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Abstract
In this paper well-known maximum principles are extended to second order cooperative
linear elliptic systems with cooperative boundary conditions in strong, weak, and very
weak settings. In addition, interrelations between maximum principles and principal eigen-
values are studied in detail, as well as continuity properties of principal eigenvalues under
domain perturbations.
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1. Introduction

It is the main purpose of this paper to study maximum principles for linear second order
cooperative elliptic systems under general linear first order cooperative boundary condi-
tions. We are particularly interested in weak settings, in view of applications to nonlinear
systems in situations where higher regularity either cannot be expected or does not consti-
tute a convenient frame to deal with such problems.

Maximum principles for cooperative systems have already been discussed by several
authors under various assumptions (cf. [20], [22], [32], [36], [43], [56], [60], [63], [71],
[77]). However, in all these references, with the exception of [63], the case of Dirichlet
boundary conditions is studied only. Furthermore, in almost all cases maximum principles
in the strong sense are considered, that is, for C** functions, or, at least, for I¥? functions
where ¢ is sufficiently large.

It is well-known that maximum principles are of great importance for the study of ex-
istence and qualitative properties of nonlinear equations. For example, one of the most
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useful techniques in the theory of second order scalar elliptic (and parabolic) boundary
value problems, the method of sub- and supersolutions, is based on maximum principles
(cf. [1], [62], [64], [67])- This is true for systems as well, as has already been observed
in [1, Sections 5 and 10] and has since been worked out by several authors under various
hypotheses (cf. [59], [62], [66], and the references therein). However, in all those papers
either Dirichlet conditions are considered only or, if Neumann boundary conditions are
studied at all, it is assumed that either the boundary conditions decouple, a rather partic-
ular situation (e.g., [40], [41]), or that very strong regularity conditions are satisfied (e.g.,
[62]). It is one of the advantages of our work that our maximum principles allow, among
other things, comparison theorems for semilinear problems with nonlinear boundary con-
ditions, the latter depending on all components of the unknown vector function, in a weak
setting.

The validity of maximum principles is closely related to the existence of a principal
eigenvalue, that is, of a least real eigenvalue determining the position of the smallest closed
right half plane containing the spectrum. This eigenvalue plays a predominant réle in the
qualitative study of nonlinear boundary value problems via bifurcation theory and in the
method of sub- and supersolutions (cf. [37], [51], [53], [54], [57], [58], and the references
therein). Consequently, we investigate in some detail questions of existence and continuous
dependence on the data of the principal eigenvalue.

It should be noted that our results on maximum principles in weak settings are new, even
in the scalar case. The same is true for our continuity results for the principal eigenvalue,
since we allow perturbations of the Robin boundary as well.

To give a flavor of the content of this paper we describe now some of our results in
a simple setting. Here we restrict ourselves to a 2 x 2 system with the diagonal Laplace
operator as principal part. The general case is studied in the main body of this work.

Throughout this paper €2 is a C? domain in R™, where n > 1, with a nonempty compact
boundary T'. We denote by v := (v!,...,v™) the outer unit normal on T.

However, to illustrate some of the main results by means of prototypical examples, we
assume throughout the rest of this introduction that Q2 is bounded.

Let u be a superharmonic distribution in 2, which means
u e D'(Q), (—Ap,u)y >0 forall o € D(Q) withp > 0. @)

Then it is known that w is a regular distribution, in other words: u € L1 10c(£2). If, more-
over, for some point-wise defined representative u of u,
lim glfﬂ(x) >0 forally e T, (2)

S
.’l“)y

then u > 0, that is, u(x) > 0 fora.a. € Q (e.g., [30, Propositions 11.4.20 and 11.4.21]).
It is clear that from (1) alone nothing can be said about the boundary behavior of u €
L1 10c(£2) since every test function ¢ € D(£) vanishes near I'. Thus (1), without the
additional information of (2), does not imply that « > 0.
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The situation is different if we require the validity of the inequalities in (1) for a larger
class of test functions and a little more regularity for «. For this, given ¢ € (1, co), we put

W. (QR) == {ue Wi (LR ; yu=0},

where

1 1

I - =1

qa q
and -y is the trace operator. We also denote by (-,-) the usual L, duality pairing. Then it
is a consequence of our much more general results that the following very weak maximum

principle (rather: minimum principle) is valid:

u € Ly(Q,R) for some ¢ € (1, 00),

imply « > 0. 3
(=Av,u) > 0forallv € W, _(,R) withv >0

Very weak maximum principles are of importance in nonlinear problems involving low
regularity data, for example (e.g., [12]). The maximum principles studied below are valid
for cooperative systems also. To illustrate this we consider the model system (A4, 3) on Q
defined as follows: we put v := (u',u?) and assume that there are two decompositions
of I:

F=Tgul; =T3uT; TynNTi=T5nNTI}=2,
such that T'§ and T3 are open, hence closed, submanifolds of T'. Then we define

Au = (A'u, A%u)

by
Aty = —Aut + attul + at?u?,
A%u = —Au? + aPut + a®u?,
and
Bu = (B'u, B*u)
by
Bly e u? on T},
dput + bt +0%u?  onT}
and
By e u? on T,

d,u? + b ul +0*2u®  onI?,
where we assume that
a" € Loo(Q,R), bt e O (T, R), r,s € {1,2},
with the hypothesis of ‘cooperativity’:
a? <0, a?t <0, b2 <0, »? <.

As usual, C'~ means ‘Lipschitz continuous’.



4 H. Amann

Denoting by x" the characteristic function of I'] and introducing matrix notation,

Xl 0 all a12 bll b12
X = , a:= , b:= ,
0 XQ a21 a22 b21 b22
we can rewrite this system in the concise from

Au = —Au + au,
(4)
Bu = x(0yu + bu) + (1 — x)u.
Of course, the boundary operator is to be understood in the sense of traces.

We also define the formally adjoint problem (A%, B%) by
Afv = —Av+a'v,
Bfv:=x(8,v+b"v) + (1 - x)v,
where a " is the transposed of a, etc.

We endow all spaces of functions with their natural point- and component-wise defined
order.

First we consider the eigenvalue problem
Au = Au inQ, Bu=0 onT. (5)

It will be shown that every eigenfunction of (A, B), that is, of (5), associated with any
eigenvalue X is regular in the sense that it belongs to

W2

(Q.C):= (] WA (Q,C).

1<g<oo

Furthermore, our results guarantee that (A, B), that is, problem (5), possesses a least real
eigenvalue, the principal eigenvalue, \o(A, B), of (A, B), and it is associated with a posi-
tive eigenfunction.

Although there may exist other real eigenvalues of (A, ) possessing positive eigen-
functions, the principal eigenvalue characterizes the validity of the maximum principle
for (A, B). More precisely, for 1 < ¢ < oo we put

W) 5 (LR :={ve W (QR); Blv=0}.
We say that (A, B) satisfies the very weak maximum principle if

u € Ly(Q,R?) for some ¢ € (1,00),

imply « > 0. (6)
(Afv,u) > 0forallv € W, 5 (Q,R*) withv > 0

Theorem 1. (A, B) satisfies the very weak maximum principle iff Ao(A, B) > 0.
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Since the principal eigenvalue of the Dirichlet Laplacean is positive, Theorem 1 is an
extension of (3) to system (4).

As already mentioned, this theorem is new, even in the well-studied scalar case (where
obvious analogues of the theorems of this introduction are valid). Indeed, to the best of our
knowledge the very weak maximum principle has not been observed so far. Also note that
there is no restriction on ¢, besides 1 < ¢ < oc.

In order to guarantee that the principle eigenvalue is the only one with a positive eigen-
function we have to impose an additional condition. For this, the pair (a, b), more precisely:
(a, xbx), is said to be irreducible if

b'2|T1 NTT = 0 implies a'? # 0
and
b1 |T1 NTF = 0 implies a** # 0,
putting
b'? |2 =@ :=0.

Note that these conditions can be rewritten as
al2 40 if X1b12X2 =0,
at £0 if 'y =0.
For example, the pair (a, b) with
all 0 bll b12

a@= 21 22 |’ b= 22
a” a 0 b

is irreducible if a?! # 0 and b*2|T1 N T? # 0. Then the following improvement over the
mere existence of a principal eigenvalue with a positive eigenfunction is valid.

Theorem 2. Let (a, b) be irreducible. Then A\ (A, B) is a simple eigenvalue of (A, B) and
the only one with a positive eigenfunction.

We refer to the main body of this paper for a precise definition of the simplicity of
an eigenvalue of (A, B) and for further properties of \o(.A, B) and the associated eigen-
function.

If (a,b) is irreducible then we obtain another useful characterization of the positivity
of the principal eigenvalue. For this we say that « is a very weak strict supersolution for
(A, B), provided

u € L,(9,R?) for some ¢ € (1, 00) and
(Afv,u) > 0forallv e W;/,Bu with v > 0,
with a strict inequality sign for at least one v.
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It follows from Green’s formula that u is a very weak strict supersolution for (A, B) if
u € W2 (Q,R?) for some ¢ € (1,00) and (Au, Bv) > 0, meaning, of course, that Au > 0
inQ, Bu>0onT,and (Au, Bu) # (0,0).

Theorem 3. Let (a,b) be irreducible. Then (A, B) satisfies the very weak maximum prin-
ciple iff there exists a positive very weak strict supersolution for (A, B).

Theorems 2 and 3 (and their more general versions presented in Sections 6 and 7) gen-
eralize considerably the results of [56] and [71]. Indeed, besides of the fact that those
authors consider only Dirichlet boundary conditions, our regularity hypotheses are sub-
stantially weaker than theirs. In particular, in Theorem 3 we are dealing with very weak
supersolutions only.

In the following section we formulate the hypotheses used throughout most of this paper
and give a precise formulation of the differential operators under consideration. In Sec-
tion 3 we fix some general notations and describe the boundary spaces for our systems.

Our main results — very weak, weak, and strong maximum principles and their inter-
relations as well as monotonicity and continuity properties of the principal eigenvalue —
are contained in Sections 4-11, where only the more elementary proofs are given. The
somewhat deeper statements as well as additional results are proved in Sections 15-18.

In Section 12 we collect some functional analytical tools, and in Section 13 we recall the
version of the maximum principle for scalar equations from which we derive our results
for systems. Section 14 contains the fundamental solvability results for nonhomogeneous
problems in the strong, weak, and very weak setting.

For all these results we impose enough regularity on the coefficients of the differential
operators to guarantee that the assertions are independent of ¢ € (1, co). In Section 19 we
present weak maximum principles in qu, assuming minimal g-dependent regularity only.
They lead to comparison theorems for semilinear elliptic boundary value problems which
are of importance in the study of such problems in situations where strong solutions do not
exist.

We also show that the various realizations of cooperative elliptic systems generate posi-
tive analytic semigroups. These results have important implications for parabolic problems.
Since this paper is already rather long we refrain from giving details.

2. Elliptic boundary value problems
In this section we give precise formulations of the elliptic problems under consideration
and state the hypotheses used throughout the following, unless explicitly stated otherwise.

We assume that
N e N* ;=N\ {0}.
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The space of real N x N matrices, a = [a"*], is denoted by RV*¥ | and Rfi:g]v is the
linear subspace of all diagonal matrices,
a = diag[at,...,a].
We always use the summation convention with respect to 5 and & belongingto {1,...,n}.
We also assume that

®  Qjp = Qj EBUCl(Q,Ré\i[:gN),l <j,k<n;
o a’(z) := [aj(x)] € R**™ is positive definite for 1 <r < N,
uniformly with respect to = € Q;

o a; € WL(Q,RYXN), 1<j<m
o a€ Lo(Q,RV*N) be ol (T, RV*N);

e —g and —b are cooperative, that is, a"® < 0and "® < 0 for r # s.

(7)

Observe that there are no sign restrictions for the diagonal entries, neither for a nor for b.

We consider the elliptic differential operator .4 acting on R” -valued distributions

w = (ut,... u?)
on (2, defined by
Au = —0j(a;p0ku) + a;05u + au. (8)
Thus
Au = (A'u,..., ANu),
where

N
A"u = —0j(aj,0ku”) + ajoju” + Z a"*u’.
s=1
Note that A has diagonal principal and first order parts, but is coupled in its lowest or-
der terms.

We fix

x € C(T,REZN)  withx"(y) € {0,1} fory e Tand 1 < r < N,

a boundary identification map for 2. Hence
7= ")), ie€{o0,1},

are open in I' and disjoint with union T" for 1 < r < N. Then we define a boundary
operator 55 by

Bu := x(Ouu + bu) + (1 — x)u, 9)
where

Oy = diag[0,1,...,0,~]

with " := a"v being the outer conormal with respect to a”. Of course, 5 is to be under-
stood in the sense of traces. It follows that

Bu = (B'u,...,BNu),
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where

Opru” + Zi\;lb’"sus onT7.

Thus B"u is the Dirichlet boundary operator on I'y; for the r-th component »” of «, and a
Neumann or Robin boundary operator for ™ on I']. Note, however, that these boundary
operators are coupled in their lowest order terms unless

, u” onT{,
B"u =

)

that is, unless B = -, the Dirichlet boundary operator. We express these facts by saying that
(A, B) is a (weakly coupled second order) cooperative elliptic boundary value problem
(on Q).

If n = 1theneitherT' = {20} or T' = {xo, 21} with z; € R. Thus every space of
RN valued functions on T is naturally isomorphic to either R or RY x R, and all
considerations of this paper apply with the obvious interpretations.

We put
A*v = —9j(ajp Ok + ajv) +a'v
and ‘
B := x[0uv + (Via; + b7 )v] + (1 = x)v.
Then (A%, B%) is the elliptic boundary value problem formally adjoint to (A, B). We also
put

(u,v) := / u - vde, (u,v) € Ly (Q,RY) x Ly(Q,RY). (10)
Q
Similarly, (-, -)r is the Ly(T") duality pairing, obtained by replacing € and dz in (10) by

T" and do, respectively, do being the volume measure of T'. Then the Dirichlet form a
of (A, B) is defined by

a(v,u) 1= (9;v, ajrOku) + (v, a;0;u + au) + (yv, xbyu)r
for (v,u) € W, (2, RY) x W' (Q, RY).

3. Notations and conventions

Henceforth, as long as (2 is kept fixed, we use the following simplified notation: if
E(Q,RY) is a vector subspace of

Lijoc = L1 1oc(Q,RY)
then we denote it simply by E. For example,
Wr=wrHQRY) for keN.
Similarly, we simply write E(T") for E(T', R") if the latter is a vector subspace of
Li(T) := Ly (T, RY).



Maximum Principles and Principal Eigenvalues 9

We endow L1 10c(£2, R) with its natural ‘point-wise’ order induced by the positive cone
Liloc(ﬂ,]R) = {u€ Lijoc(LR) ; u(z) >0aa.2€Q}. (11)

Similarly, L, (T, R) is ordered by L (T, R), the latter being defined in analogy to (11), but
with respect to the volume measure do of T.

If E is an ordered vector space then we write E+ for its positive (proper) cone and e > 0
means e > 0 bute # 0, of course. If F' is a linear subspace of E then F'is given the induced
order whose positive cone is F'™ := E* N F. Furthermore, if E1, ..., E,, are ordered
vector spaces then E; x --- x E,, is given the product order, that is, (ey, ..., e,,) > 0 iff
e; > 0for 1 < i < m. Consequently, every vector subspace E of L1 joc, Or of Li(T), is
an ordered vector space with respect to the naturally induced ‘point-wise’ product order.
If E and F' are ordered vector spaces then a linear map 7" from E into F' is said to be
positive, we write T > 0, if T(E™) C F*. Note, for example, that, consequently, a > 0
fora € Loo(Q,RY*N) meansthata™ (z) > 0for1 <r,s < Nandaa.z € Q.

As a rule, in this paper all vector spaces are over the reals. However, if there occur, ex-
plicitly or implicitly, complex numbers in a given formula then it is always understood that
the corresponding statement refers to the complexified version of that formula. For exam-
ple, if A isalinear operator in a (real) Banach space then o(A), 5,,(A), and p(A) denote the
spectrum, the point spectrum, and the resolvent set, respectively, of the complexification
of A. For A € 0,(A) we denote by N4 () the algebraic eigenspace,

Na(A) := G ker[()\ — A)k]7
k=1

of \. Recall that dim (N4 (X)) is the (algebraic) multiplicity of A, and X is a simple eigen-
value if its multiplicity equals 1.

Let £ and F' be Banach spaces. Then £L(E, F') is the Banach space of all bounded
linear maps from E into F', and L(E) := L(E, E). Moreover, Lis(E, F') is the set of all
isomorphisms in L(E, F'). If

ESF,
that is, E is continuously and densely embedded in F, then H(E, F') is the subset of all

A € L(E, F) suchthat — A, considered as a linear operator in F' with domain E, generates
a strongly continuous analytic semigroup, denoted by

Ua ::{UA(t); tZO},

on F, that is, in L(F). Given A € H(E, F), there exists w € R such that [Rez > w]
belongs to p(—A), and the infimum of all such w is the spectral bound, s(—A), of A (e.g.,
[8, Section 1.1.2]). We also set

Mo(A) := —s(—A) =inf{ReX; A € 0(4) },

where inf(&) := oo. If E is an ordered Banach space (OBS) then the semigroup U4 is
said to be positive if Uy () > 0 fort > 0.
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We always assume that
1<g< oo
For |s| < 2 we put

N
We ;) = [[we @), =01,
r=1

with the understanding that W*(@) := {0}. Then W;(T';) is an ordered Banach space
with its point-wise order if s > 0. If s < 0 then we endow W, (T';) with the natural dual

order whose positive cone is the dual (that is, polar) of W, *(T';)* . Then the injection maps

WD) <5 WHT,),  —2<t<s<2, =01,
are well-defined and positive. Finally, we put

WS = W= (Ty) @ Wi~ =H4(Ty),  0<s<2

This means that we consider W, ~'(Ip) and W;~'~"/%(T';) as linear subspaces of

I/V,f’l’l/q(r), by extending the corresponding elements by zero over I', and endow their
algebraic direct sum
Y= W Y9(To) + W H4(Ty)

with the unique topology for which
Wy H4(To) x Wyt H9(Th) = 5, (g0,91) = g0 + 01 (12)

is a topological isomorphism. Then 9W, is an ordered Banach space with the unique order
for which (12) and its inverse are positive.

4. Weak maximum principles

Using Sobolev embeddings, the trace theorem, and Holder’s inequality, it follows that

(A,B) € E(Wf,Lq X 6Wq2). (13)
Thus

Weg={ueW; Bu=0}
is a closed linear subspace of 1%, hence a Banach space with

d
W2g < Ly. (14)
We denote by A := A, the L, realization of (A, ), defined by A := A| Wq%B. Similarly,
At is the L, realization of (A%, B%).

Theorem 4. A € H(W,}5, L) and A* € H(W 5. Ly) for 1 < ¢ < oco. Moreover,
Af = A
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Proof. The first assertion is well-known (cf. [7, Theorem 4.1] and the references therein;
also see [34]). Since ya; € C*(T,RN*N) forevery p € (0, 1), it follows from the preced-
ing references that

At € H(W) gi, Ly).

The last assertion is a consequence of Green’s formula and the fact that A and A* have a
common point in their resolvent sets (even a half-plane, of course). O

Remarks 5.

(2) The assumption that a; € W.L(Q, RV*N) guarantees that the assertions about A*
are valid. If we are only interested in

A€ HW, 5. Ly) (15)
and not in the explicit representation of A’ then it suffices to suppose that
aj € Loo(QRYZN), 1<) <n, (16)

It should be observed that, in either case, Theorem 4 and (15) hold for every ¢ €
(1, 00), although A, depends on ¢, of course.

(b) It follows from (15) that Ag(A) is well-defined. O
We also set
VVql,B = qu,(l—x)v ={ue VVq1 P (1=x)yu=0}
Note that
1 _ 1
Wy e =Wy 1y

In the following, (A, B) is said to satisfy the very weak maximum principle (in L,) if,
given any u such that

u€ Ly, (Afv,u) >0 forallv € (V[/‘]%’B,:)+, a7

it follows that « > 0. It satisfies the weak maximum principle (in qu) if it is a conse-
quence of

u € VVql, a(v,u) >0 forallv € (I/[/(Il,’(17)<)7)+7 (1-—x)yu>0 (18)
that u > 0. Lastly, (A, B) satisfies the maximum principle or is inverse positive (on W,f)
if
uEVVf, Au>0inQ, Bu>0onTl
imply u > 0.

Theorem 6.
(1) Consider the following assertions:

(i) (A, B) satisfies the very weak maximum principle in L,.
(i) (A, B) satisfies the weak maximum principle in W'
(iii) (A, B) is inverse positive on 17,2,
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Then (i) implies (ii), and (ii) implies (iii). If, in addition, A is surjective then all
these assertions are equivalent.

(2) If Ao := Xo(A) > 0then (A, B) is inverse positive. Conversely, if (A, B) is inverse
positive and A is surjective then Ay > 0.

(3) The semigroup U/ 4 is positive.

(4) Ifo(A) # athen \g € o(A).

The proof of this theorem is given in Section 16.

Remarks 7.

(a) Although our regularity assumptions guarantee that (15) holds for every ¢ € (1, 00),
we do not know whether )\ is independent of ¢. This would follow from the spectral
invariance of elliptic operators. However, the known results (see [13], [31], [45],
[50], [70]) do not seem to apply to the present situation. It is also not known whether
o(A) # @, in general.

(b) Suppose that only the weaker assumption (16) is satisfied. Then Theorem 6 remains
valid, provided we omit assertion (i) in (1). O

We emphasize the fact that the results of this section are true under the mere assumption
that 2 has a compact boundary. We are not aware of any related theorem valid for the case
of exterior domains.

5. Nonhomogeneous problems

Of course, the validity of a maximum principle has implications on the solvability of
nonhomogeneous elliptic boundary value problems. This is made precise in the present
section.

We put

-2 2 ! -1 . —1 . 1 !
Wos = Wos)'s Wos = Woaoy, = Wy a—xs)
with respect to the duality pairings (-, -) naturally induced by (10). It follows that

W2 SWls S L, Swa w3, (19)

We endow V[/;;Lf for k € {1, 2} with the natural dual order whose positive cone is the dual

of the cone (V[/:q’fﬁL1 )*. Then ijg and ijg are OBS's and each one of the injection maps

in (19) is positive.
Next we consider the nonhomogeneous boundary value problem
Au=finQ, Bu=gonT. (20)
A (strong) W,? solution is a u € W, with
(Au, Bu) = (f, g) in L, x 0°W,.
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By a (weak) ! solution we meanau € W' satisfying

Cl(?)7 U) = <U7 f> forv e %1/7(1_)()77 (21)
(I-x)yw=(1-x)g onl.
Lastly, « is said to be a (very weak) L, solution of (20) if v € L, and
(A*o,u) = (v, f) + (8o, (x — Dg)p + (70, x9)r (22)

2
forve W7 4.

The following theorem gives a further characterization of the positivity of ).

Theorem 8. The following are equivalent:
(i) Mo > 0.
(ii) Problem (20) has for each (£, g) € (L,xdW,*)* aunique nonnegative ¥,” solution.

(iii) Problem (20) has for each (f,g) € (Wq’_B1 x OW,;')* a unique nonnegative W'
solution.

(iv) Problem (20) has for each (f, g) € (W;;BQ x 9W,”)" a unique nonnegative L, solu-
tion.

The proof of this theorem is also given in Section 16.

Remark 9. If we presuppose only the weaker hypothesis (16) then Theorem 8 remains
valid if assertion (iv) is omitted. O

6. The principal eigenvalue

Throughout this section we suppose that €2 is bounded. Then we can considerably im-
prove on the results of the preceding section. For this we put

WO%F = ﬂ VVq2.

1<g<oo

We also assume that only the weaker hypothesis (16) is satisfied.

Theorem 10. Suppose that €2 is bounded. Then A has a compact resolvent. Hence o (A) is
discrete and each A € o(A) is an eigenvalue of finite multiplicity. Moreover,

Na(A\) c W2
for A € o(A).
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This theorem, whose proof is found in Section 17, shows, in particular, that the spectrum,
the eigenspaces, and the generalized eigenspaces are independent of ¢ € (1, o). Thus we
say that \ is an eigenvalue of (A, B) iff there exists u € W2 _ \ {0} satisfying

Au=Au inQ, Bu=0 onT. (23)

The multiplicity of A is, by definition, the multiplicity of A as an eigenvalue of the L, re-
alization of (A, B) for some ¢ € (1, 00). Thanks to Theorem 10 this definition is inde-
pendent of ¢. Thus it makes sense to say that o(A) is the spectrum of (A4, B), that is,
o(A,B) :=a(A). If 6(A, B) # @ then it follows from Theorem 6 that ), is the smallest
eigenvalue of (A, BB), the principal eigenvalue, also denoted by \o(.A, B), or, more pre-
cisely, by Ao (A, B, ). The following theorem, whose proof is also given in Section 17,
guarantees its existence.

Theorem 11. If Q is bounded then o(A, B) # @, and the principal eigenvalue has a
positive eigenfunction. Furthermore, A\ > 0 iff (A, BB) is inverse positive.

In general, \g is not the only eigenvalue with a positive eigenfunction. This follows im-
mediately by considering diagonal (that is, uncoupled) systems. Thus, in order to guarantee
that )\ is the only eigenvalue with a positive eigenfunction we have to ascertain that the
coupling is sufficiently strong. For this we need some preparation.

Let R be aring with unit. Then 7 € RV > is a permutation matrix iff it contains exactly
one unit in every row and every column, and zeros elsewhere. The matrix o € RV>*V is

reducible iff there exist M € {1,..., N — 1} and a permutation matrix 7 such that
Q (%
ran = 11 Q12 (24)
0 a9

with a;; € RM*M "and « is irreducible otherwise. It is well-known and not difficult to
see that « is irreducible iff, given r, s € {1,..., N}, there exist indices s, € {1,..., N},
0 < p < k, with sy = sand s = r such that a®” # 0 for (£,7) belonging to
{(817 SO)a (S'Za 81)7 s (Ska Sk—l)}'

Let Ry and R- be rings with unit 1, and 1,, respectively. Then Ry x R, is a ring,
the product ring, with multiplication being defined component-wise. It has a unit, namely
(11,15). Suppose that a; € R *™ for i = 1,2. Then we denote by

[(al,ag)] € (R1 X RQ)NXN
the matrix whose entry at position (r, s) equals (a}*, a%4®) € Ry X Ra.

Note that L., (2, R) and C'~ (T, R) are rings with unit 1o and 1, respectively, where,

given any nonempty set X, we denote by 1 x the constant map z — 1. We also set
a® = diag[a't,...,a"N], b° :=diag[p',..., 0" "] (25)

and
a®:=a” —a, b*:=0b>—0. (26)
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Observe that a® and b® are nonnegative and have zeros in the diagonals.

Suppose that N > 2. Then the pair (a, b), more precisely: (a, xby), is said to be irre-
ducible iff
[(a®.x0* )] € (Loo(0B) x '~ (0, B) VY
is irreducible. Thus (a, b) is irreducible iff, given any r,s € {1,..., N}, there exist s, €
{1,...,N}, 0< p <k, with sg = sand s, = r such that

either 0577 >0 or a" >0

for
(5’77) € {(81’50)7 (32’81)’ B (Sk,sk—l)}~

If this is the case, we also say that (A, B) is irreducible.

A function u € Ly j0c is strongly positive if v € C'(Q) and satisfies for each r €
{1,..., N} the inequalities u"(x) > 0 forz € QUTIT and 9,~u"(y) < 0 fory € I'y with
u"(y) = 0.

The next theorem is the basis for a detailed study of the principal eigenvalue. Its proof
is found in Section 17.

Theorem 12. Let © be bounded and suppose that either N = 1 or (a, b) is irreducible.
Then the principal eigenvalue is simple and has a strongly positive eigenfunction. It is the
only eigenvalue with a positive eigenfunction, and every other eigenvalue satisfies

Re ) > )\0.

In the scalar case this theorem is well-known and has first been proved, in the case of
general boundary conditions and without a positivity restriction for b, in [3]. That proof
contained a gap since it had not been asserted that the spectrum is nonempty. Motivated
by this, de Pagter [33] derived a general theorem on irreducible compact positive operators
on Banach lattices implying that such an operator has a strictly positive spectral radius.
That theorem can be used to fill the gap (cf. the proof of [11, Theorem 2.2]). It has also
been employed in papers by Sweers and coauthors (cf. [20], [71]) in the case of irreducible
cooperative elliptic systems with Dirichlet boundary conditions to prove essentially The-
orem 12 (under more restrictive regularity hypotheses). The proof given in Section 17 is
much more elementary. It is solely based on the classical Krein-Rutman theorem and does
not invoke the rather deep de Pagter result. The case of Dirichlet boundary conditions has
also been considered in [56], but under the much stronger assumption that a™*(z) > 0 for
r # sandall z € Q, where a is supposed to be continuous.

7. The strong maximum principle

The boundary value problem (A, BB) is said to satisfy the strong maximum principle if
g>n, ueW:\{0}, Au>0inQ, Bu>0onTl
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imply that v is strongly positive.
We say that u is a strict IW,? supersolution for (.4, B) if u belongs to T;? and
(Au, Bu) > 0.

It is a strict W' supersolution for (A, B) if it satisfies (18) with a strict inequality sign
either in the first place for at least one v or in the second place. Finally, u is a strict
L, supersolution for (A, B) if it satisfies (17) with a strict inequality sign for at least one v.
It follows that each W,f supersolution is a qu supersolution, and each qu supersolution
is an L, supersolution.

Using these concepts the following characterizations of the maximum principles are
valid.

Theorem 13. Let © be bounded and suppose that either N = 1 or (a, b) is irreducible.
Then the following are equivalent:

(i) X > 0.

(i) (A, B) satisfies the very weak maximum principle.
(iii) (A,B)

(iv) (A, B) satisfies the strong maximum principle.
(V) (A.B)

satisfies the weak maximum principle.

possesses a positive strict L, supersolution.

)

Remark 14. Assume that only condition (16) is satisfied. Then Theorem 13 remains valid,
provided the following modifications are implemented: assertion (ii) is omitted and ‘L, su-
persolution’ in (v) is replaced by ‘qu supersolution’. (]

Given the assumptions of the previous theorem, we can also improve on the solvability
statements of Theorem 8. For this, u € L, is said to be strictly positive if u”(2) > 0 for
aa.x € Qandeachr € {1,...,N}.

Theorem 15. Suppose that 2 is bounded and that either N = 1 or (a, b) is irreducible. If
Ao > 0 then, given any (f,g) € (Ly x 9W;2)* \ {0}, the unique positive solution of (20)
is strictly positive. If ¢ > n then it is strongly positive.

The important new ingredient distinguishing Theorem 13 from Theorem 6 is the char-
acterization of the validity of the maximum principle through the existence of a positive
strict supersolution. In the scalar case N = 1 and in the framework of classical solutions,
Protter and Weinberger seem to be the first to observe that the existence of a strict classical
supersolution

weC*()NCHQUT) NCOWN)

satisfying
w(z) >0 forall 2€Q
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implies the existence of the maximum principle for (A, B) (cf. [63, Section 11.5]). In the
usual weak H* setting and with weak regularity assumptions it has also been shown in [23]
that the existence of a positive H' supersolution characterizes the weak maximum prin-
ciple for the Dirichlet problem. The fact that (i) and (iv) of Theorem 13 as well as the
existence of a positive strict classical supersolution w, such that w,(z) > 0 forall z € Q
and 1 < r < N, are equivalent has first been observed in [56] in the case of Dirichlet
problems for cooperative elliptic systems satisfying the strong irreducibility condition ex-
plained in the preceding section. In the scalar case, Lopez-Gomez [52] could then relax
the hypotheses on a classical strict supersolution w by requiring w(y) > 0 for y in T,
keeping the assumption w(x) > 0 for x € Q. This result has been extended to the case of
a general boundary operator in [11, Theorem 2.4], where positive strict Wf supersolutions
with ¢ > n are being considered. The proof in [11] relies on [3, Theorem 6.1] which,
in turn, is a consequence of the Protter-Weinberger result cited above and a construction
of a strict W(f supersolution w for ¢ > n satisfying w(z) > 0 for all z € Q (see [3,
Lemma 5.1]), The latter construction is somewhat involved and complicated (but see Re-
mark 36(a)). This prompted Lb6pez-Gdémez [55] to give a simpler proof of Theorem 2.4
in [11] in the framework of C'2*< solutions by extending a version of the maximum princi-
ple due to Walter [76]. It should be remarked that in none of those results (.4, B) is required
to possess divergence form.

The fact that a strict positive supersolution in the class W,2(Q, RV )n C(Q, R ) implies
the maximum principle and the existence of a unique positive eigenfunction is the main
theorem in [71] for the Dirichlet problem of irreducible cooperative systems (also see [20]).

Our Theorem 13 is much more general since it applies to systems with general cou-
pled boundary conditions and replaces Wq2 supersolutions for ¢ > n by the much weaker
concept of L, supersolutions.

The importance of the results of this section is seen from the theorems in Sections 8-11.
Furthermore, it should be noted that the results of Theorems 13 and 15 suffice to apply the
abstract techniques of [1] to irreducible cooperative elliptic systems. By this way one ob-
tains extensions of the existence, multiplicity, and bifurcation results contained in [1]. For
example, one can extend the three solutions theorem [1, Theorem 14.2] to such systems,
etc. We leave the details to interested readers.

It should also be remarked that, thanks to Theorems 12 and 15 (and their proofs), it is not
difficult to extend the anti-maximum principle of Clément and Peletier [26] (also see [72])
to cooperative irreducible systems of the form (A, B3). Details are also left to the readers.

8. Monotonicity of the principal eigenvalue

Throughout this section Q is again bounded and only the weaker hypothesis (16) is
imposed.

We discuss monotonicity properties of the principal eigenvalue with respect to variations
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of a, b, 2, and the boundary conditions.

First we suppose that @ € Lo (€, R¥N*N) and b € €'~ (T, RV*N) are cooperative.
Then we define (A, B) by replacing a and b in (8) and (9) by a and b, respectively.

Theorem 16. Suppose that either N = 1 or (a,b) and (a,b) are irreducible. If

(a,xbx) < (@, xby) 27)

then o
)\0(./4,6) < /\O(A,B)

Proof. Letug be a positive eigenfunction of (A, BB) to the eigenvalue
)\0 = )\0(./4,8)
Then B
(A—)\o)UO = (A—)\o)U()-l-(fav—a)’Lto = (5—a)u0 in Q
and B B B
Buo:Bu0+x(b—b)xvu0:x(b—b)xmm onT.
Hence it follows from (27) and the strong positivity of u, guaranteed by Theorem 12, that
ug is a positive strict 17,2 supersolution for (A — Ao, B). Thus

0<Ao(A—A0,B) =Xo(A,B) — Ao
by Theorem 13 and Remark 14. O

The next theorem shows, in particular, that the principle eigenvalue decreases strictly if
a Dirichlet boundary condition is replaced for at least one component of « by a Neumann
boundary condition on at least one component of I'. To make this precise we suppose that
X € C(T, Ry ) is a boundary identification map. Then we put
Bu := X(8,u + bu) + (1 — ¥ )u.
Note that y < X means that T';, D fg for 1 < r < N where at least one of the inclusions
is proper.

Theorem 17. Suppose that either N = 1 or (a, xby) is irreducible. Also suppose that
X <X and (Y-x)b"<O0. (28)

Then R
)\0(«4,8) > )\0(«4,8)

Proof. First observe that the irreducibility of (a,xbyx) and x < X imply the one of
(a, XY ). Thus, by Theorem 12, there exists a strongly positive eigenfunction a of (A, l?)
to the eigenvalue

Xo = )\0(./4,[3\)
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Thus, givenv € (W, ;)T

a(v, 7o) — Ao(v, To) = (v, o) — Ao (v, To) + (v, (xb — Xb)7io ).

where @ is the Dirichlet form of (A, B). Since W)
it follows that

C qu ., thanksto y < ¥,

(1=x) (1—x)7

(v, ) — Mo(v. o) =0,  veE Wy 4 )T

Also observe that
(v, (X = X)b7iio)y > = (70, (X = X)b™yuo)

since —b™* > 0 for r # s. Hence we deduce from (28) that

a(v,@o) — Ao(v, o) >0,  we Wy 4 )t
From y < Y and the strong positivity of 7y we also infer that

(1 —x)vug >0 onT.
Thus 1 is a strict ;' supersolution for (A — o, B). Hence
0< Ao (A =X, B) = Ao(A,B) = A

by Theorem 13 and Remark 14. O

Note that (28) implies that 5" < 0 on each component of I" on which a Dirichlet bound-
ary condition is replaced by a Robin one.

For example, it follows from Theorem 17 that, given that « is irreducible if N > 1,
the principal eigenvalues for the pure Neumann , the general Robin, and the pure Dirichlet
condition satisfy

/\0(-’478#) < /\O(A’B) < /\0(-/477%
provided " < 0 for 1 < r < N with at least one strict inequality sign. Also note that,
thanks to the cooperativity assumption, the second inequality in this chain is consistent
with Theorem 16.

Our next theorem shows that the principle eigenvalue increases if the domain shrinks
and if on each boundary component being moved inside the original boundary condition is
replaced by a Dirichlet one.

Theorem 18. Let Q* be a proper C'? subdomain of  with boundary T'*. Denote by ¥ the
union of all components of I'* having a nonempty intersection with 2, and put

Y =%\ 5.
Define a boundary identification map x* € C(I'*, R} %) for Q* by
XIE:=0, x*I¥ = x|Y
and put
([a;k], (aj,... ,a;),a*) = ([ajk] ,(ag,. .. ,an),a) |Q*
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n
e A u = Au, B*u:= x*(Opu+bu) + (1 — x")u
for u € W2(*,RY). Then
Mo (A, B, Q) < Xo(A*, B*, Q%)
provided (a*, x*bx*) is irreducible if N > 1.

Proof. Observe that the irreducibility of (a*, x*bx*) implies the one of (a, xbx). Also
note that the strong positivity of a positive eigenfunction u of (A4, 5) to the eigenvalue
Ao = Ao(A, B, Q) implies that u|X > 0. Hence u is a positive strict ,* supersolu-
tion for (A* — Ao, B*, 22*). Now the assertion follows once more from Theorem 13 and
Remark 14. O

The theorems of this section, as well as their proofs, are more or less straightforward
extensions and sharpenings of corresponding results established in the scalar case (i.e.,
N = 1) by Lopez-Gdmez [52] for Dirichlet and by Cano-Casanova and Lopez-Gomez [21]
for general boundary conditions (also see [37] and, for the Dirichlet problem in a weak
setting, [24]). In the particular case of Theorem 16 where y = 0 and Y = 0, that is, for
Dirichlet problems, the monotonicity of \q as a function of a has also been shown in [56],
given the much more restrictive assumption that a,a € C(Q, RV*N) and satisfy @ > a
and a"*(xzg) > a"*(xq) forsome zg € andall r,s € {1,...,N}.

The weak Dirichlet problem in W.Zlﬂ for scalar equations has attracted a lot of interest. In
this case general perturbation theorems are due to Arendt and coauthors [14], [17], Stoll-
mann [69] and, in particular, Daners [28], [29], who has perhaps the most general results.
For the weak Robin boundary value problem in the scalar case we refer to [27].

9. Continuity of the principal eigenvalue

We suppose again that €2 is bounded and put
BN (9) = CH (O, R )™ X Loo (Q, REZN )™ X Loo (Q, RV
x C'~(0,RV*N) o O(T, REZN).
Given
Q= ([ajk]v (alv e 7an)7aa va) € El (Q)a
we define (A(a),B(a)) on by (8) and (9). Then we denote by £(€2) the set of all
a € E'(Q) such that y is a boundary characterization map for Q and (A(a), B(a)) is a
cooperative elliptic boundary value problem on €2 such that (a, b) is irreducible if N > 1.
Let 2 be a bounded C* domain in R™ and let ¢ : & — Q be a C? diffeomorphism. Then

s = | isa C? diffeomorphism from T onto 0Q. Given

a:= ([al: (a1, an), @, b, x) € B (),
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we put
¢ o= ([p ), (¢ a1, .. 0" an), 0" a, 050, 95x) € E'(Q),

where, for a function f on €2, the pull back of f by ¢ is defined by
FL=1ov
Note that o*a € £(2) if a € £(1).

Let (£2;) be a sequence of bounded C* domains in R”. Then it is said to be C'* converg-
ing towards (2 if there exist orientation preserving C? diffeomorphisms ¢; : Q — ; such
that p; — idg in C' (2, RY). Such a sequence (;) is said to be a representation sequence
for (9;).

Sequences of bounded C2 domains being C'! convergent towards € are _often obtained
by deformations of 2 be means of sequences of transformation groups for €2. This is true,
in particular, if the transformation group is generated by a C? vector field.

Example 19. Suppose that Q is bounded and f € C?(2,IR"). For each = € Q let (7, z)
be the solution at time 7 of the initial value problem

£=f(§), €&0)=a. (29)
Then there exist 7~ < 0 < 7t such that
e €eC?((r7, 7)) x Q,R"), (30)

and ¢7 := ¢(r,) is for each 7 € (7=, 71) an orientation preserving C? diffeomorphism
from Q onto Q. = »"(Q). Thus Q, := ¢7(Q) is a C? domain in R” and, given any
sequence (7;) in (7, 71) with 7; — 0, the sequence (Q,) is C"* converging (in fact:
C? converging) towards €, and (¢, ) is a representation sequence for (22, ).

Proof. The theory of ordinary differential equations (e.g., [6, Section 10]) implies these
assertions. 0

Now we fix r, s, t € [1, 0o] satisfying

(n,n/2,n—1) if n>3,
(r,s,t) = 9 € (2,00] x (1,00] x (1,00] if n=2, (31)
(la 17 1) If n= 1’

and put
Er, 5.t (Q) := CQ R )™ x Lo(Q,RESN)™ x Ly(Q, RV
x Li(T, RN 5 O(T, RN ).

Note that E! () and E,. ; ; (2) are Banach spaces satisfying E! () < E, 5+ ().



22 H. Amann

After these preparations we can formulate the following general continuity theorem for
the principle eigenvalue, whose proof is given in Section 18. Note that we allow not only
all coefficients to vary but the domain as well.

Theorem 20. Let (31) be satisfied. Suppose that (£2;) is a sequence of bounded C? do-
mains C'! converging towards (2, and let (¢;) be a representation sequence for (£2;). Also
suppose that a € £(Q) and a; € £(£;) such that (¢} «;) converges in E, 5 ,(Q) to-
wards a. Then

Ao (A(ai), B(as), ) —= Ao (A(a), B(a), Q) as i — .

Furthermore, if u, resp. u;, is the unique positive eigenfunction of (A(a), B(c)), resp.
(A(a;), B(ag)), of W3 norm 1 then fu; — win W,

It should be remarked that p}u; — win qu, providedr, s, and ¢ are replaced by suitably
chosen numbers &, 1, and ¢ depending on ¢ (cf. Theorem 47).

Example 21. Suppose that 2 is bounded and f € C'(Q, R™). Let ¢ be the flow defined
by (29) and fix 7= < 0 < 71 such that (30) is true. Let V' be an open neighborhood of
U O, x {r}
To<r<tt

in R" x R and suppose that ([@;x], (@1, . ..,ay),a,b,X) belongs to

Cl (V, R(JX;gN)nxn % C(V, R(IJ\Q;gN)n
V,RNN) s C(V, REZN).
Forr € (r—,7T) put

a(T) = ([ajk (T)] ’ (al (T)’ cee 7an(7)) ) a(T)v b(T)7 X(T)),

where

and
b(r) = b(-.7)|T7, x(r) =X(7)|T;
with T := 99, = ¢7(T'). Note that a(7) € E! (Q,).
Suppose that
a(r) € £(Q),  (¥")'x(1) =x:=x(0), T <777,
and put
(Ar, B) := (A(a(r)), Ba(7))
so that (A, B) = (Ag, Bp). Then
Mo(Ar,B-, Q) = Ao(A, B, Q) as7 — 0.
If u, is the unique positive eigenfunction of (A-, B-) satisfying ||u-|lwzq,) = 1 then
(™) *ur — ug in Wi
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Proof. It is easily verified that (¢7)*a(r) — a = «(0) as 7 — 0. Hence the assertion is
a consequence of Theorem 20. O

Next we present a second continuity theorem for which we need some preparation.

We recall that the O manifold Q2 is C'? diffeomorphic to a C> manifold, the latter being
unique up to C'*° diffeomorphisms (e.g., [46, Theorem 11.3.4]). Thus we can assume with-
out loss of generality that Q is smooth. Then T is a compact oriented smooth hypersurface
in R™. Hence there exists p > 0 such that, setting

T,={y+sv(y) eR";yel,|s|<p},

the map
TP = I'x (_lal)v y+81/(y) s (y,S/p) (32)

is a smooth diffeomorphism. In other words, 7}, is a normal tubular neighborhood of I
(cf. [46, Theorem 1V.5.2]). Note that 2 U T, is the open p neighborhood of €2, that is,

QUT,={zeR"; dist(z,Q) < p }.
Assume that 3 € C*(T, (—p, p)) and put

Is:={y+Bywy) eR";yel}.

Then T is an oriented C* hypersurface in R” being contained in the tubular neighborhood
T, of T'. There exists a unique C'* domain, Q3, in R" such that it is contained in Q U T},
and T's is its boundary. We also define ¢35 € C*(T', T,,) by

Ys(y) =y +Byr(y), yeT.

Suppose that
Bi € C*(T,(=p,p)), €N, (33)
and put ©; := Qg, and I'; := I'g,. Assume that
Q= ([ajk]7(a1,...7an)7a,b7x) € E&(Q) (34)
and
ai = ([ajr, )]s (@1,gi)s - an,(0)s Ay bays X(ay) € E() (35)

fori € N, where
Ak, (i) = j,(5) | 2
for some
ik (i) € 01(9 U Tp,Ré\g;gN).
Furthermore, assume that
Tk, = Tr 0 C(QUT,, REXN) as i — oo, (36)
where @, |Q = aj; for 1 < j, k < n, that

B; = 0in CY(T,R) and ¢¥x(i) = X @37)
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and that
Kliﬂﬂ{lgjagn |aj’(i) B aj|r + |a(,) N a|s} dx - 0 (38)
as well as
Yibay b in Ly(T, RV (39)
ast — oo.

Observe that conditions (36) and (38) are automatically satisfied if only the boundary
of 2 is perturbed and A is kept fixed with its coefficients being defined on QUT),. Similarly,
ifbe C'(QUT,,RY*V)and b; := b|T; fori € N then condition (39) holds as well.

Theorem 22. Let conditions (33) — (39) be satisfied. Then
)\O(A(a,),B(al),Ql) — )\0(./4,8,9) asi? — oo.

Furthermore, if the function u, resp. u;, is the unique positive eigenfunction of (A, B3), resp.
(A(a;), B(a;)) of norm 1 in W, resp. W3 (€;, RY), then, given any compact subset K
of Q,

/K{|ui—u|2+|Vui—Vu|2}dx—>0 (40)

asi — o0.

This theorem, which we derive in Section 18 from Theorem 20, is — except for regu-
larity assumptions on the Dirichlet boundary — a generalization of the continuity result
in [21], where the Robin boundary and the coefficients are kept fixed and the scalar case is
considered only. Of course, in the case of Dirichlet boundary conditions for a scalar equa-
tion much more general results can be obtained as has been shown by Daners [28], [29] and
others (see the remarks following Theorem 18). Also see [27] for the scalar Robin problem
ina W} setting.

10. Minimax characterizations

Let © be bounded and suppose that only the weaker hypothesis (16) is satisfied.

In this section we give further characterizations of the principal eigenvalue of (A, B).
Our first theorem is related to point-wise estimates.

Theorem 23. Suppose hat either N = 1 or (a, b) is irreducible. Then
Xo(A, B) = sup{ A € R; there exist ¢ € (1,00) andu € (W) "
satisfying ((A — \)u, Bu) >0 }.

Proof. Suppose that A < Ag := Ao(A, B). Then
Xo(A =X B) =X —A>0.
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Hence, given ¢ € (1, 00), Theorem 8 guarantees the existence of u € (W;?)" satisfying
(A= Nu, Bu) = (1q,0).
Thus, denoting by A* the above supremum, it follows that Ag < A*.

Suppose that & := (A* — Xg)/2 > 0. Then there exist ¢ € (1,00) and u € (W)
satisfying
(A= (N —e))u,Bu) > 0.
Thus  is a positive strict supersolution for (A — A* + <, B). Hence, by Theorem 13,
0<X(A—=XN"+e,B)=X -\ +e=—¢,
which is impossible. This proves A\g = A*. O
Corollary 24. Supposethat N = 1 andn < g < oco. Then
., Au(z)
A = f
o(AB)= s 1ol )

where Pj is the set of all u € W,? satisfying u(z) > 0 for z € Q and Bu > 0.

Proof. It follows from the preceding theorem by observing that Theorem 15 and the above
proof show that it suffices to take the supremum with respect to all strongly positive u. [

This corollary is Theorem 4.1 in [21]. A related result can be found in [20] for the
Dirichlet problem for irreducible cooperative systems.

Now we prove a minimax characterization of Aq (A, B) which is more in the spirit of the
variational characterization of eigenvalues of self-adjoint operators.

Theorem 25. Suppose that N = 1 or (a,b) is irreducible. Fix ¢ € (1,00) and denote
by Q the set of strictly positive « € W, satisfying (1 — x)yu > 0. Then

No(A,B) = sup inf 2. (41)
ueQ <Ua ’LL>
the infimum being taken with respect to all nonzero v € (qu,’(lfx)w)#

Proof. Suppose that
A< Ag = )\0(./478)
Then, as in the proof of Theorem 23, we see that
Ao (./4 — A, B) >0

and there exists a positive strict T;? supersolution u for (A — X, 3). Hence u is strictly
positive by Theorem 15. From Green’s formula we deduce that « is a positive strict qu su-
persolution for (A — A, B). Consequently,

a(v,u) > Mo, u), v e (VVq1,7(1_X)7)+,
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and (1—x)~yu > 0. Since (v, u) > 0foreach v > 0 by the strict positivity of u, we see that

A< inf a(v,u).
ve(Wh oy (vu)

q' (1—x

This implies A := Ao (A, B) < A*, with A* denoting the right-hand side of (41).
Suppose that ¢ := (A* — X)/2 > 0. Then there exists u € Q satisfying
a(v,u) > (A* = e){v, u), v e (VVql’,(l—X)vﬁ \ {0}.

Hence  is a positive strict 17" supersolution for (A — A* + ¢, ). By invoking once more
Theorem 13 we arrive at a contradiction as in the final part of the proof of Theorem 23. O

11. Concavity of the principal eigenvalue

Suppose again that €2 is bounded and only assumption (16) is satisfied.

In this section we give an application of the minimax characterization of Theorem 25 to
the study of the behavior of Ao(.A, B) as a function of (a, b). For this we first note that, if
N > 2, the set of all cooperative pairs («, /3) is a convex cone in the algebra

(Loo(, R) x C'=(T, R)) V<N,

Given (a;,b;) in (42) for j = 0,1, we put
(At, Bt) := (1 = t)(Ao, Bo) + t( A1, B1), 0<t<1,

where (A;, B;) are defined for j € {0, 1} by replacing a in (8) and b in (9) by a; and b;,
respectively.

(42)

Theorem 26. Suppose that (ag, by) and (a1, ;) belong to (42). Also suppose that either
N = 1or (A, B;) is cooperative and irreducible for 0 < ¢ < 1. Then

Ao(Ag, By) > (1 —t)Ao(Ag, Bo) + tho( A1, B1), 0<t<1 (43)
Proof. Let a; be the Dirichlet form of (A, B:). Fix ¢ € (1,00) and define Q as in the
preceding theorem. Then, givenu € Q and ¢ € (0, 1),

ar(v,u) = (1 —t)ag(v,u) + tay (v, u), vE (VVq1,7(1_X)7)+,

implies
inf a;(v,u) > (1 — t)inf ag(v,u) + tinf a1 (v, u),
v v v

where the infima are taken with respect to

vE (quf,(kx)qﬁ \ {0}

By passing to the suprema with respect to « € Q we deduce from Theorem 25 that (43)
is true. O
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Remark 27. Suppose that N > 1 and —(ag, bg) and —(a1, b1) are cooperative. Also sup-
pose that either there exists a subset P of 2 of positive measure such that ao(z) and a; (x)
are irreducible for all x € P, or there exists y € T with x"(y) = 1forr € {1,...,N}
such that by (y) and b1 (y) are irreducible. Then (A, B;) isirreduciblefor0 <¢ <1. O

In the scalar case the concavity of the principal eigenvalue with respect to a has been
shown in [21] generalizing earlier results of Lopez-Goémez [52] and Berestycki, Niren-
berg, and Varadhan [19] for the case of Dirichlet boundary conditions (also see [18], [44],
and [47]). Note that our proof does not only apply to cooperative irreducible systems but
is, even in the scalar case, much simpler than the earlier ones.

As shown in the scalar case in [21] and [52] (also see the references therein), Theorem 26
is an important tool for studying eigenvalue problems with weight functions. Thanks to
Theorem 26 we can now consider Steklov type eigenvalue problems also where the eigen-
value parameter can occur in the boundary condition as well, that is, problems of the type

Au=dauinQ, Bu=ASuonT (44)
with (a, ) belonging to (42). By means of the above theorem it can be shown that the map
A= Ag(A = Ao, B—ApB) (45)

is convex and analyticon R if N = 1, andon R if N > 1 and (a, ) and (a, 3) are such
that the latter theorem can be applied. The proofs in [21], [44], or [52] carry over without
changes. Since the zeros of the function (45) correspond to eigenvalues of (44) having
positive eigenfunctions, we can thus extend many of the results for the case 5 = 0 (and
N = 1), known so far and cited above, to (44) (also see [35], [42] for recent developments).

We remind the reader that problems of type (44) occur naturally in the study of parameter
dependent nonlinear boundary value problems of the form

Au=Af(z,u)inQ, Bu=Ag(x,u) onT

with nonlinear boundary conditions (cf. [2] for a study of such problems in the scalar case
and a regular setting).

12. Preparatory considerations

Let £ := Ey and E; be Banach spaces such that E; 4 Ey, and suppose that Ey is
ordered and A € H(E1, Ep). Then A is said to be resolvent positive if there exists w € R
such that

(w,00) C p(=A) and A+ A)"t >0for\ > w.

We denote by s (—A) the infimum of all such w.

The next two theorems are basically known and included for easy reference only.

Theorem 28.
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(a) The following are equivalent:
(i) A is resolvent positive.
(i) A+ A)"t >0for A > s(—A), thatis, s, (—A) < s(—A).
(iii) The semigroup i{ 4 is positive.
(b) If A is resolvent positive and o(A) # @ then —s (—A) € o(A).

Proof. (a) Itis known (e.g., [8, Remark 11.5.1.2] or [25, Proposition 9.2]) that s(—A) equals
the type of — A, the latter being the infimum of all w € R such that there exists M > 1
satisfying

1UA()l ey < Me*!
for ¢ > 0. Hence the assertion follows from well-known results in semigroup theory
(eg., [25, Proposition 7.1]).

(b) This follows from part (b) of the proof of Proposition 3.11.2 in [15] (by observing
that it is valid without the standing hypotheses of those authors that the positive cone is
normal and generating ). O

The positive cone E™ is said to be generating if E = E+ — E™. It is normal if each
order interval
[z.y] ={z€E;2<z2<y}

is bounded. Note, in particular, that E™ is normal and generating if E is a Banach lattice.

Theorem 29. Suppose that E* is normal and generating. Then:
(i) 54 (=A4) =s(=4);
(i) fxep(—4A)NRand (A + A)~! > 0then X > s(—A).

Proof. See [15, Proposition 3.11.2] or [25, Theorem 7.4]. O

The operator A is said to be inverse positive if u € Ey and Au > 0 imply u > 0.

Corollary 30. Let E be a Banach lattice and suppose that A is resolvent positive. If
Ao(A) > 0then A is inverse positive. Conversely, if A is inverse positive and A is sur-
jective then \o(A4) > 0.

Proof. If A is inverse positive then it is injective. Thus 0 € p(A) if, in addition, A is
surjective. Now the assertion is obvious. O

Let E be a Banach lattice. Then 2 € E is said to be a quasi-interior point of E* iff
(¢, x) > 0 forevery ¢ € (E')* \ {0}. Clearly, u is a quasi-interior point of L iff u is
strictly positive.
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A positive linear operator K € L(E) is called irreducible iff there exists . > r(K'), with
r(K) being the spectral radius of K, such that K (u — K) 'z is for each z € E* \ {0}
a quasi-interior point of ET. It is strongly irreducible iff Kz is for eachz € E* \ {0} a
quasi-interior point of E*. Clearly, every strongly irreducible operator is irreducible.

The semigroup {4 is said to be strongly irreducible iff U4 (t) has this property for each
t>0.

Theorem 31. Suppose that E is a Banach lattice and A is resolvent positive. Then the
following are equivalent:

(i) There exists A > —\q such that (A + A) ! is irreducible.
(i) (A + A)~tisforeach A > —)\q strongly irreducible.
(iii) U4 is strongly irreducible.

Proof. It follows from [65, App. 3.1] that the preceding definition of a positive irreducible
bounded linear operator is equivalent to the one used in [25, Section 7.1]. Hence the asser-
tion is implied by [25, Proposition 7.6 and Corollary 7.8]. O

Suppose that

Eo S B, A, eH(Ey,E_,), A> A :=A. (46)
Then we denote for j € {—1,0} by N;(A) the algebraic eigenspace of the eigenvalue A

of A]‘.
Lemma 32. Let (46) be satisfied. Then
op(A_1) = op(Ao).
Furthermore,
N_l()\) = ]V(]()\)7 A E O'p(Ao).
Proof. (i) Itis clear that o,(Ag) C 0p(A—1) and No(A) C N_1(A) for A € a,(Ap).
(ii) Suppose that there exist A € C and =,y € Ey satisfying

Az =Xz —y. 47)
Fixw € p(—Ag) N p(—A_1). Then (47) is equivalent to
z=(w+ A1) ((w+ Nz —y). (48)

From A_; D A it follows that
W+ A1) D (w49

Thus we deduce from (w + \)z — y € Ep and (48), thanks to (w + Ag) "1 (FEo) C By, that
x € Fj and, consequently, Agx = Az — y.
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(iii) Suppose that A € C, m € N, and
x € ker[(A — A_y)" 1.
Then there exist xg, . . ., ¢, € Eg satisfying zo = x and
Az = Axg — g, 0<Ek<m,

where z,,+1 := 0. Thus we deduce from (ii) by backwards induction that z;, € E; for
0 < k < m and that
2o € ker[(A — Ag)™H].

This implies N_1(A) C No(A). O

Next we prove a perturbation theorem for resolvent positive generators of analytic semi-
groups.

Proposition 33. Suppose that 8 € (0,1) and (-, ) is an interpolation functor of expo-
nent d. Put Ey := (Eo, E1)g. If B € L(Ey, Ey) then
A—-Be fH(EhEO).

If A is resolvent positive and B > 0 then A — B is also resolvent positive.

Proof. Since A € H(E1, Ey) there exist positive constants M and w such that
AN+ A ey <M, Red>w, j=0,1.
Thus, by interpolation, there exists A/, such that
N+ A) Mlero,me) < Mi/IAY Red>w.
Hence we can find w; > w such that
1B+ A) Ml em) <1/2, Re A > w.
It follows that 1 — B(A + A)~! € L(Ey) has an inverse on Ey, bounded by 2, and

oo

(1-B\+A4)~ B+ A7, Re X > w1, (49)

T
(==}

in L(Ey). Hence
[Re A > wi] C p(—A+ B)

and

A+A=B) '=A+4) " (1-BA+4) )",  ReA>w, (50
so that

A+ A= B) Hgrym;) < 2My/INM, ReA>w;, j=0,1.

This provesthat A — B € H(E1, Ep). Furthermore, if B > 0 and A is resolvent positive,
we deduce from (49) and (50) that (A + A — B)~! > 0 for A > w;. O
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It should be remarked that the first part of the assertion is well-known (eg., (1.2.2.2) and
Theorem 1.1.3.1 in [8]).

The next result shows that the set of resolvent positive operators in #(E1, Ey) is closed.

Proposition 34. Let (A;) be a sequence in H(E, Ey) converging in L(E4, Ey) towards
A. If each A; is resolvent positive then A is resolvent positive as well.

Proof. It follows from [8, Corollary 1.1.3.2] that there exist x > 1 and w > 0 such that
[Re z > w] belongs to p(—A) N p(—A;) and

[+ A ezo ey + MO+ A) ey <k Red>w, jeEN
Hence we infer from

A+A4) 7 =0+ A7 =0+4)TA-4)0+ A7, Red>w,
that

I+ AT = A+ D7 ey S INT R IA = Ajllemm),  Red>w.
Thus, in particular,
A+4) 2> A+ A4) 2

in Ey for A > wand 2 € Ey. Now the assertion is a consequence of the closedness of the
positive cone. O

13. The strong maximum principle for the scalar case

In this section we suppose that N = 1 and set I'; := 1“; for j = 0,1, of course. Then
we put
Aou := —a;,0;0ru + aj05u + au,
where aj; = agj,aj,a € Loo, With [a;(x)] € R" ™ being positive definite for a.a.
x € Q. We also put
U onTy,

B()’u =
Ogu+bu only,

where 3 is an outward pointing nowhere tangent C'* vector field on T'y, and b is a O~ func-
tiononI'y. Clearly, in this case the derivative Jg is used in the definition of strong positivity.

The following theorem is the basis for the proofs of the following sections. It slightly im-
proves [3, Theorem 6.1]. Its importance stems from the fact that there is no sign restriction
for 0.

Theorem 35. There exists wo € R such that (Ao + w, By) satisfies for w > wy the strong
maximum principle.
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Proof. If  is bounded, this is a reformulation of Theorem 6.1 in [3] (where the statement
is incomplete since the condition u(y) = 0 for the validity of dsu(y) < 0 is missing). Since
VVq2<—>C’é(ﬁ)7 q>n,

the same proof applies if it is only supposed that T" is compact, provided Lemma 5.1 in [3]
is valid. But this follows easily from the proof of the much more general Theorem B.3
in [5]. O

Remarks 36.

(a) The proof of [3, Lemma 5.1] is somewhat complicated and perhaps not too transpar-
ent. By restricting the arguments leading to Theorem B.3 in [5] to the relevant cases
k =0and k = 1, one gets a simpler and more lucid demonstration.

(b) Suppose that (a,b) > 0. Then wo < 0. Furthermore, (Ag, Bo) satisfies the strong
maximum principle unless €2 is bounded,I" = T'y, and (a, b) = (0, 0).

Proof. This is a consequence of the classical maximum principle. O

14. Strong and weak solutions

We return to the case of a general N € N* and the hypotheses of Section 2. We set

WJj := L, and define linear operators

Aps € LW W52, ke {0,1},

by
(v, A_1u) := a(v,u), (v,u) € V[/:Jl’,(lfx)w X M{(17X)7 (51)

and
(v, A_yu) = (A*v,u), (v,u) € VVq'Z,’Bu X Lq, (52)

respectively. A, is called W,L‘é“ realization of (A4, 5). We also put 4y := A and denote
by N_;(X) the algebraic eigenspace of A € o,(A_;) for j € {0,1,2}.

Theorem 37. For j € {1,2}
() Aj-2 € H(W, 5, W] 5"):
(i) Ao D A1 D Ap;
(iii) o(A_;) = o(Ao) and o(A_;) = 7, (Ao).
If X € 5,(Ao) then N_;(\) = No(N).

Proof. Fixw > s(—Ag) and let [ (Ea, Ba) ; o € R] be the interpolation extrapolation
scale generated by (Eq, Bo) := (Lq,w + Ap) and the complex interpolation functors [+, -],
0 < 8 < 1. (We refer to [8, Chapter V] for the general interpolation extrapolation theory,
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and to [7, Section 6] for a summary of the main results.) Then (cf. Theorems 7.1 and 8.3
in [7] and observe that they remain valid if it is only assumed that T" is compact) we find that

E jp=Weg, Bojp =4,

q,

where = means ‘equal except for equivalent norms’. Hence (i), (ii), and the equality
of o(A_;) and o(Ay) follow from (15) and the general interpolation extrapolation theory
(cf. Theorems V.1.4.6 and V.2.1.3 as well as Corollary V.2.1.4 in [8]). The remaining part
of (iii) is now a consequence of (i), (ii), and Lemma 32. O

Remark 38. Suppose that only the weaker assumption (16) is satisfied. Then Theorem 37
remains valid for j = 1 and with A_, being omitted in (ii).

Proof. Of course, the interpolation extrapolation scale generated by (L,,w + Ag) is still
well-defined. However, since in this case the dual of A is not explicitly known, the space
E_ 1 cannot be identified in terms of a known space of distributions. But it is not difficult
to see that

E ;= VVq,_Bl
is still true. u

The next theorem concerns the solvability of the nonhomogeneous problem (20) and the
parameter dependent boundary value problem

AN+ Au=finQ, Bu=gonTl. (53)

Theorem 39.
(i) Everystrong W2 solution of (20) is aweak W' solution, and each weak 1" solution
is a very weak L, solution.
(ii) Suppose that A € p(—A), j € {0,1,2},and (f,9) € W75 x OW;. Then (53) has
a unique W,/ solution.

(iii) If (f,9) € Wlljlgl x OW,! then every L, solution of (20) is a W' solution. Similarly,

if (f,g) € Ly x 9W,;? then every W,! solution is a W, solution.

Proof. (i) is an easy consequence of Green’s formulas.

(i) First suppose that j = 2. From [5, Theorem B.3] we know that there exists
Ry € LOOW, W)
satisfying BR2p = ¢ for ¢ € 8W}f. Setw := Rog . Thenwu isa Wq'2 solution of (53) iff
v := u — w satisfies
A+ Av="ninQ, Bv=0onT,
where
hi=f-A\+Awe L,
that is, iff (A + A)v = h in L,. This proves the assertion if j = 2.
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Suppose that j = 1. The trace operator is a continuous retraction from the space qu
onto W, /4(T"), that i, there exists

R € LW} VqT),W,})

q
with /Ry = ¢ for p € W, /(T (e.q., [5, (B.21)~(B.23)]). Set w := R(1 — x)g. Then
uisa W, solution of (53) iff v := u — w € W' satisfies
M, v) + alp,v) = (o, ) = Mp,w) —alp,w),  peWy q_y,  (54)
and
(I=x)yw =0, (55)
thanksto y? = y. Since a is a continuous bilinear form on qu, (1=x)7 X W}, the right-hand
side of (54) defines an element  in V[/;IfBl. Thus (54) and (55) are equivalent to
v E VVql,(kX)w A+ A_1)v=h.
Now the assertion for j = 1 follows fromo(A_;) = o(A).
Finally, assume that j = 0. Note that
1-1/q'
(1= )8y € L(W2 5. W, 7 (L)),
Hence
(8u)' (1= x) € L(W, V(Ta), W, 3).
Similarly,
XY € L(W2 5 W29 (Ty))
and, consequently,
’YIX c E(W/q_l_l/q(rl)’VVqTBQ)-
From this and (22) we infer that « is an L, solution of (53) iff
AN+ A_o)u =h,
where
hi=f+(0,) (x—1Dg+7'xg €W, 5.
Thus o(A_2) = o(A) implies the assertion in this case also.
(iii) Suppose that (f,g) € ijBl x OW,' and w is an L, solution of (20). Then there
exists w > 0 such that
Aw i=w+ A E p(—A).
Hence (20) is equivalent to
Mo+ Au=f,inQ, Bu=gonT, (56)
where
fo=ft+wue VVIIjBl.

Thus (ii) implies that (56) has a unique W,' solution v. From (i) we infer that v is an
L, solution of (56). Since it is unique, by (ii), it follows that u = v, that is, u € Wq{B. This
proves the first assertion. The second one follows by similar arguments.
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Remark 40. If we presuppose only condition (16) then Theorem 39 is valid with any
reference to L, solutions being omitted.

Proof. This follows from the above proof and Remark 38. O

15. Resolvent positivity
The next theorem is the basis of all the following positivity results.

Theorem 41.
(1 ijg and WqTBQ are OBS's and the natural injection maps (19) are positive.
(ii) (W) )" isdensein (W,)+ for -2 <k < j <2,
(iif) A_; are resolvent positive for j € {0,1,2}.

Proof. (1) First we assume that

a € Loo (L RYN) and be O (T, RN

Then Theorem 35 applies to the boundary value problem (A", B") for 1 < r < N. Hence
there exists wy > 0 such that

(A4 Ag) " tv >0, A>wy, v€EDT, (57)

where D := D(Q,RY) is the space of all smooth RY valued functions with compact
support in €. Since (A + Ag) ! € L(L,) and D+ is dense in L it follows that (57) is true
forall v € Lq+. Thus Ay is resolvent positive.

The same arguments show that A%, the L, realization of (A%, B%), is also resolvent
positive. Note that L;j, is generating since L, is a Banach lattice. Thus, fixing A > s(—A*)
and setting

— 17+
P:=\+A")"L,,
it follows from Theorem 28 that

Hence (I/Vq'z, )" is generating, thus total. Now (cf. the proof of Theorem 37) Theo-
rems V.1.5.12, V.2.3.2, V.2.7.2, and Corollary V.2.7.3 in [8] imply that (i)—(iii) are true

in this case.

(2) We consider the general case. First we observe that qu’ 5 and Wq7‘§ are independent
of a and b. Hence it follows from step (1) that they are OBS's, the injection maps

1 —1
Wq,B — L, — W(LB

are positive, (W,'5)* is dense in L, and the latter cone is dense in (ijBl)f
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Recall (25) and (26). Define (A%, B#) by replacing a and b in the definition of (A, B)
by a® and b2, respectively. Then step (1) implies that A%, the W, 3 realization of

(A%, B%), is well-defined, belongs to HW,) 5, WIL‘Bl), and is resolvent positive.

Fix s € (1/¢,1) and put
Wes = Waa—y *
Then [7, Theorem 7.2] implies that

Wes = Wy Wos) () /2.0
where (-, -)g,,, are the real interpolation functors for0 < § < Tand 1 < p < oc.

={veW; (1-x)w=0}.

By the trace theorem,

Vs ::’VH/VqS,B € E(VVqS,Ban(Fl))a (58)

and
7{ € ‘C(LQ(Fl)’VV;;Bl)’ (59)
where
1= YWy a0y € LWy 120y L (T1))-
Consequently, setting
Bu = au + ’ﬁxb.%ua u € VVqs,B7

it follows from (a®,b*) € Lo (Q, RVN*N) x Lo (T, RV*N),

Wig < Ly — ijl;, (60)

and (58) and (59) that B € L( ;B,ijl;). Furthermore, B > 0 thanks to the posi-
tivity of (a®,b*), of the trace operators v, and v, and of the injection maps (60), and
thanks to the fact that L, and (I/qug)+ are the dual cones of the positive cones of L,
and VVql’,(le)w’ respectively. Note that

(v, (A2, — B)u) = a(v,u), (v,u) € I/Vql, x W!

J(1=x)v a,(1=x)°
so that

A, =A% -B.
Hence Proposition 33 guarantees that A _; is resolvent positive.

From Theorem 37 we infer that
A+A) "N+ A_) T D (AN + 497, A > s(—Ap).

Thus Aq is resolvent positive as well. The same arguments apply to the boundary value
problem (A#, Bf) and guarantee that Ag is resolvent positive. Thus we see, as in step (1),
that (I/qu[j?)+ is a proper cone, that is, ijg is an OBS. Now the remaining assertions
follow by the arguments of step (1). O

Remark 42. Suppose that only the weaker assumption (16) is satisfied. Then Theorem 41
remains true if all assertions involving ijg and A_» are omitted.
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Proof. This follows from Remark 38. O

16. Proofs of the weak maximum principles
Now it is not difficult to prove the theorems presented in Sections 4 and 5.

Proof of Theorem 6  (a) Theorem 41(iii) guarantees that A is resolvent positive. Thus (3)
and (4) follow from Theorems 28 and 29, since L, is a Banach lattice.

(b) If (A, B) is inverse positive on 1¥,” then A is inverse positive. Thus, if A is surjective
then Ay > 0 by Corollary 30.

From (52) we infer that (A, BB) satisfies the very weak maximum principle iff A_, is
inverse positive. Suppose that Ao > 0. Then A is inverse positive by Corollary 30. Since
Ao = Ao(—A_») by Theorem 37(iii), it follows that

0€p(As).

Also suppose thatu € L, and A_,u > 0. Then Theorem 41(ii) guarantees the existence of
asequence (fy) in L} converging in V[/:;BQ towards f := A_ou. Hence the sequence (uy),
where uy = (A_»)~" f, converges in L, towards u = (A_»)~' f. Since A_» D A by
Theorem 37(ii), it follows that (A_»)~" D> A~". Thus u; € W’ and

Aug = fi, > 0.
Consequently, ux > 0 by the inverse positivity of A. Hence Theorem 41(i) implies u > 0.
This shows that A_ is inverse positive and proves (2).
(c) Suppose that u € qu satisfies assumption (18). Then we define f € (ijg)+ by

(v, f) = a(v,u), v E V[/ql,7(1_x)7.

We also set
g:=(1—x)yue (Wure)) " — (@w2)*.
By Greens’s formula,
(A*v,u) = a(v,u) + <(X — 1)3u”77“>r
= (v, f) + (Ouv, (x = D)g)p > 0

forv € (Wq%ﬁu)f Thus « > 0 if (i) is true. Hence (i) implies (ii).

Suppose that u € W satisfies (Au, Bu) > 0. Then
(f,9) = (Au,Bu) € (L, x GI/V,IQ)+ — (W_B1 X 8VVq1)+

q
by (13). From Green’s formula we infer that

a(v,u) = <U’ Au> + <X’7U’BU>F = <Ua f> + <’7Ua Xg>F > 0

forv € (qu’v(l—_x )T Thus u € W2 — W} satisfies (18) so that u > 0 if (ii) is true.
This shows that (||3 implies (iii).
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Now suppose that A is surjective and (A, B) is inverse positive on ,*. Then A is inverse
positive. Hence Ay > 0 by (2), so that

0 € p(A_2) = p(A).

From the second part of (b) we know that A_, is inverse positive. Thus (iii) implies (i).
This proves (1). O

Proof of Remark 7(b) Replace in the second part of step (b) of the preceding proof the
very weak maximum principle by the weak one and A_» by A_;. Then it follows that the
inverse positivity of A implies the one of A_;. Hence from (51) and (18) we deduce that
Ao > 0 implies that (A, B) is inverse positive.

Similarly, by replacing in the beginning of the last paragraph of the preceding proof A _,
by A_1, we see that (iii) of Theorem 6 implies (ii). O

Proof of Theorem 8. It is an easy consequence of Theorems 6 and 39 that

(i) = (iv) = (iii) = (ii).
Suppose that (ii) is true. Then it is obvious that (A, B) is inverse positive. Given f € L, it
follows from (ii) that there exists u*™ € W, satisfying Au® = f*, where f* (resp, f )
is the positive (resp. negative) part of f. Thus, setting v := u™ —u~ € W "5, We see that

Awu = f.Hence A is surjective. Hence we infer from the second part of Theorem 6(2) that
Ao > 0. Thus (ii) implies (i). O

It is obvious from this proof that Theorem 8 remains valid if only the weaker assump-
tion (16) is satisfied, provided assertion (iv) is omitted.

17. Bounded Domains

In this section we prove the theorems presented in Sections 6 and 7. We begin with a
simple bootstrapping result.

Proposition 43. Let  be bounded and suppose that only condition (16) is satisfied. Sup-
pose also that u € W,? solves (53). If ¢ < p < co and (f,g) € L, x OW,; thenu € W2

Proof. Putr := p A ng/(n — 2q) if ¢ < n/2,and r := p otherwise. Then u € L, by
Sobolev’s embedding theorem. Fix w := w,. € o(—A(,)), where A, is the L, realization
of (A, B). Then (53) is equivalent to
(w+Au=f,inQ, Bu=gonT,
where
fo=(@—-Nu+feL, and geIW?
thanks to the boundedness of €2 (and the compactness of T"). Hence we deduce from Theo-

rem 39(ii) that u € W,2. If < p we repeat this argument to arrive after finitely many steps
at the assertion. O
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Proof of Theorem 10 Since 2 is bounded, embedding (14) is compact. Hence A has a
compact resolvent and the assertions concerning o(A) follow from the general theory of
linear operators with compact resolvent (e.g., [48]).

Suppose that A € C,
VE L= (] Ly
1<p<oc
and u € W satisfies Au = Au — v. Then Proposition 43 implies that u € W2 _. Thus, if
A€ 0(A) = o0,(A) andu € Na(X), there exists v, . . . , vy, € W25 satisfying ug = u and
Aug, = Mg — Vg1, 0<k<m,

where v,, 1 = 0. Hence we deduce from what has just been shown, by backwards induc-
tion, that uw € W2 _. O

Proposition 44. Let 2 be bounded and suppose only that condition (16) is satisfied. Also
suppose that either N = 1 or (a,b) is irreducible. If ¢ > n then every positive strict
W2 supersolution for (A, B) is strongly positive.

Proof. Define, as in the proof of Theorem 41, (A~, B#) by replacing (a,b) in (A, B)
by (a”,b*). Then Theorem 35 implies the existence of w > 0 with w > —\¢ such that
(w+ A%, B#) satisfies the strong maximum principle.

Suppose that u is a positive strict TW;? supersolution for (A, 3). Then u belongs to
(W) \ {0} and
(f.9) = (Au, Bu) € (Lg x W)™\ {0}.
Consequently, u satisfies
W+ AP u=(w+a" )u+finQ, B2u=b*yyu+gonT. (61)
Note that
(w+a®)u+ f,xb*xyu+g) > 0, (62)
thanks to « > 0 and the positivity of a® , b*, and the the trace operator.

If N = 1 then (62) reduces to (wu + f,g) > 0. Hence (61) and the strong maximum
principle imply the strong positivity of «.

Suppose that N > 1. Then there exists s € {1,..., N} such that (f*, g*) > 0. Hence,
by looking at equations number s of system (61), we deduce from Theorem 35 that «* is
strongly positive. Fix any € {1,..., N'}. Then the irreducibility of (a, b) guarantees the
existence of s, € {1,..., N}, 1 < p <k, with sg = s and s = r such that

(aén’ ngann) >0 for (57 7)) € {(817 5)7 L) (’I“, skfl)}~
Thus we infer from (62) and u*(x) > 0 for all € Q U I'§ that component s, of (62) is
nonzero. Thus, by looking at equations number s; of system (61) and invoking Theorem 35
once more, we see that u*! is strictly positive. Now we repeat these arguments with (s1, s)
replaced by (s, s1), etc. to find that " is strongly positive. Since this is true for each
index r it follows that « is strongly positive. O
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Proof of Theorem 12 Since the spectrum of A is independent of ¢ we can assume that
q>n.

Fix w > —Ag. Then (23) is equivalent to
pu = (w + A)ilu’ o= 1/(‘*) + /\)’ (63)
for A # —w. From o(A) C [Re A > \o] it follows that Re u > 0 if A € o(A).
Put
E={uelC'(Q); 1-x)ywu=0}.

Then E is an ordered Banach space whose positive cone has nonempty interior. Indeed,
every strongly positive u belongs to int(E*). Also set

T:=T,:=(w+A)|E.

Then the compactness of the embedding W2 — FE implies that 7" is a compact endo-
morphism of E. Thus we infer from Theorem 41, Proposition 44, and E — L, that T' is
strongly positive, that is,
T(ET\{0}) Cint(ET).

Consequently, the Krein-Rutman theorem (cf. [1, Theorem 3.2]) implies that the spectral
radius r := r,, of T"is positive and a simple eigenvalue with a positive eigenvector. More-
over, it is the only eigenvalue of T' with a positive eigenvector. Clearly, u € E satisfies
ru = Tuiffu € WQB and w satisfies (63) with p := r. But this is equivalent to the fact
that w is an elgenfunctlon of A to the eigenvalue

Ae i = —w+1/r.
Thus o(A) # @ and )\, is an eigenvalue of A with a positive eigenfunction u,. From (63)
we also deduce that u, is a positive strict supersolution of (w+ A, B). Hence u, is strongly
positive by Proposition 44.
Suppose that there are ug, . .., Uy, € Wf’B satisfying

Aug — Ao = Up1, 0<k<m,
where wy, 41 := 0. Then

rugp — Tup = rTug4, 0<k<m.
Thus, if m > 1, it follows from T'u,,, = ru,, that

FUpm—1 — TUm—1 = T2 Up. (64)

Since r is a simple eigenvalue of T' there exists a € R such that u,, = aue. The Krein-
Rutman theorem guarantees also that there exists an eigenvector ¢ of the dual 7/ € L(E')
to the eigenvalue r satisfying (p,v) > 0 forv € ET \ {0}. By applying the functional ¢
to (64) it follows that

r2a{p,ue) = (rg — T'p, um—1) = 0.
Hence o = 0. Thus we find by backwards induction that u; = 0 for 1 < k < m, which

shows that
Na(Ae) = ker(Ag — A).
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Hence the equivalence of the eigenvalue problem for A with (63) and the simplicity of r
imply that A, is a simple eigenvalue of A.

Assume that A € p(—A) N R with A # w. Note that (A + A)u = ffor f € Eis
equivalent to

(wi)\_T)“:ﬁTf' (65)

Suppose that w > A. Then (65) has for each f > 0 precisely then a positive solution if
1/(w —A) > r (cf. [1, Theorem 3.2(iv)]), that is, if A > w — 1/r = —\,. Hence, if
(A+ A)~! > 0andw > X then it follows that A > —\,. Clearly, givenany X € R, we can
fix w > X such that the above arguments apply. (Note that \, is independent of w although
T =T, and r = r, depend on this choice.) This shows that —\, = s, (—A). Hence
Theorem 29 implies —\, = s(—A) = —Xo.

Lastly, suppose that A € o(—A) \ {Ao} satisfies Re A\ = Aq. Then it follows from [39,
Theorem 2.4] (also see [16, Corollary C-111.2.12] or [25, Theorem 8.14]) that

Xo + i kIm\ € o(A)

for k € Z.But this contradicts the fact that o (A) is contained in a symmetric sector around
the real axis with an angle of opening less than 7, as follows from A € H(Wq%B, L,). Thus
Ao is the only eigenvalue of A with ReA = Aq. O

Proof of Theorem 15 Thanks to Proposition 44 it suffices to show that every positive strict
W2 supersolution is strictly positive.

Fix w > Ag and put
K :=(w+A)"eL(L,.

Then K > 0. By repeated application of Proposition 43 we deduce from Proposition 44
that there exists m € N such that K7« is strongly positive whenever j > m and u > 0.
Consequently, given u > r(K),

K(p—K) 'u= Z p K
j=1

is foreachw € (L) \ {0} a quasi-interior point of L.
Set A :=w — 1/p and note that (K) = 1/(w + Ag) implies A > — ). Furthermore,
A+ A =uK(p—K) "

Hence (A + A)~1 is strongly irreducible, thus irreducible. Now Theorem 31 implies that
(A4 A)~'w is for each A > —\¢ and each u € (L]) \ {0} a quasi-interior point of L,
hence strictly positive.

Let u be a positive strict ¥, supersolution for (A, B). Set

(f,9) :== (Au, Bu) > 0.
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Fixw > (=X¢) V0 and put f, := wu+ f. Then f,, > 0 and the above considerations
show that
vi=(w+ A7,
is a strictly positive element of L,. Since g € (0W,*)* and
)\0(&) + A) =w + )\0(14) > 0,
it follows from Theorem 8 that there exists a unique w € (W,;)" satisfying
(w+Aw=0inQ, Bw=gonT.

Since u = v + w we see that  is strictly positive. O

Proof of Theorem 13 Suppose that A\, > 0. Then 0 € p(A) so that A is surjective.
Hence it follows from Theorem 6(1) and (2) that (A4, 53) is inverse positive and that this is
equivalent to (ii) and (iii). The inverse positivity of (A, ) and Proposition 44 imply that
(A, B) satisfies the strong maximum principle. From this we deduce that

(i) = (ii) = (iii) = (iv).
(iv)=(i) Suppose that A\g < 0 and let uq be a positive eigenfunction of (A, 3). Then
Aug = Agug <0 in Q, Bug=0o0nT.

Hence uo € W2_ \ {0} and the strong maximum principle imply —uo > 0, which is
impossible. Thus A\q > 0.

(i)=(v) Every positive eigenfunction to the eigenvalue ), is a positive strict 1> su-
persolution, hence a positive strict L, supersolution.

(v)=-(i) Recall that A* = A’, where A is considered as an unbounded operator in L,,.
Hence o(A*) = o(A). Note that (A%, B¥) satisfies condition (7) also and the irreducibility
of (a,b) implies the one of (a™,b"). Thus ) is also the principal eigenvalue of (A*, Bf)
and it has a strongly positive eigenfunction oo € W2 .

Let u be a positive strict L, supersolution for (A, B). Fixw > —\g and put
U= (w+A) u
Then @ € (W,>5)" by Theorem 41(iii). From A_, > A and
(W+AL)T' D (w+4)™!
we deduce that
f=AU=Asw+A)lu=(w+A_3) (A su) >0,

where the last inequality sign is also a consequence of Theorem 41(iii) and Theorem 37(iii).
Hence @ is a positive strict W,* supersolution for (A, B), and f belongsto L} \ {0}. Thus
the strict positivity of ¢ implies

0 < {po. f) = (o, Au) = (A", W) = Xo{po, )
and (o, u) > 0. Hence A\g > 0. O
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Proof of Remark 14 It suffices to replace in the last paragraph of the preceding proof A_»
by A,1 . O

Proof of Theorem 11 Thanks to Theorem 12 we can assume that N > 1 and (a,b) is
reducible. Thus we can also assume that [(a®, xb°x)] has a block triangular structure of
the form (24). If the first diagonal block is either one-dimensional or irreducible then we
can apply Theorem 12 to the reduced system obtained by setting v+, ..., u” equal to 0.
This guarantees the existence of a real eigenvalue of (.4, B) with a positive eigenfunction.
If M > 2 and the first diagonal block is reducible we can repeat this argument to arrive
at the existence of at least one real eigenvalue of (A, B) with a positive eigenvector. Thus
o(A,B) # @ and \q is an eigenvalue of (A, B).

Fix w > —Xg. Then (w + A)~' is a positive compact endomorphism of L,, and
1/(w+ o) is its spectral radius. Hence the Krein-Rutman theorem (e.g., [1, Theorem 3.1])
guarantees that (w + A) ! has a positive eigenfunction ug to the eigenvalue 1/(w + o).
Thus wg is a positive eigenfunction of A to the eigenvalue Aq.

Finally, if (A, B) is inverse positive then A is injective. If A is not surjective then 0 €
o(A). Thus ker(A) # {0} since o(A) = o,(A). This being impossible, A is surjective
and the last assertion follows from Theorem 6(2). O

18. Domain perturbations

In this section we prove Theorems 20 and 22. For this we need some preparation.

We fix &, 1, ¢ € [1, oo] satisfying

1 11
- gmin{—,—} (66)
3 n q
with a strict inequality sign if ¢’ = n,
1 21 11 1
Lominf2,1 11,0 ©7)
n nqg nq n

with a strict inequality sign if either ¢ = n or ¢' = n, and

(68)

1 < min{ 1 n 1 n l}
¢~ n—1"n—-1¢n—-1¢
with a strict inequality sign if either ¢ = n or ¢’ = n. Then we define a Banach space
Ee ¢ (2) by

Ee ,.c (Q) := BUC(Q, Rg;gN)"X" X (Le + Loo) (€, Rgf;gN)"

X (Ly + Loo) (RN x Lo (T, RV*V) x C(F,fo;gN).
Given
o= ([ajk]NXN, (al, ey an),a, b,X) S E&,n,( (Q),
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we put
a(@)(v,u) = (9jv, ajrOru) + (v, a;0;u + au) + {(yv, xbyu)r
for (v, u) € W x W',

For Banach spaces E and F' we write L(E, F'; R) for the Banach space of all continuous
bilinear maps E x F' — R, endowed with its usual norm.

Given b € L(E, F; R), let By, be the unique linear operator in L(F, E') satisfying
(Bof,e)p =b(e,f), (e, f) € EXF.
It follows that the map
L(E,F;R) — L(F,E"), b+~ By, (69)

is a linear isometry.

Lemma 45. The map
Ee e () — £(V[/'q1,,Wq1;IR{), a— a(a),

is well-defined, linear, and continuous.

Proof. This follows from Sobolev embeddings and the trace theorem. O
Suppose now that (2 is bounded. Let €2 be a bounded C? domain in R™ with boundary T

and trace operator . Also suppose that  is a boundary identification map for (2. We set

X:=Q and Y :=

o]

and denote by (z!,...,2") and (y!,...,y") the standard Euclidean coordinates of X
and Y, respectively. Then X and Y are compact oriented n-dimensional Riemannian
C? manifolds with boundary and the standard Euclidean metric

(|)x =da? @de? and (-]")y :=dy’ @ dy?,
respectively.

Also suppose that o : X — Y is an orientation preserving C'? diffeomorphism satisfy-
ing v5x = x. Then
p* € ,Cis(ij(1

Q,RY), W/

p7(1_X)7)7 .7 € {_1a071}a p € (1,00), (70)

o

with inverse
pr = (97 1)"
Indeed, this is easily verified if j € {0, 1}, and follows by duality if j = —1.
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Put
(1)ar = " (dy’ @ dy’) = gji da? @ da”, (71)
where 501 8
Y| oy )
== | == < <n.
g]k (ax] axk)Xv ]-_Jak_n
Then M := (X,(-|-)u) is an oriented n-dimensional Riemannian C? manifold with

boundary, and ¢ is an orientation preserving C? diffeomorphism from M onto Y. The
volume element, wyy, of M is given by

wM:go*wy:\/gdzl/\---/\dx” (72)
with
g = gy = det[g,].
Since M and Y are compact, there exists a constant x > 1 suchthat k=1 < /9 < k. Hence
Ly(M,RN) = L,(M,volp,RN) = L,, 1<p< oo, (73)
where voly, is the Lebesgue volume measure on M induced by w .

Moreover, ¢, is an orientation preserving C? diffeomorphism from X = T onto
9Y =T, and 9M is an (n — 1)-dimensional Riemannian C* manifold, oriented by means

of the outer unit normal, and with the volume element
WoM = Ppway -
There exists a unique J € C1(T', R) satisfying
wom = Jwax,
the Jacobian of 4. Consequently,
volgyr = J do. (74)

By means of local coordinates and the compactness of T" one finds a constant x; > 1 such
that x; * < J < k;. Hence

Ly(OM, RN ) := L,(OM,volaar, RY) = L,(T), 1<p<oo.

Given a Riemannian manifold R, we denote by Vg(R) the Banach space of all ij vector
fieldson R for1 < p < oo and j = 0,1, and gradp, is the gradient operator on R. We
identify w € VJ (V) with

(wh,...,w") € W(Q,]R")

by setting
w=wd/dy.
Hence ¢, v, the push forward of v € V7(MM), is given by
0. = 0 (0p) (U 0 h), (75)

where dp € C*(Q, R**") is the derivative of ¢. It follows that
v € Lis(VI(M).VJ(Y)), 1<p<eo, j=0,1,
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and that its inverse is given by

¢ = (e = (W = " (D7) (W 0 ).
Since

—1

e* (") = ¢ o p =idq,

the chain rule implies

¢" (09~ 1)0p = 1.
Consequently,

Pw=0p)  (Woy), weVIY), 1<p<oo, j=01.  (76)

Also note that

[958] = (8p) T D
Hence ' .

[97] = [g] 7" = (D)~ ((Bp)7") ",

where we identify R*>*" and £(R™) by means of the standard basis. Thus, using the rep-
resentation of grad,, in the z-coordinates, it follows that

" % % = @97 ((09)7") Teradf,  fEV(Q). (D)

for 1 < p < oo, where we write grad := grad y and, later, (-|-) :== (-]-)x.

grady, f =g

Observe that

- =

($|B)M:¢*(¢*$|¢*{U})Yv (’va) EVPJ,(M) XVI‘Z(M% ]:Ovla (78)
for 1 < p < oc. Thus, given f € W, (Q, R) and Ve V2 (Q), the definition of the gradient
implies

(grady (0* )] V) ,, = d(@* )V = ¢*(df)V = ¢* (df (9. 0))
= ¢ (grady f | 9. 0)y = (¢ grady f| ¥)a,

using standard properties of the pull back and push forward operators. (We refer to [10]
for the theory of differential forms and vector fields as well as the elementary Riemannian
geometry used in this section). Hence

grady, = ¢* o grady o ¢, € L(V, (M), V) (M)), 1<p<o. (79)

Now suppose that
Q = ([g]k]a (gla R gn)7 g7 97%) € 5(9)

such that
PoX =X
where Y is a fixed boundary identification map for 2. Put

a:=ala)
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and observe that

N
a=>a",

r=1

N
a’(v,u) = / {(gradyyrlgrgradyyr)y +o"[(a"|gradyu”)y + > a"u’] } dy
Q s=1

N
+ ETXTZQTS’Y'ESWF

s=1

P
()

fori<r < Nand
(v,u) € Wi (Y, RY) x W/ (Y,RY),
where
a” = [a}], a’ = (af,...,a), 1<r <N

~ ~ TN

Note that (73), (78), and (79), imply

(grady (p.0") | @"grady (p.u")) = . (gradyo” | (g’"w*(gradMu’")))M (80)

for (v,u) € W, x W,'. From (75)~(77) we deduce that
* T T — * 7 — T r
¢* (a"pu(gradyu”)) = ()~ (p*a" ((99) ") gradu’.

By inserting this in (80) and recalling (71) and the representation (77) of grad,, in the
x-coordinates we arrive at

(grady (p.v") |a"grady (p.u”)), = ¢. (grad v [(09) (e a") ((99) ") T grad u)

Similarly,
— _ —),,, r
(a”|grady (p.u")), = ¢u((0p) " (a” o p)|gradu”). (81)

Now, using (72), (74), (80), (81), and the (global) transformation theorem (e.g., [10, The-
orem XI11.2.3]), we see that

a” (pav, piu) = /Q { (grad v

0¢) M a () )" gradur)

N
+07[(00)7 (4" 0 ) [gradu’) + Yo(e ) ' |G da (g

s=1
N
+ /F YY) (950"t T do
s=1
for1 <r < Nand(v,u) € W) x W/
Set .
@i = V((00) (e (@07 ) (83)
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and
al, = /9(0p) " (a} o p) (84)
for1 < j, k <mn,aswell as
ap =g a, by = Jepb. (85)
Then
Qyp 1= ([gjk,g&L (gl,tpa cees gn,ga)a Aoy, ,IZLpa X) € 5(9) (86)
Also set
" a(u,v) == a(p.u, p.v), (v,u) € VVql, X I/Vql.

Then it follows from (82) that
" a=a(ay), (87)

that is, ™ a is the Dirichlet form of (A(«), B(ay)).

Given (v,u) € Ly x L, we deduce from (72) and the transformation theorem that
(@0, Q) L, (vRN) = /y<p*v~<p*wwy
= /Ytp*(v-w\/gdxl A Ada™)
= /QU ~wy/gdr = (v, \/gw).

Thus, thanks to (70) and a density argument,
(P, Psw) =1 (Q,RN) = (v, /g W)y -1 . (v, )GW' (1—x)7 XW (1=x)7

a:(1=x)y a,(1—x)v

Hence, denoting by A_1(«) the W~ (Q,RY) realization of (A(a), B(a)), etc., we

(1 X)

obtain from (87) and a = a(«) that

(v Ar(@g)u)y o =ala )( ) g a(a)(v,u) = a(a)(psv; puu)

a,(1=x)v

= (pu Q)patt)y, W,y (RN
= (pav, 04 (9" 0 A1 ( )¢*U)>Wf(117

= (0,19 (¢ 0 A_1(Q) 0 pu)u) -

a,(1—x)v
for

( )EW/( XW(

1-x)vy 1-x)7"

This shows that

oo A_i(@) o g = % A (ay). (88)

Next we give an easy proof of a perturbation theorem for simple eigenvalues.
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Theorem 46. Let Ey and E; be Banach spaces such that £y < Ey. Suppose that X is a
topological space and
B(-) € O(X, L(Ex, Ey)).

Also suppose that 2o € X and S, is an isolated simple eigenvalue of By := B(x). Then,
given a corresponding eigenvector e of norm 1 in Ej, there exist an open neighborhood
UxV xW of (g, Bo,e0) inX xCx Ey andamap (5(-),e(:)) € C(U,V x W) such that

(B(x0),e(x0)) = (Bo,e0), lle(@)lle, =1,
and
B(z)e(z) = B(z)e(z)

for « € U. Furthermore, 3(x), resp. e(x), is, for x € U, the only eigenvalue, resp. eigen-
vector, of B(x) in V, resp. W.

Proof. Since f3y is an isolated simple eigenvalue of By, it follows that By, considered as
a linear operator in Ey, has a nonempty resolvent set. Consequently, By is closed in Ejy.
Thus spectral theory implies that

Eoq = Cey @ im(fo — Bo). (89)

Furthermore, By, the dual of By (in Ep), has By as a simple eigenvalue as well, and
there exists a unique eigenvector e; of By to the eigenvalue /3, satisfying (eg, eq) = 1.
In addition,

im(By — Bo) = {e € Eg; {ep,e) =0}
(e.g., [48, Sections 111.6.5 and 111.6.6]).
Now we define a C'' map

f : ,C(El,EO) X ((CXEl) —)CXEO

by
f(B, (,6’,6)) = ((eé,e) —1,Be — ,6’6).
Note that
f(Bo, (Bo,€0)) =0
and

92f (Bo, (Bo, €0)) (B, €) = ({eg, €), Be — foe — Beq), (B,e) € Cx Ey.
Hence 0, f (Bo, (0. €0)) (B, €) = 0 implies (e}, €) = 0, that is,
e € im(fBy — Bg) and Be — fpe = fey.

Thus we deduce from (89) that

(B,e) =0,
which shows that the linear operator 95 f (B, (5o, €0)) is injective. From (89) we also infer
that this map is surjective. Hence

82f(B0, (ﬂo,eo)) € EIS((C X El,(C X E(])
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by the open mapping theorem. Now the implicit function theorem guarantees the existence
of an open neighborhood B x V' x W of (B, B0, €0) in L(E1, Eg) x C x E; and a map
h € CY(B,V x W) such that

(B,(B.€)) €eBxV xWand f(B,(3,e)) =0 iff BeBand(3e)=h(B).

Since B(-) € C(X, L(E1, Ey)) there exists an open neighborhood U of z in X such that
B(U) C B. Thus the assertion follows by setting

(B(x),e1(x)) := h(B(x)), e(x):=ei(x)/|lei(@)||s,
forz e U. O

This proof is a modification and an extension to the infinite dimensional case of the one
of [6, Proposition (26.24)]. An alternative proof of Theorem 46 can also be derived from
the general perturbation results in [48, Section 1V.3.4].

After these preparations we are ready to derive the theorems stated in Section 9. In fact,
instead of Theorem 20 we prove the following more precise version.

Theorem 47. Let the hypotheses of Theorem 20 be satisfied with the exception that it is
assumed that

(,92(012' — Q in E&mg (Q) (90)
Then the assertions of Theorem 20 are valid, except that ¢fu; — w in qu.

Proof. It follows from ¢; — idg in C*(Q,R") that dp; — 1 in C(Q,R**") and
VOg: — 1in C(, R) as well as J,, — 1 in C(I',R). Hence we deduce from (90) and
(83)—(86) that
g p; — A in Eﬁﬂ%( (Q) (91)
This implies
PiaXi =X (92)
for all sufficiently large . Thus we can assume that (92) is true for all i € N. Now we infer
from (91), (92), and Lemma 45 that
aaip) > a(@) i LWy 1y Woa—s
Consequently, (69) and (88) imply, setting (A, B) := (A(a), B(a)),
Ci=g¢joA y(ai)ogin = A INLIW 5 W, ). (93)
Since, by (70),

R).

7 € Lis(W) 5oy (RN, W), =1,
with inverse ¢; .., we see that
o(Ci) =o(A_1(ay))
and
ker(A — C;) = ¢} (ker(A — A_1(ay))), AeC,
fori e N.
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Set
X = {(idg, @)} U { (ps, i) ; i € N}.
Endow X with the topology induced by C* (Q, R™) x E¢ ,, ¢ (2). Put
Eo:=W, 5 and Ep:=W/';s
and define B(z) € L(En, Eo) by

B(x) = A if x=10:=(idg, a),
C; if x# xg.

Then (93) implies B(-) € C (X, L(E1, Ey)). Furthermore, Theorem 12 guarantees that
Bo := Mo (A, B) is asimple isolated eigenvalue of B(x¢) and that eo := u is a correspond-
ing eigenvector. Thus Theorem 46 guarantees the existence of an eigenvalue j; of C; and
corresponding eigenvector e; such that 5; — g and e; — eq in W1 with ||el||W1 =1.
From the upper semicontinuity of the spectrum (e.g., [48, Theorem IV3 1) it easny fol-
lows that

Bi = Mo (A(ai), B(ei), )
for all sufficiently large 4. Finally, w > 0 implies e; = o} u;, where u; is a positive eigen-
function of (A(a;), B(a;)), since X (A(as), B(vi), ;) is also a simple eigenvalue of
(A(e), B(e;)) by Theorem 12. O

Clearly, (r, s, t), defined in (31), is an admissible choice for (¢, 7, () if ¢ = 2. Hence
Theorem 20 is a particular case of Theorem 47.

In order to prove Theorem 22 we prepare the following technical lemma, where we use
the notations introduced in Section 9.

Lemma 48. Supposethat 3 € C?(T, (—p, p)) and ||3]|sc < p/3. Then there exists an ori-
entation preserving C diffeomorphism ¢ : Q — Qg satisfying |T = 15 and p(z) = z
for x € Q with dist(z,T) > 2||5]|oc-

Proof. Denote by 3 € C2 (T, (—1,1)) the image of 3 under the C* diffeomorphism A of
(32) and let T be the graph of . Then T is an oriented (n — 1)-dimensional C*2 manifold
lyingin T x [—4,0], where 6 := ||3]| _ < 1/3.Fixo € C*(R,[0,1]) satisfying o(s) = 1
for [s| < 0 and o(s) = 0 for |s| > 24, and being strictly decreasing on (3,24) and
even. Then

{/; :I'x (_]—7 1) = I'x (_L ]-)7 (yat) = (yvt - J(t)g(y)) (94)
is an orientation preserving C* diffeomorphismonto T' x (—1, 1). It satisfies

U(y,t) = (y,t) fory e Tand [t| > 26 and ¢(T) =T x {0}.
Let & be the restriction of ¢~ to

{,t) eTx(-1,1);t>0}
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and set

p:=hloZoh.
Then @ is a C? diffeomorphism from Q N T, onto Q5 N T, satisfying $(z) = z for
z € QN T, with dist(z,T) > 2||3||«. Define ¢ : Q@ — Qp by setting ¢(z) := H(x)
forz € QN T, and p(z) := x for x € Q\ T,. Then ¢ is an orientation preserving
C? diffeomorphism possessing the stated properties. O

Now we can prove a more precise version of Theorem 22 in which W convergence of
the eigenfunction is replaced by V[/}I1 convergence.

Theorem 49. Let Q2 be bounded and suppose that conditions (33)—(39) be satisfied, except
that r, s, and ¢ are replaced by &, n, and , respectively. Then the assertion of Theorem 22
are valid, provided the exponents 2 in (40) are replaced by q.

Proof. We can assume that ||3i|l.c < p/3 for all i € N. For each i fix an orientation
preserving C2 diffeomorphism @1 : Q@ — Qg, such that p;(z) = « for z € Q with
dist(z,T') > 2|8il|oc- Lemma 48 guarantees that this is possible, and it follows from (94)
and 3; — 0in C*(T, R) that ¢; — idg in C*(©,R") as i — oc. It is easily verified that
pia; = ainEe , (). Hence Theorem 47 implies the assertion. O

Similarly as above, it is clear that Theorem 49 contains Theorem 22 as a particular case.

19. Elliptic comparison theorems

In this section we study the weak maximum principle under optimal regularity assump-
tions for the coefficients of .4 and . More precisely, we assume that

N

e ¢, 1, and ¢ satisfy (66), (67), and (68), respectively;
. Ak = Ak EBUC(Q,]R(]X:gN),].Sj,kSH;
e a'(z) € R™™™ is positive definite for 1 <r < N,

uniformly with respect to x € Q;

N 4 (95)
o aj€ (L +Loo)(Q7Rdi:g ), 1 <j<m;
o a€(Ly+Loo)(QRYVNY) be Le(T,RYV*NY;
e —qgand —b are cooperative;

e Y is aboundary characterization map for Q.
Then we define (A, B) and its Dirichlet form as before. Note that
and W, = (W)
are still well-defined.
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It follows from Lemma 45 that
1 1
aec 'C(”q’,(lfx)"/’ W ]R)

0,(1—x)7
Hence there exits a unique
Ay € LW, W)
satisfying

(v, A qu) =av,u), () € Wo 1oy, X Wiy,
the W, 5 realization of (A, B).

Observe that in the present situation A(W,) ¢ L, in general, so that the L, realization
of (A, B) cannot be defined as in the earlier sections and is not useful for our purposes.

Theorem 50. Let (95) be satisfied. Then
A€ H(Wl,Ba WTBl)

q q
and is resolvent positive.

Proof. In[9] it is shown (by an amplification of the proof of [4, Theorem 2.1], where €2 is
supposed to be bounded and more regularity is required for the lower order coefficients)
that Ay € H(W,! 5, W, 3).

Choose a sequence ay, € E! (Q2) converging in Eg ,, ¢ (€2) towards

o= ([ajk], (at,-..,an),a,b, X)~

Since D is dense in L, for 1 < p < oo, it is clear that such a sequence exists. Then
Lemma 45 and (69) imply that

A_l(ak) — A_1 in E(VV;B,%’_Bl)
By Theorems 37 and 41 we know that
Ai(ar) € H(W,. 5, W, 5)

and is resolvent positive. Thus Proposition 34 implies that A_; is also resolvent positive.
O

Clearly, definition (18) of the weak maximum principle is valid in the present situation
also, as is the definition (21) of a (weak) qu solution.

Corollary 51. Let assumption (95) be satisfied and suppose that
Ao(A_q) = —s(—A_1) > 0. (96)

Then
(i) (A, B) satisfies the weak maximum principle in W,';
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(ii) The boundary value problem
Au=fin @, Bu=gon T
has for each (f, g) € ijg x W, a unique W,' solution v, and
u>0 if (f,g) >0

Proof. (i) follows from Theorems 28 and 50.

(if) Assumption (96) guarantees that 0 € p(A_;). Thus the proof of case j = 1 of
Theorem 39(ii) applies to give the unique solvability. The last part of the assertion is a
consequence of (i). O

Remarks 52.

() Note that Theorem 28(b) guarantees that \o(—A_1) belongs to o (A_;) if the latter
set is not empty. However, we do not know whether this is true, in general, even if the
domain is bounded (in which case A_; has a compact resolvent) and even if N = 1.

(b) In the weak setting studied above it is natural to consider operators of the form
.qu = —aj(ajkaku + %u) + ajé‘j + au,
where@; : Q — RY <Y satisfy appropriate regularity assumptions. It is not difficult
to determine these optimal conditions and to show that Theorem 50 and its corollary

hold in this case also. Note that the corresponding boundary operator is now —
formally — given by

Bu := X(Opu + v - Gju+ bu) + (1 — 8)u.
We leave the details to the interested reader. O

The scalar case (N = 1 has been studied by many authors (see [23], [24], [38], [49],
[61], [68], [73]-[75], and the references therein). However, in all those papers only the case
q = 2 is considered. In that situation one can, of course, weaken the regularity conditions
on I considerably, and it suffices to assume that the a ;. are only bounded and measurable
(in fact, Trudinger [73]-[75] considers even the case of nonuniformly elliptic equations).
It is well-known that this is no longer true if ¢ # 2. We do not know of any work dealing
with weak maximum principles in a V[/;I1 setting, except for [7, Theorem 8.7], where the
resolvent positivity of A_; is proved if N = 1 and the lower order coefficients satisfy
stronger regularity assumptions.

Now we can easily derive a comparison theorem for semilinear elliptic boundary value
problems. For this we recall that, given a o-finite measure space (X, m) and Banach spaces
E and F,afunction f : X x E — F'is said to be a Carathéodory function if

f(z,): E=>F
is continuous for m-a.a. z € X, and
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is m-measurable for each ¢ € E. We denote by Car(X x E, F') the set of all such functions.
We assume that

o feCar(QxRY,RY), g, € Car(l x RV, RY);

e 7,5 € (1,00) with
r<(n+q)/(n—qg)ands <n/(n—q)ifg<n;

e ag€ L, (Q,R")and By € Ly, (T, R"), where 7, s¢ € [1,00)
satisfy ro > ng/(n + q) and sg > g(n — 1) /n;

o 1fGOI<ag+alél g < Bo+BIEL, € € RY,
where « and 3 are positive constants;

o go€ W YD, RY).

(97)

We also set
9,8 = (1= X)go +xan (),  £eRY,
as well as
Flu) = f(-u(), Gu):=g(yu().
Then Sobolev embeddings, the trace theorem, and an obvious duality argument imply that
(F(u),G(u)) € W,z x OW,}, ue W,
A function 4 is said to be a qu supersolution of the nonlinear boundary value problem
Au= f(z,u)inQ, Bu=g(z,u)onT (98)
ifu e W' and
Au > f(z,u)inQ, Bu>g(z,u)onT
in the weak sense, that is,

a(v, @) > (v, F(@)) + (y,G(w)), forve (VVql’7(1—X)v)+’ (99)
(1=x)7u > (L= X)g0 onT.

If both inequalities in (99) are reversed then # is said to be a qu subsolution of (98).

Theorem 53. Let (95) and (97) be satisfied and suppose that
Ao (A_l) > 0.
If 7 is a W' subsolution and % is a ;! supersolution of (98) such that
(F(@),G@) < (F(u),G(a))

then
u <.
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Proof. The assumptions imply thatw — u € qu satisfies

a(v,ﬁ — ﬂ) >0 forv € (W(II:E7(17X)’Y)+’
(I-x)y(u—w) >0 onT.

Hence the assertion follows from Corollary 51. O

It should be clear to the reader that in order to guarantee the validity of the very weak

maximum principle the regularity assumption on a in (7) can be weakened also. We refrain
from giving details.
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