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The spectral properties of a class of non-self-adjoint second-order elliptic operators
with indefinite weight functions on unbounded domains {2 are investigated. It is
shown, under an abstract regularity assumption, that the non-real spectrum of the
associated elliptic operators in L?(§2) is bounded. In the special case where 2 = R™
decomposes into subdomains (24 and {2_ with smooth compact boundaries and the
weight function is positive on {24 and negative on (2_, it turns out that the non-real
spectrum consists only of normal eigenvalues that can be characterized with a
Dirichlet-to-Neumann map.

1. Introduction

This paper studies the spectral properties of partial differential operators associated
to second-order elliptic differential expressions of the form

£f = LD MO == Y GrangS +af. (1)

with variable coefficients a;i, a and a weight function r defined on some bounded or
unbounded domain 2 C R™ n > 1. It is assumed that the differential expression ¢ is
formally symmetric and uniformly elliptic. The peculiarity here is that the function
r is allowed to have different signs on subsets of positive Lebesgue measure of (2.
For this reason L is said to be an indefinite elliptic differential expression.

The differential expression £ in (1.1) gives rise to a self-adjoint unbounded oper-
ator A in the Hilbert space L?(f2) which is defined on the dense linear subspace
dom A = {f € H}(2): £(f) € L*>(£2)}. The spectral properties of the elliptic differ-
ential operator A depend on the geometry of 2 and the coefficients a; and a, and
are, from a qualitative point of view at least, well understood. The self-adjointness
and ellipticity of A imply that the spectrum o(A) is contained in R and that it
is semi-bounded from below. If the domain {2 is bounded or ‘thin’ at oo, then the
resolvent of A is compact and, hence, o(A) consists of a sequence of eigenvalues with
finite-dimensional eigenspaces which accumulates to +oo (see, for example, [19]).
For general unbounded domains, o(A) may also contain continuous and essential
spectrum of rather arbitrary form. However, if, for example, the coefficients a;;, and
a converge to a limit for || — oo, then the essential spectrum of A consists of a
single unbounded interval.
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In contrast with the self-adjoint case, the spectral properties of the non-self-
adjoint indefinite elliptic operator

T= 1A, domT = dom A, (1.2)
r

associated to the differential expression in (1.2) are much less well understood,
particularly if the domain {2 is unbounded. The case of a bounded domain (2 is
discussed in, for example, [21,22], where the point of view is similar to ours. Further
properties of indefinite elliptic operators on bounded domains such as asymptoti-
cal behaviour of eigenvalues or Riesz basis properties of eigenfunctions have been
studied (also for more general elliptic problems involving indefinite weights) in
various works. We mention here in particular the work of Faierman [20, 23-27],
Pyatkov [39-42] and others [2,18,28].

The main objective of this paper is to study the spectral properties of non-self-
adjoint indefinite elliptic operators of the form (1.2) on unbounded domains. Such
problems are more difficult to investigate, and a purely abstract operator-theoretic
and functional-analytic approach is insufficient in this situation (since, for exam-
ple, the essential spectrum of A is in general non-empty, it is difficult to conclude
that the spectrum of T' does not cover the whole complex plane). Therefore, in this
paper we combine methods from the classical theory of elliptic differential equations
with modern spectral and perturbation techniques for unbounded operators that
are symmetric with respect to an indefinite inner product. Our investigations lead
to new insights and results on the spectral properties of indefinite elliptic operators
on unbounded domains. For example, we prove that, under an abstract regularity
assumption, the non-real spectrum of T is bounded. Furthermore, in the special
case where 2 = R™ decomposes into subdomains (2, and {2_ with smooth com-
pact boundaries such that the weight function r is positive (respectively, negative)
on 2, (respectively, £2_), it is shown that the non-real spectrum of T' consists only
of normal eigenvalues which can be characterized with Dirichlet-to-Neumann maps
acting on interior and exterior domains.

The paper is organized as follows. After the precise assumptions and basic facts
explained in §2, the known case of a bounded domain {2 is discussed in §3 for
completeness (see, for example, [16,22,23,39]). As one might expect, it turns out
that, in this case, the resolvent of T is compact and, hence, o(7T') consists only of
eigenvalues with finite multiplicity. Some additional facts on self-adjoint operators
with finitely many negative squares in indefinite inner product spaces from [15,
34, 35] imply that the non-real spectrum of T consists of at most finitely many
eigenvalues. Section 4 deals with general unbounded domains. If the spectrum or
essential spectrum of A is positive, then abstract methods again ensure that the
non-real spectrum of 7" is bounded and consists of at most finitely many eigenvalues
(see [9,15,16,32,34,35] and theorems 4.2 and 4.3). One of our main results states
that, without further assumptions on the operator A, the non-real spectrum of T’
remains bounded if a certain isomorphism W which ensures the regularity of the
critical point oo exists (see condition (i) of theorem 4.4). In §5 the special case
2 = R"™ with r having negative sign outside a bounded set is studied. A sufficient
condition in terms of the weight function r is given such that the non-real spectrum
of T is bounded. A more detailed analysis is provided in theorem 5.4, where a
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multidimensional variant of Glazman’s decomposition method is used to show that
the non-real spectrum of T consists only of eigenvalues with finite multiplicity
which may accumulate to certain subsets of the real line. Finally, in theorem 5.6
it is shown how the non-real spectrum of T' can be characterized with the help of
Dirichlet-to-Neumann maps acting on interior and exterior domains. Furthermore,
a variant of Krein’s resolvent formula for indefinite elliptic differential operators is
obtained in theorem 5.7.

2. Elliptic differential operators in L2(2)

In this preliminary section we define an elliptic differential expression £ with an
indefinite weight function on some domain {2 and we associate an unbounded dif-
ferential operator in L?({2) to £ which is self-adjoint with respect to an indefinite
metric on L?(§2) (see theorem 2.1).

2.1. The elliptic differential expression

Let £2 C R™ be a domain and let £ be the ‘formally self-adjoint’ uniformly elliptic
second-order differential expression

n D) 8f

== (gronis )@+ @@, see. (1)
with bounded coefficients a;, € C°°(12) satisfying a;x(z) = ay;(z) for all x € 2
and j,k =1,...,n, the function a € L*°({2) is real valued and

n

Z ajk(2)&&k = C’ZE;%
k=1

J,k=1

holds for some C' > 0, all £ = (¢1,...,&,)" € R and x € £2.
In what follows we investigate operators induced by the second-order elliptic
differential expression £ with the indefinite weight r defined as
1
L =— 0.
(Lf)(x) T(x)( N), ze€
Throughout this paper it is assumed that r is a real-valued function such that
r,r~1 € L>°(£2) and each of the sets
2y ={xeR:r(x) >0} and N2_:={zeR:r(z) <0} (2.2)

has positive Lebesgue measure. Observe that 2\ (£24 U f2_) is a Lebesgue null set.
The restriction of the weight function r onto (2 is denoted by r.. Similarly, for a
function f defined on {2, the restriction onto (21 is denoted by fi. Moreover, ¢,
and L4 stand for the restrictions of the differential expressions ¢ and £ onto {24.

2.2. Differential operators in L?(£2) associated to £ and L

We associate the elliptic differential operator

Af = L(f), dom A = {f € H}(): ((f) € L*(2)}, (2.3)
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to the differential expression ¢, where H{({2) stands for the closure of C§°(£2)
in the Sobolev space H!(2). It is well known that A is an unbounded self-adjoint
operator in the Hilbert space (L?(£2), (-, -)) with spectrum semi-bounded from below
by ess inf a. This can be seen, for example, with the help of the sesquilinear form
associated to ¢ and the first representation theorem from [31].

Besides the Hilbert space inner product (-,-) in L?(£2), we will make use of the
indefinite inner product

9] := Qf(m)mr(x) de, f.g€L*(). (2.4)

The space (L?(£2),[,]) is a so-called Krein space (see [5,13,33-35]). Observe that
[-, -] is non-positive on functions with support in 2_ and non-negative on functions
with support in 2, . Note also that the assumptions r € L>(£2) and r~! € L>(£2)
imply that the multiplication operator Rf = rf, f € L?(£2), is an isomorphism in
L?() with inverse R™1f = r=1f, f € L*(2). In particular, ¢(f) € L*(£2) if and
only if £(f) € L?(£2). Furthermore, the inner products (-,-) and [-, -] are connected
via

[f.91 = (Rf,9), (f.9)=I[R"'f.g] for f,ge L*(2). (2.5)

Next we introduce the differential operator T associated to the indefinite elliptic
expression £ and we summarize some of its properties. The following theorem is a
direct consequence of (2.5) and the self-adjointness of A.

THEOREM 2.1. The differential operator
Tfi=L£(f),  domT = {f € HN(Q): L(f) € LX)}, (2.6)

is self-adjoint with respect to the Krein space inner product [-,-] in L*(§2), and T
is connected with the elliptic differential operator A in (2.3) via

T=R'A and A= RT.

We remark that the adjoint of an (unbounded) operator with respect to a Krein
space inner product is defined in the same way as with respect to a usual scalar
product. Here the adjoint 7" of T' with respect to [-,-] can be equivalently defined
as TT := R71A* = R7'A, where **’ denotes the adjoint with respect to (-,-). In
particular, this implies [T'f, g] = [f, T¢g] for all f,g € domT.

We also point out that the spectrum of an operator which is self-adjoint in the
Krein space (L%(f2),[-,+]) can be quite arbitrary. In particular, the spectrum is
in general not a subset of R, and simple examples show that the spectrum can
be empty or cover the whole complex plane. However, the non-real spectrum is
necessarily symmetric with respect to the real line.

2.3. Spectral points of closed operators

Let S be a closed operator in a Hilbert space. The resolvent set p(S) of S consists
of all A € C such that S'—\ is bijective. The complement of p(.S) in C is the spectrum
0(S) of S. The point spectrum o,(S) is the set of eigenvalues of S, i.e. those A € C
for which S — X\ is not injective. An eigenvalue A is said to be normal if A is
an isolated point of ¢(S) and its (algebraic) multiplicity is finite. The essential
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spectrum oess(S) consists of those points A € C for which S — A is not a semi-
Fredholm operator. Recall that the essential spectrum is stable under compact and
relative compact perturbations (see [19,31]). If S is a self-adjoint operator, then
Oess(S) consists of the accumulation points of o(S) and the isolated eigenvalues of
infinite multiplicity; the set of normal eigenvalues is the complement of gegs(S) in
o(S5). Recall that the eigenvalues of a self-adjoint operator are semi-simple. We say
that the positive (respectively, negative) spectrum of (a not necessarily self-adjoint
operator) S has infinite multiplicity if o(S)N(0,400) (respectively, o(S)N(—o0,0))
contains infinitely many eigenvalues or points of the essential spectrum of S.

3. Spectral properties of indefinite elliptic operators on bounded
domains

In this section we study the spectral properties of the indefinite elliptic operator T'
in theorem 2.1 in the case where (2 is a bounded domain in R™. Throughout this
section it will be tacitly assumed that {2 is bounded, but no further (regularity)
assumptions on the boundary are imposed.

Let us first recall the following well-known theorem on the qualitative spectral
properties of the self-adjoint elliptic operator A which is essentially a consequence
of the compactness of the embedding of HE(£2) into L?(£2) (see, for example, [44,
theorem 7.1]), the ellipticity of ¢ and the boundedness of the coefficient a.

THEOREM 3.1. The spectrum of A is bounded from below and consists of normal
semi-simple eigenvalues that accumulate to +oco.

The main result in this section is the following, which is well known and follows
from the more general and abstract considerations in [22,23,39] and [15, 34, 35]. A
short proof is included for the reader’s convenience.

THEOREM 3.2. The spectrum of T' consists of normal eigenvalues that accumulate
to +o00 and —oco. The non-real spectrum of T is bounded and consists of at most
finitely many normal eigenvalues which are symmetric with respect to the real line.

Before we prove this theorem, a preparatory lemma on the resolvent set of T" will
be proved.

LEMMA 3.3. The set p(T) is non-empty.

Proof. Tf 0 is not a normal eigenvalue of A, then 0 € p(A4) and it follows from
T = R '4 that T-' = A7'R is a bounded and everywhere defined operator in
L3(02), i.e. 0 € p(T). Therefore, assume that 0 € o(A), that is, 0 is an isolated
eigenvalue of finite multiplicity of A by theorem 3.1. The restriction

B:=A](domAnN (kerA)J‘)

of A on the orthogonal complement of ker A in L?(f2) is regarded as a non-densely
defined symmetric operator in L?(f2) with finite equal defect numbers. Note that B
is injective and that ran B = (ker A) is closed and has finite codimension. Hence,
there exists a self-adjoint operator A in L?(2) which is an extension of B such that
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0 € p(A). Furthermore, since B is a finite-dimensional restriction of both A and A,
it follows that

dimran((A —\)"' — (A - X)7!) < dimker A < oo
holds for all A € p(A) N p(A) and, hence, o(A) is semi-bounded from below and

consists of normal eigenvalues.

The operator T := R~ A is a self-adjoint operator in the Krein space (L?(£2), [-, ])
and from 0 € p(A) we conclude 0 € p(T'). Furthermore, since A is semi-bounded
from below and [T'f,g] = (Af,g) holds for all f,g € domT = dom A, it follows
that the form [T~, -] has finitely many negative squares. It is easy to see that T
and T are both finite-dimensional extensions of the non-densely defined operator
S := R71B. Now p(T) # 0 follows from a slight modification of [15, proposition 1.1]

(see also [6, corollary 2.5]). O

Proof of theorem 3.2. Observe that, by theorem 3.1, the resolvent (A4 — \)~! is
compact for all A € p(A4) and that lemma 3.3 implies p(T) N p(A) # 0. A simple
computation shows that the relation

(T-N"'=A-NTTR-XNA- NI -R(T-)N"!

holds for all A € p(A) N p(T"), and since the right-hand side is a compact operator
the same holds for the left-hand side. Hence, o(T') consists of normal eigenvalues.
As the negative spectrum of A consists of at most finitely many normal eigenvalues
the form [T, ] = (A-,-) has finitely many negative squares, and it follows from the
general results in [15,34, 35] that the non-real spectrum of T' consists of at most
finitely many normal eigenvalues which are symmetric with respect to the real line.
Finally, the assumption that the sets {24 and {2_ in (2.2) have positive Lebesgue
measure imply that the indefinite inner product [-,-] in (2.4) has infinitely many
positive and negative squares. The reasoning in [15, proof of proposition 1.8] shows
that the positive spectrum and the negative spectrum of T are both of infinite
multiplicity. Hence, the real eigenvalues of T" accumulate to 400 and —oo. O

4. Spectral properties of indefinite elliptic operators on unbounded
domains

In this section we study the spectral properties of the indefinite elliptic operator T'
in (2.6) on an unbounded domain 2 C R™. Since, for an unbounded domain, the
embedding of H}(£2) into L?(§2) is in general not compact, the resolvent of the self-
adjoint operator A in (2.3) is also in general not compact and, hence, the essential
spectrum oegs(A) of A may be non-empty. Only the following weaker variant of
theorem 3.1 holds.

THEOREM 4.1. The spectrum of A is bounded from below and accumulates to +oo.

If the lower bound min o(A) of the spectrum of A or the lower bound min gegs(A)
of the essential spectrum of A is positive, then it is known that T = R™1'A4 is
positive in the Krein space (L?(§2),[-,]) or has a finite number of negative squares,
respectively. We recall these and some other facts in theorem 4.2 and theorem 4.3 for
the reader’s convenience. The proofs of the statements are essentially contained in
[13,15,34,35] (see also [32, theorem 3.3], [10, theorem 3.1] and [17, proposition 1.6]).
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THEOREM 4.2. If mino(A) > 0, then the spectrum of T is real, 0 € p(T'), and T
has positive and negative spectrum, both of infinite multiplicities.

THEOREM 4.3. If minoess(A) > 0, then the essential spectrum of T is real and
T has positive and negative spectrum, both of infinite multiplicities. The non-real
spectrum of T is bounded and consists of at most finitely many normal eigenvalues
which are symmetric with respect to the real line.

In the next step, the assumption min cess(A) > 0 will be dropped. The following
considerations and theorem 4.4 are partly inspired by general results on self-adjoint
operators in Krein spaces and the regularity of the critical point oo from [14,16,34]
and [9, proof of theorem 5.4]. Fix some v < mino(A) and define the space Hs,
s € [0,2], as the domains of the %sth powers of the positive operator A — v,

H, := dom((A —v)*?), sel0,2].

Note that H = Hg, dom A = H,, and the form domain of A is H;. The spaces
‘Hs become Hilbert spaces when they are equipped with the usual inner products,
the induced topologies do not depend on the particular choice of ¥ < mino(A)
(see [31]).

The following theorem is one of the main results in this paper. Under an addi-
tional abstract condition from [16], it will be shown that the non-real spectrum
of the indefinite elliptic operator is bounded. Roughly speaking, this condition is
satisfied in special situations when choosing W = R (see lemma 5.1).

THEOREM 4.4. Assume that min oess(A) < 0 and that the following condition holds:

(i) there exists an isomorphism W in L%(2) such that RW is positive in L*(§2)
and WHy C Hs holds for some s € (0,2].

Then the non-real spectrum of T is bounded.

Proof. 1. In this step of the proof we construct an indefinite elliptic operator 7,
which is a bounded perturbation of the indefinite elliptic operator T" and which
induces (via its spectral decomposition) a new equivalent norm || - ||~ on L?(£2).

For this, fix some 1 < mino(A) and consider the elliptic differential operator A,
defined as

Ayf =(A—n)f=—- Z ia» %—&—(a—n)f, f € dom A, = dom A.

Clearly, A,, is a positive self-adjoint operator in the Hilbert space L?(£2) and, hence,
the indefinite elliptic operator

1 "9 of
T,f == - (—j;l a—xjajka—xk + (a — n)f), f € domT),, = dom A,,
is non-negative in the Krein space (L*(£2),[,]), the spectrum o(7;,) is a subset of
R and 0 € p(T;;) (see theorem 4.2). Note that T;, and T are connected via
T,=R'A,=R'A-nR'=T-V, V:i=nR", (4.1)

and that the perturbation term V' in (4.1) is bounded.
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By [34,35], T;, possesses a spectral function defined for all bounded subintervals
of the real line. As a consequence of condition (i) and [16, part (iii) of theorem 2.1]
(see also [14]), it follows that co is not a singular critical point of the operator T,
and, therefore, the spectral projections F; and E_ corresponding to the intervals
(0,400) and (—o0,0) exist. Moreover, as T}, is non-negative in (L?(£2),[-,-]), the
spectral subspaces (E+L?(£2),=£[-,]) are both Hilbert spaces and L?(§2) can be
decomposed in

L*(2) = B, L*(2)[FE_L*(2). (4.2)

We point out that the subspaces Ey L?(§2) differ from L?(24) and that, within
this proof, the subscripts & are used in the sense of (4.2). From the properties of
the spectral function it follows that T}, has diagonal form with respect to the space

decomposition (4.2),
_(To+ O
=% )

and that the spectrum of 7T}, + is contained in R*. The perturbation term V = nR~!
in (4.1) admits the matrix representation

Vi V12>
V =
<V21 Vao
with respect to the decomposition (4.2). Together with (4.1), we then have

Vi V12)

T="T, =T
ntV ”(Vﬂ Voo

(4.3)

In the following, we write functions x,y € L?(2) in the form 2 = 2, + z_ and
Yy = y+ +y_, where z4,yr € ELL?(2) (see (4.2)). We emphasize that x4 are
the components of x with respect to the space decomposition (4.2) and that =4
do not coincide with the restrictions of the function = onto 2.. Since the spectral
subspaces (E4 L?(£2),£[-,-]) are Hilbert spaces, the inner product (-,-)~ defined as

(@Y~ = [z ys] = [o— y-], @,y € L2(9),
is positive definite. Furthermore, this scalar product is connected with the usual
scalar product (-,-) on L?(§2) via
(@,y)~ = [Eya, Eyy] — [E_x, E_y]
— (By — E_)o,y]
— (R(E, — E_)z.y).
Therefore, as R(E, — E_) is an isomorphism, the norms || - || and || - ||~ induced by

the scalar products (+,-) and (-, -)~, respectively, are equivalent. In particular, with
v:=||R(Ey — E_)||7!, we have

||| < Vv||z||~ forall z € L*(£2). (4.4)

2. In this step, it will be shown that, for sufficiently large |u|, ¢ € C\ R with
Reu < 0, the operator T;, 4 + Vi1 — p is invertible and the estimates

(Ty4 +Vin =) Hw <3 and (T4 + Vin — )" Vaglle < 3 (4.5)
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hold. By replacing V17 and Vi5 in the reasoning below with Voo and Va1, respectively,
it follows that, for sufficiently large |u|, p € C\ R with Rep > 0, the operator
T, — + Vay — i is invertible and the estimates

I(To— +Var =) Hlw <5 and  [[(Ty— + Vo2 — 1) "' Va2 < 5 (4.6)

are valid.

In the following, we assume that the entry Vi5 in the perturbation term V' is non-
zero (otherwise the first estimate in (4.6) follows with § > 2 and 7 = § + || V41|~ in
the argument below, and the second estimate is trivial). Choose > 0 such that

24 | Vit~ ||V11||~}
24 (4.7)
[Vizll~ [Vial|~

J+ [Varll~ > max{

and define the constant 7 by
7= (6 + [Virllo) [Vaz| ~. (4.8)
Let p € C\ R with Rep <0 and |u| > 7. Since o(T},,+) C RT, it is clear that
dist(p,0(T,)) > 7

holds and, therefore, we have ||(T}, + — p)~!||~ < 7~!. This implies
_ 1
Var (T = 1)~ < ~ Vi~

and it follows from (4.7) and (4.8) that ||Vi1(T, + — ) ||~ < 1. Therefore, the
operator I + Vy1(Ty, + — p)~* is boundedly invertible and the norm of the inverse
can be estimated by

-1
e 1
I+ Via (T = ™)l < (1= 2V )
It also follows that the operator

Ty + Vi —p= T+ V(T — ) Tt — 1)

is boundedly invertible, and we conclude that

-1
1 1
(%#+%rﬁﬁﬂh<@—ﬁhk>
T T
_ 1
I

Since, by (4.7) and (4.8), 7 — ||[V11]|l~ > 2, we obtain the first estimate in (4.6).
Furthermore, as a consequence of (4.7) and (4.8) we have
[Viz]l~ [Vi2|~

= <
T—Vall~ @+ IVl [Vizll~ = Vaall~

and therefore (4.9) yields the second estimate in (4.6),

_ Viall~
Ty + Vit — p) Vgl < V2l
(T, + + Vi1 — )~ Vag| =Vl

(4.9)

N[

N[
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3. Next, we verify the inequality

I = )l > <\/<1+|I;M>2+1— (14 ) Sl @10)

for x € domT and all sufficiently large |u|, p € C\ R. Observe first that, for
r € dom T, we have

(T - pye,a] = [(T — Rep)e,a] — im ula, o],

which, together with (4.4), implies
m pl [z, 2]| < (T = )=z, 2]l < (T = wallllzl < vI(T = p)l~ |z~

and, hence,
v

LT - walllel > 4z, ). (4.11)
Tm
On the other hand, when we consider the equation (T'—p)x = y withz = 2442 _,
y=vys +y_, v4,y+ € ELL*(12), that is (see (4.3)),
(Ty 4 + Vi1 — )y + Vigz - =y,
Varzy + (T - + Vo2 —p)z_ =y,

then we conclude, with the help of the estimates from step 2 that, for sufficiently
large |u|, p € C\ R with Rep <0,

-l < 1Ty + Vi = ) g e + [Ty + Vit = 1)~ Vs
< llyell~ + 3 llz-ll~
< gllyeli~+ 3lel~
holds and that, for sufficiently large |u|, p € C\ R with Rep > 0,
o[l < (T + Vaz = )™yl + (T + Vaz = )™ Vs [l
< 5lly-lI~ + 3l ll~
< slly-l~ + 5ll2ll~
holds. Since ||y+||~ < ||yll~ = ||(T — p)z||~, we have
lo£ll2 < T = walZ + Flel2 + 31T - wzll~ [zl (4.12)

for sufficiently large |u|, 4 € C\ R with Repu < 0 and Re o > 0, respectively. From
|z l[Z + lz—|I2 = [[z]|2, we obtain

£z, 2] = H|z 12 F llz- |2 = [l2]2 - 2llz¢lI2
and, together with (4.12), we conclude that
t[z, 2] > g2 - 31T — w2 = (T — |||z~

for sufficiently large |u|, p € C\ R with Rey > 0 and Rep < 0, respectively.
Together with (4.11), this leads to
v

g 1T = wellall > Flel = 31T = wyall2 = NT = el ol



Elliptic differential operators with indefinite weights 31

for all sufficiently large |u|, © € C\ R. In other words, |[(T" — u)x||~ satisfies the
quadratic inequality

v
T — w)x i+2(1+> z|| (T = ||~ — ||z||2 > 0.
(T = p)z| T ] [~ (T = )|~ = ]l
Hence, it follows that (4.10) holds for all x € domT and all p € C\ R with
sufficiently large |u|.

4. Let A € C\ R such that (4.10) is satisfied with p = A and g = X. Then we have
ker(T'—\) = {0} and ran(T —\) is closed as T is closed. Furthermore, since T is self-
adjoint in the Krein space (L?(£2), [-,-]), it is clear that ran(T — ) = ker(T — X)
holds. As |[(T — N)z|~, x € dom T, satisfies the same estimate as ||(T — \)z|~ in
(4.10), this also implies that ker(7T" — M) is trivial. Therefore, T — \ is bijective,
i.e. A € p(T). Since this is true for every A = p that satisfies (4.10), we conclude
that the non-real spectrum of T is bounded. O

5. Spectral properties of indefinite elliptic operators on R™

In this section we consider the case where {2 = R™ and we assume that the subsets
2y = {z € R": £r(x) > 0} consist of finitely many connected components
with compact smooth boundaries. In particular, this implies that one of the sets
{24 is bounded and one is unbounded, and that the boundaries 92, and 0f2_
coincide. Here, and in what follows, we discuss the case where {2_ is unbounded and
2, is bounded and we denote the boundary 92+ by C. The simple modifications
of the results to the other case are left to the reader. Since the weight function
satisfies 7,71 € L°(R™), the restrictions 7+, 75" belong to L () and, hence, the
multiplication operators Ry fi = r f+ are isomorphisms in L?(§2+) with inverses
Ri'fe=ri'fe, fr € L2(2).

Let us now assume that the coefficients a;j; € C°°(R") in (2.1) and their deriva-
tives are uniformly continuous and bounded, and that (as before) a € L>*(R"™)
is real valued. An essential ingredient for the following considerations is that, by
elliptic regularity and interpolation,

dom A =domT = H*(R"), H,=H*R"), s¢c]0,2],

holds (see [1,7,36,44], [37, condition 3.1], (2.3) and (2.6)). Here, H*(R™) is the
Sobolev space or order s. The spaces consisting of restrictions of functions from
H?(R™) onto 24 are denoted by H*((24). In the next lemma and remark we give

simple sufficient conditions for the weight function r such that condition (i) of
theorem 4.4 holds.

LEMMA 5.1. Assume that, for some s € (0, 1) the spaces H*(£24) and H*(£2_) are
invariant subspaces of the multiplication operators Ry and R_, respectively. Then
H*(R"™) is an invariant subspace of the multiplication operator R, and condition (i)
of theorem 4.4 is satisfied with W replaced by R.

Proof. Let s be as in the assumptions of the lemma and let f € H*(R™). Then the
restrictions fy of f onto {21 are functions in H*({21) and, therefore, by assump-
tion, the functions g1 := 7y fy also belong to H*(f24). As 0 < s < %, the con-
tinuations g1 of g+ by zero onto R™ both are in H*(R™) (see [29, theorem 1.4.4.4
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and corollary 1.4.4.5] and note that the proofs of these statements in [29] also cover
the case of an unbounded domain with a compact smooth boundary). Therefore,
Rf=rf =gy +g- € H*(R") and, hence, H*(R") is invariant for R. Furthermore,
R is an isomorphism in L?(R") and the estimate R? > ess infr? > 0 holds, i.e. R
possesses all the properties of the operator W in condition (i) of theorem 4.4. O

REMARK 5.2. If, for example, the function r is equal to a (negative) constant out-
side some bounded subset of R and r+ belong to the Hélder spaces C%%(£24) for
some « > 0, then it follows from [29, theorem 1.4.1.1] and a similar argument as in
the proof of lemma 5.1 that H*(f21), s € (0, @), are invariant subspaces of R.

For completeness, we state the following immediate consequence of theorem 4.4
and lemma 5.1.

COROLLARY 5.3. Assume that min oess(A) < 0 and Ry (H®(£21)) C H*(£24) holds
for some s € (0, %) Then the non-real spectrum of T' is bounded.

In the following theorem, we obtain more precise statements on the qualitative
spectral properties of T'. The proof is based on a multidimensional variant of Glaz-
mann’s decomposition method from the theory of ordinary differential operators
(see, for example, [3,10,15,19,38]).

THEOREM 5.4. Assume that min oess(A) < 0. If p(T) # 0, then the essential spec-
trum of T is real, bounded from above, and oess(T) N [0,00) # O holds. Moreover,
the non-real spectrum of T' consists of normal eigenvalues that are symmetric with
respect to the real line and which may accumulate to points in oess(T).

If, in particular, Ry(H®*(£24)) C H*(£24) holds for some s € (0,3), then the
assumption p(T) # 0 is satisfied, the above assertions hold and the non-real spec-
trum of T' is bounded.

Proof. Besides the operators A and T, we will make use of the self-adjoint elliptic
differential operators

Asfy = 0(fs), dom Ay = H*(21) N HY(24), (5.1)

in L2(£24) and the weighted differential operators
1
Byify=La(f2) = Eg(fﬂ:), dom By = H*(£2+) N Hy (£24), (5.2)

which are self-adjoint in the weighted L?-space L?(24,4ry), where the (positive
definite) scalar products (-, )+ are defined as

<nggi:%;ﬁmﬁﬂaﬁgu»m,fb%eLMay (5.3)

Observe that the orthogonal sums AL & A_ and B, ¢ B_ are self-adjoint operators
in L2(2) and L?(2,r), respectively. Furthermore, since the boundary C is compact
and smooth, it can be shown that the resolvent differences

A-N"—((Ar @A) =N, AepA)npdreAl),  (5.4)
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and
(T-N"—((Bs®B_)~ N, AcpT)NpBs®B.),  (55)

are compact operators in L?(R™) (see [12] and theorem 5.7).

Recall that the spectra of AL are bounded from below and, moreover, as {2, is
assumed to be bounded, the spectrum of A, consists of normal eigenvalues (see
theorems 3.1 and 4.1). Furthermore, the differential operators in (5.1) and (5.2) are
connected via

By = Ri'As, (5.6)

where Ry are the multiplication operators with the functions r4+ in the spaces
L2(024). For X € p(Ay) N p(By), the resolvents of A, and B, are connected via

(B+ =N = (A =N 7T'R = MAL = NI = Ry)(By = N7

and since (A, — \)~! is compact, the same holds for the resolvent of B, (see the
proof of theorem 3.2). Thus, the spectrum of B is also bounded from below and
consists of normal eigenvalues which accumulate to +o0.

Next the spectrum of B_ will be described in terms of the spectrum of A_. Since
the resolvent difference in (5.4) is compact and oess(A4) = 0, we conclude that

UeSS(A) = Jess(A+ 5>} A,) = O—ess(Af)~

Furthermore, the assumption minces(A) < 0 implies that A_ is bounded from
below with negative lower bound

v:=mino(A_) < minoes(A-) < 0. (5.7)

Denote the usual scalar product in L2(2_) by (-,-)_ and let v be the supremum of
the weight function r_ on 2_. Then we have v < 0 and (—r_(z))~! < (=)~ for
all z € 2_. Moreover, from the estimate

1 2 T X X i 2
(ot = | @R @)de < (). f eI,
we obtain together with (5.3) and (5.6) that
(B_fo,f-)o = (A_f_f-)- < —v(f-,[-)- < §<f_,f_>_

holds for all f- € dom B_, i.e. the spectrum o(B_) and the essential spectrum
Oess(B—) are bounded from above by the positive constant v/v. Observe that
max oess(B-) = 0 holds, since otherwise min gess(—B_) is positive and A_ =
(—R_)(—B_) implies that also min oess(A_) is positive which contradicts (5.7).
Summing up, we have shown that the essential spectrum of B, @ B_ is real,
bounded from above and cess (B4 @& B_) N [0, 00) # . Since the resolvent difference
(5.5) is compact, we obtain oess(T) = Oess(By @ B_) = 0¢ss(B—) which, together
with corollary 5.3, yields the statements. U

In the following, we will show that the non-real eigenvalues of T and the corre-
sponding eigenspaces can be characterized with the help of Dirichlet-to-Neumann
maps associated to the restrictions of the elliptic differential expression £ on (2.
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For this, recall first that the mapping C*(21) > f+ — {f+|c,0f+/Ovs|c} extends
to a continuous surjective mapping

0
H2(0:) 5 fo o3 4 fale, 5| Ve w320y« m2(0), (5.8)
8Ui c
where
Of+ - Of+
——| = Ny j——
8Vi c j,%—:l J Jal‘k I
and ny(z) = (ng1(x),...,ne ,(x)) is the unit vector at the point x € C pointing

out of £24. The next simple lemma is based on a standard decomposition argument.
We provide a complete proof for the reader’s convenience.

LEMMA 5.5. For every A € C\ R and ¢ € H3/2(C), there exist unique functions
fea(p) € H3(£24) such that

Lifrale) =Afrale) and fra(o)le =
Proof. 1t is sufficient to show that, for A € C\ R, the linear subspace
Si={hy ®h_ € H(2) ® H*(2-): hyle = h_|c} (5.9)
admits the direct sum decomposition
S={g9+®g-€S:g1lc=0}+{hserPh_r€S: Lihs =Ny} (5.10)

In fact, it follows from (5.8) that the trace map h — h|c defined on S in (5.9) maps
onto H3/2(C), and since the first term on the right-hand side of (5.10) is its kernel,
it follows that the trace map maps the second term on the right-hand side of (5.10)
bijectively onto H?/%(C).

In order to prove the decomposition (5.10), note first that the inclusion D in
(5.10) holds. Hence, it remains to verify the inclusion C. For this, let hy ®h_ € S
and A € C\ R be fixed. Since the boundary C of (24 is assumed to be compact and
smooth, it follows that the differential operators By in (5.2) are defined on

dom By = HQ(.Qi) N Hé(.Qi)
= {f € H*(24): filec = 0}. (5.11)

Hence, the first set on the right-hand side of (5.10) coincides with dom(By @& B_).
Since the spectrum of By ¢ B_ is contained in R (see the proof of theorem 5.4)
B, ® B_ — )\, A € C\R, is a bijection from its domain onto L?(R™). Thus, there
exists g4 @ g— € dom(B4 @ B_) such that

(Ly = Nhg ® (Lo = Aho = (B = N)gt ® (B- = \)g—.
Therefore, L4 (ht — g+) = A(h+ — g+) and, hence,
hy ®ho =91 ®g- + ((h+ —g4+) @ (h— —g-))

shows that the inclusion C in (5.10) is also valid. The sum in (5.10) is direct,
since o(B4 @ B_) C R; indeed, each element in the intersection of the sets on the
right-hand side of (5.10) would be an eigenfunction of By @ B_ corresponding to
AeC\R. O
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For A € C\ R, ¢ € H3?(C) and f1 \(p) € H?(£2+) as in lemma 5.5, we define

If+a(e) + Af-(p)
ovy | ov_

M\): H32(@C) — HY?(C), ¢~ (5.12)

C

Roughly speaking, M is the sum of the Dirichlet-to-Neumann maps associated to
L+ which map the Dirichlet boundary values of solutions of £ f+ = A f1 onto their
Neumann boundary values. A similar function in a ‘definite’ setting also appears
in [43]. In the next theorem we show how the non-real eigenvalues of T' can be
described with the help of the function M.

THEOREM 5.6. Let the operator function A — M(\) be defined as in (5.12) and
assume that p(T) # (. Then

a(T)N(C\R)={X e C\R: ker M()\) # {0}}
and ker(T — \) = {f € H*(R"): M(\)f|c =0} for all \ € C\ R.
Proof. Assume first that A € C\ R belongs to the spectrum of 7. Then, by the-
orems 4.3 and 5.4, the point A is a normal eigenvalue of T and, hence, Lf = A\f

holds for some non-trivial f € domT = H?(R"). In particular, the restrictions fy
of f onto 21 belong to H?(§2+) and we have
of+

Lifr =M1, f+le = f-le, o,

_or

T (5.13)

c
By (5.8) we have ¢ := fi|c € H*?(C) and, hence, f+ = f+ »(¢) in the notation of
lemma 5.5. The third property in (5.13) implies

_Of+a(p) Of—ale)
M) = ovy e + ov_ |
_of| L of
31/4_ c 81/_ c
=0

and, hence, ¢ € ker M ()\). Furthermore, ¢ is non-zero, since otherwise f+ € H?({2)
would be non-trivial solutions of the Dirichlet problems L4 fir = Afx, filc = 0,
which do not exist due to A € R. In other words, since the self-adjoint operators
By in (5.2) do not have non-real eigenvalues, we conclude ¢ # 0.

For the converse, let A € C\ R and ¢ € ker M(\) with ¢ # 0. By lemma 5.5,
there exist unique functions fi x(p) € H?(£24) such that Ly fix(¢) = Afra(p)
and f1 x(¢)|c = ¢ hold. Since M (X)¢ = 0, we have

5'f+,,\(90) _ Of—(p)

01/+ I - ov_

(5.14)

c
Define the function f = f, @ f_ € L?(R") by f+ := fy+.(v) and let g € domT.
Then f # 0 and

(Lf.g] = [f, Tgl=(Lf.g) — (£, 49)

=l fry94)+ — (Frolrgi)+ + (U foyg-)- = (f-,l-g-)—,
(5.15)
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where [, ] is the indefinite inner product in (2.4), (-,-) is the usual scalar product
in L?(R") and (-,-)+ denote the scalar products in L2?({24). Since the function
g € dom T satisfies

_ 09~

99+| _ _
c ov_

=gqg_ and
gile =g-lc an v,

c
it follows from Green’s identity, fi|c = f-|c and (5.14) that (5.15) is equal to

dg. ofs dg- of- -
<f+|c7 c) - (ay+ Cag+C> + (f_|c’(’91/ c) - (81/ Ca9—|c> = 0.

31/+
This is true for any g € domT, and since T is self-adjoint with respect to [-, ],
we conclude from [Lf,g] = [f,Tg] that f € domT and Tf = Lf. Moreover,
from L4 fr = Afy, we obtain f € ker(T — )\), i.e. A is an eigenvalue of T with
corresponding eigenfunction f. O

The next theorem provides a variant of Krein’s formula which shows how the
resolvent of the indefinite elliptic operator T" differs from the resolvent of the orthog-
onal sum of the weighted differential operators (see (5.2) and (5.11))

Bifs = La(fs) = %@(fi), dom By = H(24) N HE(022).

The operators T and By @ B_ are viewed as operators in L?(R™). We note first
that the statements in lemma 5.5 and theorem 5.6 remain true if the set C \ R is
replaced by the resolvent set of the operator By @ B_. This set contains C\ R and
may also contain subsets of the real line. For A € p(By @ B_), define the mapping
v(A): L*(C) — L*(R™) by

Y@ = fale) ® f-alp),  domry(N) = H?(C),

where f1 x(p) are the unique solutions of Liut = Aux, us|ec = ¢ (see lemma 5.5).

Theorem 5.7 is an indefinite variant of [4, part (ii) of theorem 4.4] and can be
proved in almost the same way. We therefore only sketch some ideas from the proof
and refer the interested reader to [4, §4] for the details (see also [8]). Recall that
the multiplication operator R is an isomorphism in L?(R™).

THEOREM 5.7. For all X € p(T) N p(By & B_), the difference of the resolvents of
T and By ® B_ is a compact operator in L>(R™) given by

(T =N = ((B+ ®B-) =\~ =v(NMN)"y(A) R (5.16)

Proof. A slight modification of [4, proposition 4.3] yields that v(\) is a densely
defined bounded operator from L?(C) into L?(R™) and that the adjoint operator
y(A\)*: L2(R™) — L?(C) has the property

or.

_ _ o
61/4,

V(A R((By ® B_) = N)f = -
o

c
where f = f; @ f_ € dom(By ® B_). In particular, taking ran~(\)* ¢ HY?(C)
with lemma 5.5, theorem 5.6 and (5.12), we conclude that the right-hand side of
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(5.16) is well defined for all A € p(T) N p(B4 @ B_). The same reasoning as in the
proof of [4, part (ii) of theorem 4.4] shows the relation (5.16) for the difference of the
resolvents of T and By @ B_ in L?(R™). Moreover, it follows from [36] in the same
way as in [4, corollaries 3.6 and 4.6] that, for A € p(T) N p(B+ @ B_), the closure
of M(A\)~!in L%(C) is a compact operator in L?(C). Therefore, the right-hand side
of (5.16) is a compact operator in L(R™). O

REMARK 5.8. We note that the resolvent difference in (5.16) is not only compact

but belongs to certain Schatten—von Neumann ideals that depend on the dimension
n (see [11,12,30,37]).
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