iLN(Qn UT,)NL*(L,) provided by Lemma
satisfying

Lu" = f(x,u") ae.inQ,

u'=1 on T,

1<u"<¢ in Q,.
Since |f(x,u")| <|c(x)| and 1 < " < @, using interior estimates and a diagonal ar-
gument, we find that the sequence (u"),cn converges (up to subsequences) locally
uniformly in Q to a function u € Wi)CN(Q) satisfying

Lu= f(x,u) <0 ae.inQ, I1<u<¢ inQ.

It remains to show that u € W2 (QUT), ¥ p < e. Let K CC QUT. The smooth-
ness of 7 implies that K CC Q,, U T, for m large enough. Take 11 > 0 such that
dQ,, N (K + Byy) C T,,. Applying the inhomogeneous boundary Harnack inequal-
ity given by Proposition with Q = Q,, and Q' = Q,,N (K + By), we find a
constant C such that
Vn>m, sup u" <CW"(0)+1)<C(¢(0)+1).
Q,,N(K+By)

Hence, by the local boundary estimate, (#"),cx is bounded in W2”(K) and then its
limit u belongs to WP (K). O

Proof of Lemma Replacing ¢ with ¢ —k and f(x,s) with f(x,s) — ks if need be,
with k greater than [|c||;=(q) and the Lipschitz constant of f(x, -), it is not restrictive
to assume that ¢ is negative and that f(x,-) is decreasing. From Proposition
parts (ii) and (iii) it follows that A;(—L, ¢') > 0 in any bounded domain &. Hence,
by Property A.5 in Appendix[A] the problem

Lu' = f(x,u) ae.inQ
u 20 on dQ

admits a unique bounded solution u' € WIZ’N(Q UT) (note that f(x,u) € LN(Q)).

ocC
The function u is a subsolution of this problem and % is a supersolution by the
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monotonicity of f(x,-). By the refined MP - Property A.2 - we get u < u', but we
cannot infer that u!' < 7, because 7 may be unbounded. However, since the solution
u' is obtained as the limit of solutions (u)),cy of the Dirichlet problem in a family
of bounded smooth domains invading € (see the proof of Theorem 1.2 in [11]),
the inequality u' < % follows by applying the refined MP to the functions % — u).
Proceeding as before, we construct by iteration a sequence (/) ey in WI(Z)CN(Q U
T)NL*(Q) such that

Lu/™!' = f(x,u/) ae.inQ
wtl 20 on 9Q
w <uwtl<m in Q.

For x € Q, let u(x) be the limit of the nondecreasing sequence (u/(x)) jen. Let us
show that the u/ are uniformly bounded in Q. We write
f(x7 uj) _f<x7 0)

L' = f(x,0)+ &j(x)u/ ae.inQ,  with ;(x):= — .

Since the L* norm of the {; is less than or equal to the Lipschitz constant of f(x,-),
applying the ABP estimate - Property A.6 - to u/ and —u/ we infer that (u/) jen 18
bounded in L*(Q). Therefore, by the local boundary estimate, (/) jey is bounded
in W2V (K), for any K CC QUT. Whence, considering suitable subsequences of
(u') jen and applying the embedding theorem, we derive u € WliCN(Q UT)NL=(Q),
Lu= f(x,u) a.e.in Q and u = 0 on 7. This concludes the proof. O

6 Relations between A;, A{ and A{

This section is devoted to the proof of Theorem We will start from state-
ment (ii). In our previous work [[12], we proved it in dimension 1, using a direct
argument, and we left the case of arbitrary dimension as an open problem. Here, we
solve it by subtracting a quadratic penalization term that prevents solutions from
being unbounded.

Proof of Theorem|l.7|part (ii). We prove the statement by showing that, for any
given A > A (—L,Q), A{(—L,Q) < A. We can assume without loss of generality
that A =0. Since A, (—L,Q) < 0, by Proposition[2.3|part (iv) there exists a bounded
smooth domain Q' C Q such that o' < 0. Let ¢’ be the principal eigenfunction
associated with A¢y, normalized by

. Ao
0l =min (1, A2
19ll=@) Tl

Then, the functions u, # defined by

_J o) ifxe SO
u(x) = { 0 otherwise, a(x) =1,
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satisfy, a.e. in Q,
Lu> ¢ (x)u?, L < ¢t (x)i?, u<iu,

where ¢ (x) = max(c(x),0). Thus, there exists a solution u € Wli"cp(Q), Vp < oo,
of the problem

Lu=c"(x)u* ae.inQ

u=0 on dQ,
such that u <u < u in Q (note that u is a “generalized subsolution” of the above
problem because it is the supremum of two subsolutions). The existence of u fol-
lows from the same arguments as in the proof of Proposition but here is ac-
tually simpler because the supersolution # is bounded. In particular, we see that
(L—c"(x))u <0 a.e. in Q and then the strong maximum principle yields # > 0 in
Q. Taking ¢ = u in (1.2) we eventually derive A{(—L,Q) <0. O

There is also a more direct, linear proof of Theorem part (i) |'} The argu-
ments, that we sketch now, make use of two independent results proved later on in
this paper. As before, the aim is to show that A; (—L, Q) < 0 implies A{(—L,Q) <O0.
Let (L, ),en be the following family of operators:

c(x) if x| <n

L, = a;j(x)0;j + bi(x); + cn(x), with ¢, (x) := {min(c(x) 0) otherwise

Note that A;(—L,,Q) > —oo by Proposition [2.3| part (ii) and thus Theorem
implies that a principal eigenfunction @} of —L, in & (satisfying the Dirichlet
boundary condition) does exist. Since A;(—L,Q) < 0, it follows from Proposition

9.2]part (i) that A (—L,, Q) < 0 for n large enough. Applying Proposition part
(ii) we deduce that @f is bounded for such values of n. Moreover, it satisfies

—Lot < —L,@) = A1 (—L,, Q)] <0 ae.inQ.
We eventually infer that A{(—L,Q) <0.

Remark 6.1. As a byproduct of the above proofs of Theorem[I.7] part (ii), we have
shown that the set in definition (I.2) is nonempty when Q is smooth. If in addition ¢
is bounded from above, the definition of A{(—L, ) does not change if one restricts
to subsolutions ¢ belonging to W.2”(Q), ¥ p < co. Indeed, if A, ¢ satisfy the
conditions in , then for any A > A we can argue as in the first proof, with
u = €£¢, € small enough, and find a positive bounded subsolution of the Dirichlet

problem for L+ AinQ satisfying the stronger regularity conditions.

Proof of Theorem[1.7)part (iii). Suppose that there exists A < A{'(—L,Q) and ¢ €
W2N(Q) N L=(Q) such that

loc
(L+A)p >0 ae.inQ, V& edQ, limsupg(x) <O.

x—&

! The authors are grateful to a referee for suggesting this approach.
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Since

M (=(L+1),Q)=4/(-L,Q)—21 >0,
we know from Theorem [1.6|part (i) that the MP holds for the operator (L+ A) in
Q. As a consequence, ¢ < 0in Q. This shows that A{(—L,Q) > A/ (-L,Q). O

Proof of Theorem[l.7|part (i). Owing to statement (ii), we only need to prove that
A (—L,Q) < A/(—L,Q). Thatis, if L € R and ¢ € W2 (Q) NL=(Q) are such that

loc

¢>0inQ, (L+A)p>0ae.inQ,  VEecQ, 1in%¢(x)=0,
X—

then A;(—L,Q) < A. This will be achieved by the use of the variational formula
|i Clearly, the infimum in li can be taken over functions in H} (Q) with

compact support in . Note, however, that since no restriction is imposed on the
behavior of c¢ at infinity, one cannot consider the whole space H} (Q). Let (%)r>1
be a family of cutoff functions uniformly bounded in W'*(R") and such that
Vr>1, suppx- C By, x-=1 inB,_;.
We can suppose that QN B # 0. The functions ¢ ¥, belong to H(} (QNB,). Thus,
for r > 1, we get
Jo [aij(x)9:(92:)9;(9 %) — c(x)9* X7 ]
Jo 0217
_ Joaij(x)(9:9) 1:0;(9 2r) + i (x)9 (9ir) 9(9 2r) — c(x) 927 ]
Jo0%x7
Integrating by parts the first term of the above sum yields
(=L))o} — aij(x)(9:9) (9 xr) O X+ aij(x) 9 (Aixr)0; (9 )]
Jo 0227
Joaij(x) (i) (92:)9*
Jo 9227
Since ), = 0 outside B, and }, = 1 in B,_, we can then find a constant k > 0, only
depending on sup, | || % [|wt=(wy) and [|a;j||z=(q), such that

ll (_L7 Q) <

M(—L,Q) < Jol

<A+

fQQ(Br\Br—I) ¢2
fQI"IB,,l ¢2

We obtain the desired inequality A;(—L,Q) < A from the above formula by show-
ing that

Vr>1, A(-LQ)<A+k

2
liminf 2206280 ¢ Qﬁ(Br\B"*')j)
e fQﬂB,_l (P
Suppose by contradiction that there exists € > 0 such that

=0.

2
Janm 09"

Vn>2, > €
fQﬂB,hl ¢2
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Hence, the sequence ji, := [oqp | ¢ satisfies jj, 1 — ju > €ji,, thatiis, j, > ja(1+
€)"~2. This is impossible because j, grows at most at the rate n"¥ as n — oo. g
Remark 6.2. The previous proof shows that Theorem part (i) holds, more in
general, with A{(—L, Q) replaced by 7L[’3 (—L,Q) (given by Deﬁnition provided
that

¥o >0, lim B(x)e °K = 0.

[l o0
On the other hand, if B(x) = ¢l 6 > 0, then one can check that the operator
Lu = u" satisfies A (—L,R) =0 > —0? = Ag(—L,R) = Ag(—L,R).

7 Conditions for the equivalence of the three notions

7.1 Proof of Theorem[1.9} case 1
We start with a preliminary consideration.
Lemma 7.1. Let Q be bounded and L be self-adjoint. If u € H'(Q), x € C'(Q)
satisfy u™y € H(} (Q), Lu>0in Q, then
M(LQ) [y Yyl
_— < \Y% .
ma g o [ VD)

Proof. The result follows from a well known inequality which is an immediate
consequence of the divergence theorem (see, e.g., [16], [25]). Since Lu > 0, we
derive

0> /Qaij(x)ajua,-(fxz) —c(x)uu"y?
N /Q“ij ()9 (™ 2)9: (" x) —u 9y 0i(u™ ) +u" g Aju ] — e(x) (u" x)?
N /Qaij ()9 (" x)0i(u* x) — () (w* x)* — (" )2ayj(x) i djx

> (-L.0) [ ()~ (mgxa> [ v
]

Theorem [1.9] trivially holds if A; (—L,€Q) = —ecc. Hence, the case 1 is a conse-
quence of the following result.

Proposition 7.2. Under the assumptions of Theorem[l.9\case I, any A < A (—L,Q)
admits a (positive) eigenfunction in Q with positive exponential growth.

Proof. Case N=1and Q=R.

For n € N, let v, be the solution of (L+ A)v, = 0 in (—n,n) satisfying v,(—n) =
M > 0, v,(n) = 0, with M > 0 such that v,(0) = 1. Note that A;(—L,(—n,n)) >
A and then v, is positive by the maximum principle. By elliptic estimates and
Harnack’s inequality, (v, ),en converges (up to subsequences) locally uniformly to
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a nonnegative solution v of (L+A) = 0in R. Since v(0) = 1, the strong maximum
principle implies that v is positive. We apply Lemma to vy, with ¥y =0 in
(—o0,0] and ¥ = 1 in [1,+o0). We derive

"o /" 2 o SUPR /
‘/1 Vi > (an) = )Ll iy V"%

supR
<—

Whence, letting n — oo, f "7 v? < +oo. Next, consider a family (),),cn of smooth
functions satisfying

Xn(x) =0 for |x| >n, xn(x)=1 for|x|<n-—1, x| <2 inR.
Lemmal[7.1]yields

1 M(—L,R) — A

2 \2 1 ) 2
v 2> */ Vi) 2 ————— / L
~/nl<x<n 4 R( x ) o |x|<n—1

There exist then k, € > 0 such that

Vn €N, V> k(1+€)"

n—1<|x|<n

Since [;"1? < oo, it follows that [ pnexeni1 V> 5 £(14¢)", for n large enough.
Hence, we can find —n < x,, < —n+ 1 such that v(x,) > v/k(1+€)%. By Harnack’s
inequality we deduce that v has positive exponential growth at —eo. Changing x in
—x in the coefficients of L and applying the above arguments yields the existence
of a positive solution w of L+ A = 0 in R which has positive exponential growth
at +oo. The function v+ w is an eigenfunction associated with A with positive
exponential growth.
Case N = 1 and Q is a half-line.

We can assume, without loss of generality, that Q = (0,+o0). Let A < A;(—L,Q)
and let u be a positive solution of (L+ A) = 0 in Q satisfying u(0) = 0. Forn € N,
applying Lemma [7.1) with y = 1 in [0,n— 1], x =0 in [n,+0) and |x'| <2 in

[n—1,n], we obtain
n—1 5 n 5
/ u §£/ u,
0 n—1

for some € independent of n. The same argument as above shows that u has expo-
nential growth at 4co.

Case N > 1 and L is radially symmetric.
For A < A;(—L,RY), there exists a positive solution u of (L+A) = 0in RY, which
in addition is radially symmetric. Applying Lemma[7.I|with x =1inB,_i, x =0
outside B, and |Vyx| <2 in B,\B,_1, we get

/ u’ < 8/ uz,
By Bn\Bn—l
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for some ¢ independent of n. As a consequence, |, Bo\Bu_1 u* grows exponentially
in n and then there exists a sequence (x,),cn With the same property and n — 1 <
|x,| < n. The symmetry of u together with Harnack’s inequality imply that u has
exponential growth. O

7.2 Continuity of A; with respect to decreasing sequences of domains

We know that A; is continuous with respect to increasing sequences of domains
(see statement (iv) of Proposition [2.3). We now derive the continuity property for
sequences of sets approaching the domain from outside - Theorem[I.10]

Let us first sketch how one can derive the property in the case 2 bounded and
smooth. Owing to the monotonicity of A; with respect to the inclusion of do-
mains, it is sufficient to prove the result in the case Q, = ,eq Bi/,(x). To prove
that A* 1= lim, e A1 (—L,Q,) = A1 (—L,Q), one considers the Dirichlet principal
eigenfunction ¢ of —L in Q,, normalized by ||¢]||;=q,) = 1. By elliptic esti-
mates, (@]'),en converges (up to subsequences) to a solution @; of —L@; = A* @,
in Q. Moreover, since the Q,, are uniformly smooth for n large, the C' estimates up
to the boundary yield ¢; = 0 on dQ and || @, ||;=(q) = 1. Hence, @ is the Dirichlet
principal eigenfunction of —L in Q, that is, 1* = A4;(—L, Q).

Three types of difficulties arise in the general case. First, if € is not smooth
one has to consider generalized principal eigenfunctions satisfying the Dirichlet
boundary conditions in the relaxed sense of [11]]. In particular, the C! boundary
estimates are no longer available and then the passage to the limit in the boundary
conditions is a subtle issue. Second, if Q is unbounded then it might happen that
M (—L,Q,) = —oo for all n € N. Third, in unbounded domains, the existence of
a (positive) eigenfunction vanishing on the boundary does not characterize A;, as
shown by Theorem

Proof of Theorem The proof is divided into three steps.

Step 1: reducing to domains with smooth boundary portions.
We want to replace (Q,),eny with a family of domains (&,) having uniformly
smooth boundaries in a neighborhood of m Let U be a bounded neighborhood
of Q\Q such that U N dQ is smooth. Consider a nonnegative smooth function y
defined on U N@Q which is positive on Q;\ QN dQ and whose support is contained
in U. Then, for r > 0, define

0, = QUIE+EV(E) : ECUNIN, 0<5 < %x(g)}.

where v(&) stands for the outer normal to Q at §&. The smoothness of U N dQ
implies the existence of ry > 0 such that the (d 0}),>,, are uniformly smooth in U.
It is left to the reader to show that, for all n € N, there exists k,, € N such that Q; C
0O),. Hence, by Proposition [2.3] the sequences (A1 (—L,Qp))nen, (A1(—L, O,))nen
are nondecreasing and satisfy

A= 1im A (—L, 0) < Tim A (—L, Q) < A (L, Q).
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To prove the result it is then sufficient to show that A* > 4, (—L, Q). We argue by
contradiction assuming that A* < A;(—L, Q).

Step 2: the case Q bounded.
Let ¢ be the generalized principal eigenfunction of —L in &), provided by Prop-
erty A.1, normalized by |[¢]||;=(s,) = 1. For given A € (A, A1 (~L,Q)), we have
that A;(—(L+2),Q) > 0 and that (L4 1)@! > 0 a.e. in Q. Thus, the refined
Alexandrov-Bakelman-Pucci estimate - Property A.6 - yields

sup@f < sup @} <1 +A<supc++z>|g|1/w> ,
Q 0,N0Q Q

for some A independent of n. On the other hand, for n large enough, every x €
0,\Q satisfies dist(x,00,) < 1 supy. Therefore, since @} vanishes on d&,, the
local boundary estimate and the uniform smoothness of (d 0, ),>r, in U yield

lim sup ¢ =0.

N G AQ
We eventually get lim, . ||} || .= (5,) = 0, which is a contradiction.

Step 3: the general case.

Suppose that 0 € Q. For p > 0, let %, denote the connected component of QN B,
containing the origin. Since U N d€ is smooth, a compactness argument shows
that there exists pp > 0 such that (QNU) C HAp,. Thus, forall p > py and n € N,
the set (0,\Q) U %, is connected. Fix A€ (A%, A (~L,Q)). Propositionpart
(iv) yields

vneN,  lim M (~L,(0,\Q)UB,) = L (~L,0,) <A* < L.

It is then possible to choose p, > po in such a way that A, (—L, (0,\Q)UZ,,) < A
We can assume, without loss of generality, that the sequence (p, ), is increasing
and diverging. For fixed n € N, n > rg, consider the following mapping:

O(r) i= A (L, (6 \Q)UB,,).

We know that O(n) < 2. and, by step 2 and Proposition part (iv), that ® is
continuous on [n,+o0) and satisfies

lim O(r) = Ay(—L, Bp,) > M (—L,Q) > .

r—-o0

Hence, there exists 7, > n such that ©(r,,) = 1. We set &, := (0, \Q) U %,,. By
Theorem |1.4{ and Remark there exists a function @; € Wlicp(Q UUNaQ)),
V p < oo, satisfying

¢ >0 inQ, —Lo; = Al (—L7 Q)(Pl a.e.in Q, ¢1=0 onUN Q.

Let @} be the generalized principal eigenfunction in O, vanishing on U N 90,
given by Property A.1. We now use the following
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Lemma 7.3. Let 0 and K be an open and a compact subset of RN such that T :=
d0 N (K + Bg) is smooth for some € > 0, and let v € WliCN(ﬁ’) be positive and
satisfy Lv < 0 a.e. in O. Then, there exists a positive constant h such that

u
sup < hflullwr=(onk+8.))

forallu € C'(OUT) satisfyingu<0onT.

Let us postpone the proof of Lemma|[7.3]and continue with the one of Theorem
[1.10l Consider a neighborhood V of suppy such that V C U. Applying Lemma
7.3|with 6 = QNU,K=QNdV,u= @} and v = ¢, we see that it is possible to
normalize the @{ in such a way that

7.1) Vn>ry, inf D—

— =1.
Qnav Qf

Note that the generalized principal eigenvalue A; of —(L+ 1) is positive in any
connected component of QN &,\V. Hence, owing to Property A.2, ¢; > o} in
QN 6,\V by the refined MP. Moreover, since the (9 &,) >, are uniformly smooth
in U, using the boundary Harnack inequality and the local boundary estimate we
infer that, for any compact K C QU (U NdQ), the @} are uniformly bounded in
W?2P(K) for n large enough. Thus, by Morrey’s inequality, they converge (up to
subsequences) in C}, .(QU (U NJQ)) to a nonnegative function @) € leo’f QU
(UNJQ)) satisfying

(72) { Ly =1¢ ae.inQ

¢ =0 on UNJQ.

Furthermore, @ < ¢; in Q\V and then in the whole Q by the refined MP. There-
fore, the difference ¢; — @; is a nonnegative strict supersolution of (7.2). The
strong maximum principle implies ¢; — @ > 0 in Q. Applying Lemma with
u=q¢,v=0— @ and L =L+ i, we can find a positive constant /4 such that
1 < h(e1— @) in QNAV, ie., ¢; > (1+h1)P. Since ] converges to ¢ in
CL.(QU(UNJQ)), using again Lemmawe can choose n large enough in such
away that (22+2) "¢ > @' — @ in QN IV. Gathering together these inequalities
we derive

o> (L+h ) (@ — (2h+2) o) = (1+h 1P} — (2h)'¢;  inQNIV.
This contradicts (7.1)). O
It remains to prove Lemma It is essentially a consequence of the Hopf

lemma, even though the hypothesis on v does not allow one to apply it in its clas-
sical form.

Proof of Lemma Assume by contradiction that there exist a sequence of func-
tions (u")nen With u" <0 on T, [[u"(|y1=(gn(k+8,)) = | and a sequence of points
(X2 )nen in @' NK such that u”(x,) > nv(x,). Let & be the limit of (a subsequence
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of) (xn)nen. It follows that & € O NK. Let &, be one of the projections of x, on
d0. Clearly, x,,, &, € K+ Bg for n large enough. Thus,
n n
(1.3) timsup %) < Jimsup ') = (&)
n—soo |xn - ‘Sn‘ n—yoo n’xn - én‘

On the other hand, since T is smooth, there exists R > O such that & satisfies the
interior sphere condition of radius R at the points &,, for n large enough. That
is, x, € Br(y,) C O, where y, := &, — Rv(&,) and Fix p € (0,R). The existence
of the positive supersolution v, together with Proposition [2.3] part (iii), imply that
0 < M(—L,0) < Mi(—L,Br(yn)\Bp(yn)). Therefore, owing to Property A.2 in
Appendix [A] one can follow the standard argument used to prove the Hopf lemma
(see, e.g., [28] or Lemma 3.4 in [[18]]), comparing v with an exponential subsolution,
and find a positive constant k such that, for n large enough,

v(x)

=0.

Vx€Br(y,)\Bo(yn), ————— > K min v
( n)\ P( ’1) R—|x—yn| aBp(yn)
This contradicts (7.3). O

Theorem does not hold in general if Q;\Q is not bounded, as shown by
Example 1.9 in [31]. The smoothness hypothesis on d<Q is also necessary, be-
cause it is possible to find two bounded domains Q C Q' satisfying Q = Q' and
M(—A,Q) > A1 (—A, Q') (see Remark [7.4] below). Hence, the sequence (Q,)nen
identically equal to Q' violates the convergence result.

Remark 7.4. If Q C Q' are bounded and there exist & € Q'NdQ and § > 0 such that
QNBg(&) has a connected component U satisfying the exterior cone condition at &
(or, more generally, admitting a strong barrier at £) then A;(—L,Q) > A;(—L, Q).
To see this, consider the generalized principal eigenfunctions ¢; and ¢ of —L in Q
and Q' respectively, given by Property A.1. The function ¢; can be obtained as the
limit of the classical Dirichlet principal eigenfunctions of —L in a family of smooth
domains invading Q, normalized by || - ||~ = 1. As a consequence, the existence of
the barrier function at £ yields limxe% ¢1(x) = 0. Since @{(&) > 0 by the strong

maximum principle, we infer that ¢; and ¢] are linearly independent. Therefore,
Property A.4 implies that A, (—L,Q) > A, (—L,Q’).

Note that Q, Q' fulfill the above property as soon as Q'\Q contains a N — 1-
dimensional Lipschitz manifold.

Remark 7.5. If Q is bounded then the arguments in the proof of Theorem [1.10;
work, with minor modifications, only assuming that dQ is Lipschitz in a neigh-
borhood of Q;\Q. We do not know if the result holds for unbounded Lipschitz
domains.

The first step of the proof of Theorem [I.10] consists in showing that the Q, ap-
proach Q in the sense of the Hausdorff distance dy ﬂ Remark shows that, in the

ZFor A,B C RV, di(A,B) :=max (p(A,B),p(B,A)), where p(A,B) := supgn£|afb|.
acAbE
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non-smooth case, A;(—L,-) is not continuous with respect to dy, and this is why
the result of Theorem [1.10| may fail in that case. Note, however, that the domains
Q, Q' in Remark [7.4] satisfy dy (Q°, (Q)°) > 0. The Hausdorff distance between
the complements is a better suited notion of distance for open sets (it implies for in-
stance that if dy (QF, Q) — 0 then int (,,cny 2n) C Q C U,en 20)- A consequence
of a y-convergence result by Sverak [30] is that if N = 2, L is self-adjoint and
(Qn)nen is a sequence of uniformly bounded domains, such that the number of con-
nected components of Qf is uniformly bounded and lim,,_,c. dyy (Q5, Q¢) = 0, then
limy, e A1 (—L, Q) = A1 (—L, Q). We refer to §2.3.3 in [19] for other continuity
results for self-adjoint operators in bounded domains obtained via y-convergence.
Always in the case of bounded domains, A.-S. Sznitman proves in [31], Propo-
sition 1.10, using a probabilistic approach, that the continuity of A; with respect
to decreasing sequences of domains (Q,),en holds without any smoothness hy-
pothesis on d€, provided that N, Q, = Q. This hypothesis, which is stronger than
limy, 0 dpy (5, Q°) = 0, is quite restrictive because, in general, (1), , is not an
open set.

7.3 Proof of Theorem [1.9} cases 2-4

Below, we give a characterization of A{" which provides a necessary and suffi-
cient condition for the equivalence between A, kl’ and /11" . This characterization
emphasizes that A; strongly reflects the properties of the operator at both finite
distance and infinity.

Theorem 7.6. If Q is unbounded and smooth then
AY(~L,Q) = min (/11 (~L,9Q), lim A'(~L, Q\E)) .
As a consequence, A (—L,Q) = A{'(—=L,Q) (= A{(—L, Q) if (1.3) holds) iff
(7.4) lim A/ (—L,Q\By) > A1(—L, Q).
Proof. We first note that definitions and make good sense even if Q is
not connected, and that statements (ii), (iii) of Proposition[5.1]still hold in this case.

Thus, the function A”(r) := A{'(—L,Q\B,) is nondecreasing with respect to r and
satisfies

A (—L,Q) < lim A" (r) < oo
Hence, since A{'(—L,Q) < A;(—L,Q) by definition, we find that
Al(—L,Q) < min (ll(—L, Q), lim A"(r)) .
To prove the reverse inequality, let us show that if there exists A € R satisfying

A < min (A (~L,Q), lim 2" (r))

F—yo0



34 H. BERESTYCKI AND L. ROSSI

then A{'(—L,Q) > A. Take R > 0 such that A”(R) > A. We first prove the result in
the case Q = RV. The proof in the general case is more involved and makes use of
an auxiliary result - Lemmal(7.7]below - derived from Theorem|I.10

Since A”(R) > A, there exists ¢ € WIiCN(RN \Bg) with positive infimum and
such that (L+2)¢ < 0 a.e. in R¥\Bg. By Proposition [5.2 and Morrey’s inequal-
ity, we can assume without loss of generality that ¢ € C'(Bg, ), where By, | =
RN\ Bg,1. Let @ be an eigenfunction associated with A;(—L,R") (provided by
statement (v) of Proposition[2.3) and ¥ € C2(R") be nonnegative and satisfy

X =0 inBgyy, x =1 outside Bg.».

For € > 0, define the function u := @ + ex¢. We see that (L+ A)u <0 a.e. in
Br11UB%_,. On the other hand, for a.e. x € Br12\Br+1,

(L+A)u < (L4+A)Q+€[x(L+A)9 +2a;j0;x0;¢ + (a;jd;jx +bidix)9P]
< (A—=M(-L,RY))op+eC,

where C is a constant depending on N, the L™ norms of g;;, b;, the W2 norm of x
and the W!* norm of ¢ on Bg7\Bg+1. Therefore, for € small enough the function
u satisfies (L4 A)u < 0 a.e. in Bgy2\Bgy1- Since u is an admissible function for
A{’, we eventually obtain A;'(—L,RY) > 4.

Let us now turn to the case of a general smooth domain Q. Assume that
QN Bg # 0, otherwise we immediately get A{'(—L,Q) = A”(R) > A. The open
set Q\Bg, being smooth in a neighborhood of dBg.1, has a finite number of con-
nected components &, ..., 0,, intersecting dBg1. This is seen by a compactness
argument that we leave to the reader. For j € {1,...m}, we have A{'(—L,0;) >
A{'(R) > A. Since d;\dBg is smooth, by Proposition [5.2] there exists a function

¢’ € Wlf;g’(ﬁj\aBR), V p < oo, satisfying
(7.5) igf(l)f >0, (L+A)¢/<0 ae.in0;.
J

Define the function ¢ by setting ¢ (x) := ¢/(x) if x € &;. Note that Q\Bg;; C
UL O because Q is connected. Thus, ¢ € Wli’cp (Q\Bg.1) satisfies with

0 replaced by Q\Bgy1. We fix 1 € (A,4(—L,Q)) and consider a function @
satisfying

—Lp=Ap ae.inQ,  $>0 inQUBr2NIQ).
The function @ replaces the eigenfunction ¢ used in the case Q = RV Its existence

is given by the next lemma.

Lemma 7.7. Assume that Q has a C"' boundary portion T C dQ which is com-
pact. Then, for any A < A;(—L,Q), there exists ¢ € Wlif(ﬂ UT), V p < o, such
that

—Lp=Ap aeinQ  $>0 inQUT.
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Postponing the proof of Lemma[7.7)for a moment, let us complete the proof of
Theorem Consider the same function y € C?>(RN) as before. For € > 0, the
function u := ¢ + €y ¢ satisfies (L+A)u <0 a.e.in QN (Bgy1 UBg ). Moreover,

since ¢ € C'(QN (Bg:2\Br+1)), the same computation as before shows that there
exists C independent of € such that

(L+Mu< (A -4 (—L,Q))p+eC ae.in QN (Bri2\Bry1)-
The latter quantity is negative for € small enough because ¢ > 0 on QN Bgys.

Therefore, taking ¢ = u in (1.3) we get A{'(—L,Q) > A.
The last statement of Theorem [7.6|follows immediately from Theorem([I.7] [J

Proof of Lemma Let U be a bounded neighborhood of T where d€ is smooth.
Consider an extension of the operator L - still denoted by L - to QU U, satisfying
the same hypotheses as L. As we have seen in the proof of Theorem [I.10] it is
possible to construct a decreasing sequence of domains (&, ),cn satisfying

O\QCU, vneN, QUTC 0, N O.=%

Hence, by Theorem , M(=L,0,) > 2 for n large enough. It then follows
that there exists a positive function ¢ € Wli’cp (0),¥ p < oo, satisfying —LO = A
a.e. in 0,. In particular, § >0 on QUT C 0,,. O

Conclusion of the proof of Theorem[I.9) Cases 2-4 are derived from Theorem
which is a powerful tool to understand when equality occurs. Thus, the aim is to
prove (7.4).

Case 2) By the definition of A/, it follows that

lim A{'(—L,Q\B,) > lim (l{'(—z, Q\B,) — sup 7)
F—so0 F—s00 o\,
— lim A/(—L, O\B,).
r—ro0
The last limit above is greater than or equal to A'(—L,Q) = A;(—L,Q). Since
y >0, we see that A, (—L,Q) > 4;(—L,Q). Hence, (7.4) holds.
Case 3) Proposition [5.T] part (ii) yields
lim A{'(—L,Q\B,) > lim(— sup ¢) = —limsupc(x) > A;(—L,Q).
r—yoo r—yoo Q\F, XeQ

x| e

Case 4) Owing to the case 3, it is sufficient to show that 1,(—L,Q) < —o0,
for all o < limsup o c¢(x). Take such a o. Consider first the case where L

x| oo

is self-adjoint. Let B be a ball contained in Q. Proposition [2.3] part (iii) yields
M (—L,Q) < A (—L,B). From the Rayleigh-Ritz formula, it then follows that

A(~L,Q) < Ai(~L,B) < 4 (A, B) sup@ — infe.
B
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Since, by hypothesis, we can find balls B C Q with arbitrarily large radius such
that infg ¢ > o, we deduce that A;(—L,Q) < —o. Consider now the case where L
is not self-adjoint. By hypothesis, there exists 0 > 0 such that, for all r > 0, there
is a ball B of radius r satisfying

VxeB, 4a(x)(c(x)—0o)>3d.

Let B be another ball of radius r/4 contained in the set B\B,,. For large enough
r, we find that

VxeB, 4a(x)(c(x)—0o)—|bx)*>8/2.

As shown in Lemma 3.1 of [8], if the radius of B’ is large enough (depending on
&), the above condition ensures the existence of a C? function ¢ satisfying

(L—0)¢p>0in B, ¢ >0inB, ¢ =0indB'.
As a consequence,
—0 > M(—L,B)=Ag = L(—L,B") > 11 (—L,Q).
O

Remark 7.8. If the function y in the case 2 of Theorem[I.9]is compactly supported
in Q, then A;(—L,Q) = A{'(—L,Q) holds true even for Q non-smooth.

8 Existence and uniqueness of the principal eigenfunctions

We now investigate the simplicity of A;. Another natural question is to know
whether the generalized principal eigenvalues A, A{ have corresponding eigen-
values that satisfy the additional requirements of their definitions. This section is
devoted to these questions.

We say that an eigenfunction ¢ is admissible for A (resp. A{") if it satisfies

sup @ < oo (resp. V€ >0, igrzlf(p>0),
Q €

where €. is defined in Section Throughout this section, we assume that
A1,A{,A{" € R (which is for instance the case if supc < +o0).

From Theorem [T.4] we know that if © is smooth then there always exist eigen-
functions with eigenvalues 4;, A{, A’ respectively. But, as we show below, A and
A{ may not have admissible eigenfunctions. Moreover, A1, A{, A’ are generally
not simple.

Proposition 8.1. There exist operators L for which there are several linearly in-
dependent eigenfunctions associated with the eigenvalues A, (—L,Q), A{(—L,Q),
A(=L,Q). There are also operators such that A{ or A{' have several linearly
independent admissible eigenfunctions and others for which they do not have any.
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Proof. Let Lu = u”" 4 ¢(x)u in R, with ¢ < 0 in (—1,1) and ¢ = 0 outside. We
show that A{ has no admissible eigenfunctions and that A; (—L,R) = A{(—L,R) =
A{'(—=L,R) = 01is not simple, even in the class of admissible eigenfunctions for A;’.
Let ¢_ and @, be the solutions to Lu = 0 in R satisfying @ (£1) =1, ¢/ (+1)=0.
By ODE arguments we find that ¢_ and ¢ are positive and satisfy

o-=1lin(=oo—1],  @r=1in[l,4e),  lm gi(x)=+oo.

Consequently, they are linearly independent and thus they generate the space of
solutions to Lu = 0 in R. Taking ¢ = ¢_ in and using Theorem[I.7| we derive
A'(=L,R) = A{(—L,R) = A;(—L,R) = 0.

To exhibit an example of non-existence of admissible eigenfunctions for A;’, we
will make use of Proposition |1.11] proved at the end of this section. Consider the
operator Lu = u” +c¢(x)u in R, with ¢ =0 in (=7, 7), c = —1 outside (—x, 7). By
Proposition [2.3| part (iii) we see that A;(—L,R) < A;(—L,(—x, 7)) = 1/4. Thus,
Theorem|[1.9)yields A{(—L,R) = 4, (—L,R). But Proposition[I.11]implies that the
eigenfunction associated with A;(—L,R) is unique (up to a scalar multiple) and
vanishes at infinity.

Lastly, an example of non-uniqueness of admissible eigenfunctions for 4] is
given by the operator

Lu:=u"+ u inR.

1+ x2
In fact, the functions u; = 1 and uy(x) = arctan(x) + 7 satisfy Lu = 0 in R. Tak-
ing ¢ = u; in the definition of A and 4] we get A{(—L,R) <0 < A/'(—L,R).
Hence, A{'(—L,R) = A{(—L,R) = 0 by statement (iii) of Theorem [I.7| and, as a

consequence, A, is not simple. O

Let us mention two other examples of non non-existence of admissible eigen-
functions for A and A/’ respectively, this time in higher dimension, that can be
exhibited using the theory of critical operators (see, e.g.,[26]). The first one is
L= A+c(x) in R?, where

() = {1 if x € Upen Br, (1)

0 otherwise,

with (x,)nen, (72)nen such that the B, (x,) are disjoint and |x,|,r, — c. Clearly,
M (=L, R?) = A{(—L,R?) = A;(—L,R?) = 0, but one can show that the equation
L = 0 does not admit positive bounded solutions in R? (see [25]). An example
where no admissible eigenfunctions exist for A" is L = A+c¢(x) in RN, N > 3, with
¢ <0 chosen in such a way that L is critical. Then A;(—L,RY) = A{(—L,RY) =0,
and the (unique up to a scalar multiple) positive solution of L = 0 behaves at infinity
like [x|>~V.

In order to derive a sufficient condition for the simplicity of A;, we introduce
the notion of “minimal growth at infinity”. This notion slightly differs from the
one of S. Agmon [1]] (see Remark [8.3] below). In the case of smooth domains, the
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sufficient condition we obtain - Theorem [8.5] - is more general than Theorem 5.5
in [1]] (whose proof can be found in [23]], see Lemma 4.6 and Remark 4.8 therein).
Let us mention that another sufficient condition for the simplicity of A; can be
expressed in terms of the criticality property of the operator (see, e.g., §4 in [26]
and the references therein).

Definition 8.2. Let Q be unbounded. A positive function u € WliCN(Q) satisfying
8.1 Lu=0 a..inQ,

is said to be a solution of @ of minimal growth at infinity if for any p > 0 and
any positive function v € Wloﬁv(Q\Bp) satisfying Lv < 0 a.e. in Q\B,, there exist

R > p and k > 0 such that ku <v in Q\Bg.

Remark 8.3. Our Definition of minimal growth at infinity differs from the
original one of Agmon [1]]. There, B, and By are replaced by two compact sets
K C K' C Q. Thus, Agmon’s definition regards minimal growth both at infinity
and at the boundary, whereas ours only deals with behavior at infinity. Indeed,
Agmon calls it “minimal growth at infinity in ©”. Using the refined maximum
principle in bounded domains, one readily sees that solutions of minimal growth
at infinity vanishing on dQ fulfill Agmon’s definition. Hence, owing to Theorem
5.5 in [1I], they are unique up to a scalar multiple. This fact is expressed in the
next statement, whose simple proof is included here for the sake of completeness.
Another difference with Agmon’s approach is that he also considers positive solu-
tions in proper subsets Q\E, without imposing condition on JE. Such solutions
can always be constructed, no matter what the sign of A;(—L,Q) is, satisfying in
addition the minimal growth condition. When E reduces to a single point, this type
of solutions is used to investigate the removability of singularities.

Proposition 8.4 ([1]). Let Q be unbounded and u € W,i(fv(Q) NC%(Q) be a solution
of (8.1) of minimal growth at infinity vanishing on dQ. Then, for any positive
function v € WliCN(Q) satisfying Lv < 0 a.e. in Q, there exists k¥ > 0 such that

v = Kku in Q. In particular, 1, (—L,Q) = 0.

Proof. Taking ¢ = u in (1.1) yields A;(—L,Q) > 0. Consider a function v as in the
statement. The quantity
LV
K :=inf—
Qu
is a nonnegative real number. Suppose by way of contradiction that v — ku > 0 in
Q. Applying Definition [8.2] with v — xu in place of v, we can find R,h > 0 such
that hu < v — ku in Q\Bg. By Property A.2, we know that the refined MP holds
in any connected component & of QN Bg, because A;(—L, ') > 0 by Proposition
[2.3] part (iii). As a consequence, hu < v — ku in the whole Q. This contradicts the
definition of k. Therefore, v — ku vanishes somewhere in , and then everywhere
by the strong maximum principle. U
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From Proposition it follows in particular that A; is simple, in the class of
positive functions, as soon as it admits an eigenfunction having minimal growth
at infinity (we recall that eigenfunctions are assumed to vanish on dQ2). Here we
derive a sufficient condition for this to hold.

Theorem 8.5. If Q is unbounded and smooth and A\ (—L,Q) satisfies
M (—=L,Q) < lim Ay (—L,Q\B,),
r—00

then the associated eigenfunction is a solution of (2.1) of minimal growth at infinity
and, therefore, A1 (—L,Q) is simple in the class of positive functions.

Proof. 1t is not restrictive to assume that A; (—L, Q) = 0. Consider the same family
of bounded domains (Q,),en as in the proof of Theorem ie.,

VneN, QNB,CQ,CQ, CQ.

As we have seen there, the generalized principal eigenfunctions ¢" of —L in Q,, -
provided by Property A.1 - normalized by ¢"(xo) = 1, for a given xy € Q, converge
(up to subsequences) in C;, (Q) to an eigenfunction ¢* with eigenvalue A (—L,Q).
We claim that ¢* is a solution of of minimal growth at infinity. By hypothesis,
there exists R > 0 such that A;(—L,Q\Bg) > 0. Let 0},..., 0, be the connected
components of Q\By intersecting dBgy (which are finite due to the smoothness

of Q). It follows from Proposition [2.3that there is no € N such that
V] € {1,. . .m}, n > ng, Al (—L, ﬁ]) > l](—L,Q\ER) > A (—L,Qn) > 0.

Let ¢/ > 0 satisfy —L¢/ = A1 (—L,0;)¢’ a.e. in O, (see statement (v) of Proposi-
tion[2.3). Since ¢" — ¢* in C}, (Q), by Lemma|7.3]it is possible to normalize ¢
in such a way that

VneN, (l)jZ(Pn OHQnﬂﬁjﬁaBR_H.

Hence, for n > ny, applying the refined MP in every connected component of €2, N
O;\Bg41 - which holds due to Property A.2 - we get 9" < ¢/ in Q,NO;\Bg1. It
follows that, for given € > 0, the function @" — ¢/ satisfies

L((pn — €¢'i) > [—QL] (—L, .Qn) +eM (—L, ﬁ])](p” a.e.in Q,N ﬁj\BR—H .

Therefore, since (A;(—L,Q,))qen converges to 0, there exists n; € N such that
L(¢" —€¢/) >0 ae. in Q,N O;j\Bg+1 for n > n;. Consider now a function v as
in Definition Let R’ > max(p,R+1). By Lemma([7.3] there exists 4 > 0 such
that

VneN, hv>¢" onQ,NdBy.

For n > ny, applying once again the refined MP we then obtain ¢" — ¢’/ < hv in
Q,NO;\Bg. Letting n — oo we finally derive ¢* — ¢/ < hv in &;\Bg. Since
the latter holds for all j € {1,...m} and € > 0, we eventually infer that ¢* < hv in
Q\Bpg. This concludes the proof. H
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Corollary 8.6. If Q is unbounded and smooth, the a;; are bounded and the b;, ¢
satisfy

b .
(8.2) im 2% e supe<oo,
xeQ ’x‘ Q

x| o0

then the eigenfunction associated with A\ (—L,Q) is a solution of (2.1)) of minimal
growth at infinity, and it satisfies

Vo >0, lim o (x)etM =0,

x| e

where the + is in agreement with the =+ in (8.2)).

Proof. For 6 > 0, define the function ¢ by ¢ (x) := e7°F, where the F is in agree-
ment with the £ in (8.2)). The same computation as in the proof of Proposition [2.7]
shows that (L+ A (—L,Q) +1)¢ <0 a.e. in Q\B,, for r large enough. Therefore,
M (=L, Q\B,) > A1 (—L,Q) + 1. The result then follows from Theorem[8.5] O

We now derive a result about the exponential decay of subsolutions of the
Dirichlet problem. This will be used to prove the last statement of Proposition

[L11

Proposition 8.7. Let Q be unbounded and smooth, L be an elliptic operator with
bounded coefficients such that
limsupc(x) <O,

xXeQ
[x[—roo

and A, B be the functions in (4.4)). Set

T B(x) — /B2 (x) — 4A(x)c(x)
I_:= hr?e iup 24(x) )

x| —ee

. Bx)+ V/B2(x) — 4A(x)c(x)
I, = 1112 glznf 2A() .

[x[—oe

Then, for any function u € sz)CN(Q) satisfying
Lu>0ae. inQ, V& edQ, limsupu(x) <0

x—&

and such that
Jye0,-I'), limsupu(x)e ™ <0,

XEQ
|0

it holds that
vne(0,Iy), limsupu(x)e™ <o.

XEQ
[x[ e
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Proof. Letn € (0,I"y). Consider two numbers 6 € (I'_,—y) and ¢ € (n,I';). By
hypothesis, there exists R > 0 such that, for a.e. x € Q\Bg_1, u(x) < "™, c(x) <0
and

g= 2A(x) ’

For any n € N, define the function

B(x) — \/B2(x) — 4A(x)c(x) &< B(x) +v/B2(x) — 4A(x)c(x)
2A(x) )

U, (x) := RH0) =0l | (R+n)(y+0)—0lx|

Since for 6 € R we have Le~ M = (A(x)6? — B(x)o + c(x))e®Pl, we infer that
Lu, <0 ae. in x € Q\Bg_. Moreover, %, > u on QN (dBgi, UIBg). Con-
sequently, applying the maximum principle in any connected component of N
(Brsn\Bgr) (where ¢ < 0) we get

VneN, xe€ QN (Brin\Br), u(x)<elrt0)=0k L (Rin(rio)-olx
Letting n go to infinity in the above inequality yields
VxeQ\Bg, u(x)<eRr+o)=ok
which concludes the proof. O
It is not hard to see that the upper bounds for y and 1 are optimal.

Proof of Proposition[I.11] Proposition[5.1] part (ii) yields

lim A (—L,Q\B,) > lim A{'(—=L,Q\B,) > lim(— sup ¢) = —&.

r—o0 r—o0 I O\,
Hence, if £ < 0 and A;(—L,Q) > 0 we find that A (—L,Q) > 0 by Theorem 7.6]
Then the MP holds due to Theorem|[1.6] Suppose now that A;(—L, Q) < —& (which
is the case if & <0 and A, (—L,Q) < 0). Theorem|8.5|implies that the eigenfunction
@, associated with A;(—L,Q) has minimal growth at infinity. Since v = 1 satisfies
(L+Ai(—L,Q))v < 0a.e.in Q\By, for p large enough, Definition [8.2]implies that

¢, is bounded. This concludes the proof of statement (i) and, owing to Propositions
[8.4] and statement (ii) also follows. O

Remark 8.8. The hypothesis & < 0 in Proposition part (i) is sharp. Indeed,
we can construct an operator L in R, with a negative zero-order term vanishing at
+oo, for which 4;(—L,RR) > 0 but the MP does not hold. To this aim, consider
a nondecreasing odd function b € C°(R) such that b = 2 in (1/+/3,+o0). Direct
computation shows that the function u(x) := 2 — (x> +1)~! satisfies

1 b /
_Wi+ bl <0, lim c(x) =0.

VxeR, c(x):=

u x—r*oo
Defining the operator L by Lv :=V" 4+ b(x)v' +c(x)v, we get Lu = 0 in R. Tt is easily
seen that the function ¢ defined by ¢ (x) := e ™ for x| > 1/4/3 can be extended
to the whole line as a positive smooth function satisfying ¢” 4+ b(x)¢' +€¢ < 0 in

R, for some € > 0. As a consequence, A;(—L,R) > €. Note that if instead of R we
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consider the half line R™, we still have A;(—L,R™) > £ and u — 1 violates the MP
there.

9 Continuous dependence of A; with respect to the coefficients

We know from statements (vii), (viii) of Proposition that A; is Lipschitz-
continuous (using the L™ norm) in its dependence on the coefficients b; and c. Let
us show that, if Q = RY and the coefficients are Holder continuous, Schauder’s
estimates and Harnack’s inequality imply the Lipschitz-continuity with respect to
the a;; too. We point out that it is possible to use sup,cq || - |zr(8, (x))> P > 1, instead
of the L norm and to deal with discontinuous b;, c. This was shown by A. An-
cona in Theorem 2’ of [3]] using much more involved arguments than the simple
observation presented below.

Proposition 9.1. Let L; = a 1(X)9ij + bi(x)d; + c(x), k= 1,2, be two uniformly
elliptic operators with coeﬁiczents in CO%(RN), § € (0,1). Then,

N
M (—Li,RY) = 4 (Lo, RN) | < C Y |la}; — afil| =y,
ij=1
where C depends on N, the ellipticity constants of the operators and the Holder
norms of the coefficients.

Proof. For k € {1,2}, let ¢ be an eigenfunction of —L; in R" associated with
A1(—Lg, RN), provided by Proposition [2.3| part (v). We know that ¢ € C>%(RN).
It holds that

(Lz—i-l](—L],RN))(p] = (a%j—a}j)aij(p] in RN.

By Schauder’s interior estimates (see, €.g., Theorem 6.2 in [[18]]) there exists & > 0,
only depending on N, the ellipticity constants and the Holder norms of the coef-
ficients of Ly, such that, for x € RV, 2B, (x)) < hll@1ll=(8,(x))- Hence, Har-
nack’s inequality yields

VxeRY, [¢illcas @) <C inf @1 <Coi(x),
Bz(x)
for some positive constant C. As a consequence, (L, +2)¢; < 0in RY, with

N
l :Al(—Ll,RN)—C Z \]a}i—a%j]]Lm(RN).
i,j=1

Taking ¢ = ¢, in the definition of A;(—L,,R"), we then derive

A (=L, RY) > Ay (=L, RY) - C Z lla; — ail| = @)
i,j=1

Exchanging the roles of L; and L,, one gets the two-sided inequality. U
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Next, we derive a semicontinuity property under some weak convergence hy-
potheses on the coefficients, as well as a continuity result when Q = RY and the
limit operator has continuous coefficients.

Proposition 9.2. Let (L,),cn be a sequence of operators in Q of the type
L = aj(x)0ju+bj (x)ou + " (x)u.
The following properties hold true:
(i) if for any r > 0, the sequences (a;?j),,eN, (D) nen, (")nen are bounded in

L*(QNB,), the (a};) are in C(Q) with smallest eigenvalues o satisfying
inf,eninforg, " > 0, and there is p > 1 such that a;’j — ajj in LY (Q) and

loc
b — b, " — cin Ll (Q), then

M (—=L,Q) > limsup Ay (—L,,Q);
n—soo
(i) if @ =RN, L is uniformly elliptic, a;; € C%S(RN), the b;, ¢ are bounded and
uniformly continuous and a; — aij, b} — bj, " — c in L>(RY), then

A1 (=L, RY) = lim Ay (~L,, R").

Proof. We write for short A; := A;(—L,Q) and A]' := A;(—L,, Q). By hypothesis,
in both cases (i) and (ii), the sequence (A{'),en is bounded from above due to
Proposition [2.3] part (ii).

(i) Consider a subsequence of (A]'),cn (that we still call (A]'),cn) tending to
A* :=limsup,yA'. We know that A* < +co. Let us suppose that A* > —oo,
because otherwise there is nothing to prove. For n € N, let ¢" be a generalized
principal eigenfunction associated with A", normalized by ¢"(xy) = 1, where xj is
a given point in Q. By usual arguments, the ¢" converge (up to subsequences) in
CL.(Q) and weakly in W2(Q), ¥ ¢ < o, to a nonnegative function ¢ € W.24(Q)
satisfying @(xp) = 1. Then, it easily follows from the hypotheses that L,¢" con-
verges to L@ in the sense of 2'(Q). Therefore, (L+A*)¢ = 0in 2'(Q) and thus,
as @ € W]i’cq(Q), also a.e. in Q. The strong maximum principle then yields ¢ > 0
in Q. Consequently, taking ¢ = ¢ in we derive 1; > A*.

(ii) Suppose first that the b;, ¢ are uniformly Holder continuous. Arguing as in
the proof of Proposition [9.1] and then using Proposition parts (vii), (viii), we
can find a positive constant C such that, for n € N,

N N
M=>=M-C ( Y llaf; — aijll =@y + Y 167 _biHL""(RN)) —l" =l = (mvy-
i=1

ij=1
The result follows from the above inequality and statement (i).

In order to deal with b;, ¢ uniformly continuous, for any fixed € > 0 consider
some smooth functions b?, c® satisfying

1bi — bf || 1= (myy < €, e — ¥l =(mry < €,
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obtained for instance by convolution with a mollifier (this is where the uniform
continuity of b;, c is required). Then, define the operators

Lf :=a;j(x)0d;j+ bf (x)0; + ¢ (x),
Ly, := aj;(x)d;j + (b} (x) — bi(x) + b (x))9; + (" (x) — c(x) + ¢ (x)),
and call A := 4, (—L,RY), A := A, (—LE,RY). Since L? has Holder continuous
coefficients, we know that there exists ne € N such that, for n > ng, |A] £ _ Af| <e.

Hence, by statements (vii), (viii) of Proposition [2.3|there exists a positive constant
C’, independent of n and &, such that

Va>ne, A=A <A =AM+ A = Af 4+ |4 — AE| < (2C" + 1)e.
O

In the last part of this section, we investigate the behavior of A; as the zero and
the second order terms blow up as well as when the ellipticity degenerates.

For y € R, consider the operator
Lyu = a;j(x)0;ju+ bi(x)du + ye(x)u.
We set A{(y) := A1 (—L5, Q).

Theorem 9.3. The function A{ : R — [—co,+o0) is concave and satisfies the fol-
lowing properties:

(i) A{(0) >0,

(ii) if c is lower semicontinuous then

AC
lim L) = —supc;
Yot Y Q
(iii) if c is upper semicontinuous then
A{C
im 1Y e
y—e Y o

Moreover, if c is bounded then A{ is uniformly Lipschitz-continuous with Lipschitz
constant ||c||p=(q).-

Proof. The concavity and the Lipschitz-continuity follow from Proposition[2.3|part
(vii). Statement (i) is an immediate consequence of definition (I.1I)). Let us prove
(ii). Proposition [2.3] part (ii) implies that, for ¥ > 0, A{(y) > —ysupc. Hence, to
prove the statement it is sufficient to show that limsup,._, ., A{()/y < —supgc.
The lower semicontinuity of ¢ implies that, for any given € > 0, there exists a ball
B C Q such that ¢ > supy ¢ — € in B. Let A and ¢ denote the Dirichlet principal
eigenvalue and eigenfunction of the operator —a;;(x)d;; — b;(x)d; in B. For y > 0,
the function ¢ satisfies, a.e. in B,

(L + (= supe+2€))p = [~ A5 + Y(c(x) — supe +26)|9 > (€7~ Aa)9.
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Therefore, for Y > A/, taking ¢ = ¢ in (1.2) we get A{(—LS,B) < y(—supgc+
2¢). Since A{ (—L3,B) = Mi(—L3,B), Propositionpart (iii) yields
A (—LS,B A€
—supc+2¢€ > limsupM > limsupﬂ.

Q Yoo Y Yot Y
The proof of (ii) is thereby achieved due to arbitrariness of €. Statement (iii) fol-
lows from (ii) by replacing the operator L with a;;(x)d;; + b;i(x)d; — c(x). O

Remark 9.4. In the proof of Theorem 9.3 we have shown that

AC
lir}rl 1)(/7/) < —sup{k € R : Jaball BC Q such that ¢(x) > k in B}.
Yoo
Clearly, if ¢ is lower semicontinuous then the right-hand side of the above inequal-

ity coincides with —supg c.
For o > 0, we define
Lou := oajj(x)0;ju+ bi(x)diu+ c(x)u.
We set for brief A{'(a) := A (L%, Q).
Theorem 9.5. The function A{ : R — [—co, +o0) satisfies the following properties:

(i) if L has bounded coefficients then A{" is locally Lipschitz-continuous on R;
(ii) if Q contains balls of arbitrarily large radius and L is uniformly elliptic with
bounded coefficients, then
limJirnfkf‘ () > —limsupc(x), limsupA{ (o) < — limgiznfc(x);
O ——+o0 X€

xeQ o—+o0

[x]| o0 [x] =0

(iii) if the LY, are self-adjoint then A{' is concave and nondecreasing. If in addition
c is lower semicontinuous then

lim Af(ot) = — .
Jim A{(a) supc

Proof. (i) For a > 0, we can write L% = al’c

1/(x7With

c 1 1
Ly, = aij(x)d; + S 0ix)di+ —e(x).

Therefore, A{'(a) = al (—L}f’/‘;x,Q). The statement then follows from statements

(vii), (viii) of Proposition [2.3]
(i1) We make use of the estimate (4.3) in [8]. It implies that

a H s |l ('[)|2
< - - .
AM(a) hrxréglznf (c(x) of

x| —ee

Consequently,

limsup A (o) < —limsiznfc(x).
XE

—s+oo e
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In order to prove that

Al S i
0.1) lolcrgggll (a) > hnxleiupc(x),
|x|—o0

we define the function ¢ (x) := (o~ !/8|x|), with

~1/2

B(p):=(eP +eP) ¢
As ¥/(p) <0 for p >0, it follows that, for a.e. x € Q,

N oy —
a1jd0(x) = Alx)oc~ 40" (o ix]) 4 @3 (3o B ) ALY

]
< Ao 9" (o o),

where A(x) = % > o/(x). Thus, direct computation yields

Lag < [A@a (14 a7 )g(a )~ 1) + bl +c(x)] 6,

ep _efp 2
g(p) = <W> .

For given € > 0, let R > 0 be such that ¢ < limsupy,_,.,c(x) + € a.e. in Q\Bg. For

o large enough and for a.e. x € QN By it holds true that g(a~/3|x|) < 1/2, and
then that

with

Lo < (;A(x)al/‘*(—l + a7 2) 4 ||b]oar ™8 +C(x)> 0.

On the other hand, for a.e. x € Q\Bg we find

Lo < (A(x)a-‘/4+ 15|/ + limsup ¢(x) +s) 0.

x| oo

Consequently, L5 ¢ < (limsupy,_,.,c(x) +2¢€)¢ ae. in RN for o large enough.
Therefore, by definition (I.T)) we obtain

. aa .
1;}3230“1 (a) > —limsupc(x) —2¢,
x| oo
which concludes the proof due to the arbitrariness of €.

(iii) Proposition[2.3|part (vi) implies that the function A{ is concave and nonde-
creasing. Since Ly = &Lf ., it holds that Af (o) = oA{(1/cx). The last statement

then follows by applying Theorem 9.3 part (ii). O
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Appendix A: Known results in bounded non-smooth domains

Even though in the present paper we are only interested in the case { smooth,
in some of the proofs we deal with intersections of smooth domains, which are no
longer smooth. This is why we require some of the tools developed in [11] to treat
the non-smooth case. When € is non-smooth, the Dirichlet boundary condition
has to be relaxed to a weaker sense:

u=0 (resp.u 2 0) onodQ,

which means that, if there is a sequence (x,),en in Q converging to a point of JQ
such that lim,, . tp(x,) = 0, then

lim u(x,) =0 (resp. limsupu(x,) <0),

n—yeo n—soo
where uy is the “boundary function” associated with the problem (see [[L1]). We do
not need to define the function ug here since, in the proofs, we only use the infor-
mation # = () on smooth portions of dQ. It suffices to know that, there, it coincides
with the standard Dirichlet condition. Indeed, it turns out that if u = 0 on d then
it can be extended as a continuous function to every & € dQ admitting a so called
“strong barrier” by setting u(&) = 0. Since any point £ € dQ satisfying the exterior
cone condition admits a strong barrier, it follows that # vanishes continuously on
smooth boundary portions of Q.

We now assume that L is uniformly elliptic and that

aij GCO(Q), bi,CGLw(Q).
Definition A.1. We say that the operator L satisfies the refined MP in Q if every
function u € WIZ’N(Q) such that

oC
. Uo
Lu>0 ae.in Q, supu < oo, 1u<0 ondQ,
o
satisfies u < 0 in Q.

Properties A ([11]). Let Q be a general bounded domain. Then, the following
properties hold:

A.1 There exists a positive bounded function ¢; € Wli’f (Q), V p < oo, called
generalized principal eigenfunction of —L in Q, satisfying

—L(pl = Al(—L,.Q)(P] a.e.in Q
o120 on 0Q;

moreover, if Q has a C!*! boundary portion T C dQ, then ¢; € Wli’cp(QU T)
and ¢; =0on T;
A2 TIf A;(—L,Q) > 0 then L satisfies the refined MP in Q;
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A3 If¢ e WliCN(Q) is bounded from above and satisfies

Lo <M(-L,Q)p ae.inQ <0 ondQ,

then ¢ is a constant multiple of the generalized principal eigenfunction ¢y;
A4 If there exists a positive function ¢ € W2 (Q) satisfying

loc

Lp <0 ae.inQ,

then either A;(—L,Q) > 0 or A;(—L,Q) =0 and ¢ is a constant multiple
of ()

A5 If A (—L,Q) > 0then, given f € LN (Q), there is a unique bounded solution
ue W2V (Q) satisfying

loc

Lu=f a.e.inQ
u=20 ondQ;

moreover, if Q has a C!! boundary portion T C dQ, then u € leo(fv(Q uT)
andu=0onT;
A6 If 4 (—L,Q)>0andu € WliCN(Q) is bounded above and satisfies

U
Lu>f ae.inQ, ugoﬁ on 0Q,

for some nonpositive function f € L (Q) and nonnegative constant 3, then
supu < B+ (|1f]1) + Bsupe 10l Y).

where A only depends on Q, A;(—L,Q), inf @ and the L norms of a;, b;,
c.

Property A.1 is Theorem 2.1 in [[11], except for the improved regularity of ¢
near the smooth boundary portion 7. The latter follows from the standard local
boundary estimate, even though a technical difficulty arises because ¢; does not
belong to W2”(Q). However, it can be overcome using the same approximation
argument as in the proof of Lemma 6.18 in [18]. The same is true for the last
statement of A.5. The other properties refer to the following results of [L1]: A.2 is
Theorem 1.1, A.3 is Corollary 2.2, A.4 is Corollary 2.1, A.5 is Theorem 1.2, A.6
is Theorem 1.3.

Appendix B: The inhomogeneous boundary Harnack inequality

Using the refined Alexandrov-Bakelman-Pucci estimate, we extend the bound-
ary Harnack inequality - Theorem [3.1] - to solutions of inhomogeneous Dirichlet
problems.
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Proposition B.1. Let Q be a bounded domain and Q' be an open subset of Q such
that T := dQN (Q' + By) is of class CY, for some > 0. Then, any nonnegative

function u € Wi)LN(Q UT) such that
NQ)3Lu<0 ae inQ,
satisfies

supu < supu+C (infu—i— [Lul v (@) +supc™ supu) ,
o T Q? Q T

for all § > 0 such that Qo =% 0, with C depending on N, Q, 8, n, infa, the L”
norms of a;jj, b, ¢ and A (—L,Q).

Proof. Suppose first that 1, (—L, Q) < 0. If u vanishes somewhere in Q then u =0
by the strong maximum principle and the statement trivially holds. If u is positive
then A;(—L,Q) = 0. Thus, by Property A.4, u is the generalized principal eigen-
function of —L in Q. In particular, Lu = 0 and u = O (in the classical sense) on 7.
The result then follows from Theorem [3.1] Consider now the case A;(—L,Q) > 0.
Set f := Lu and let y : R¥ — [0, 1] be a smooth function such that

x=1 inQ'+Byu,  x=0 outsideQ +By),.
Letve WZ%MN(Q UT)NL*(Q) be the solution of the problem
{ Lv=f ae.inQ
vZ2 yu ondQ.
It is given by v = w+ yu, where w is the unique bounded solution of
Lw=f—L(xu) ae.inQ
{ w20 on dQ,

provided by Property A.5 (note that yu € W>V(Q)). We have 0 < v < u by the
refined MP - which holds due to Property A.2. The refined Alexandrov-Bakelman-
Pucci estimate - Property A.6 - yields

supv < supu+A <||Lu||LN(Q) +supct supu) ,
Q T Q T

where A depends on Q, A;(—L,Q) and the coefficients of L. Applying Theorem
B.1]to u — v, we obtain

sup(u—v) < C'inf(u —v) < C'infu.

Q/ Qo Qo
The result then follows by gathering the above inequalities. O
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