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A PERTURBATION APPROACH TO DIFFERENTIAL
OPERATORS WITH INDEFINITE WEIGHTS

JUSSI BEHRNDT, FRIEDRICH PHILIPP, AND CARSTEN TRUNK

ABSTRACT. Ordinary and partial differential operators with indefinite weight
functions can be regarded as perturbations of non-negative operators in Krein
spaces. Under the additional assumption that the points 0 and co are regular
critical points of the unperturbed operator it is shown that a bounded addi-
tive perturbation leads to an operator which admits a decomposition into a
direct sum of a bounded operator and an unbounded selfadjoint operator in a
Hilbert space. In particular, this leads to estimates for the non-real spectrum
in terms of the operator norm of the perturbation term and the resolvent of
the unperturbed non-negative operator. The general results are illustrated for
Sturm-Liouville operators and second order elliptic partial differential opera-
tors on unbounded domains.

1. INTRODUCTION

We consider ordinary and partial differential operators associated with
1
1.1 L=-1/,
(1) )

where r # 0 is a real-valued, locally integrable weight function which changes its
sign and / is a second order differential expression of the form

d d "9 )
1.2 = ——D— = — _— s ——
(1.2) 14 p—+q or / -;%:1 oz, Uk B +a

acting on an unbounded real interval or domain 2 C R"™, respectively. In the first
case p~! and ¢ are assumed to be real-valued and (locally) integrable over the
interval 2. In the second case r,r~! € L*°(Q) and ¢ is assumed to be formally
symmetric and uniformly elliptic on @ C R" with C°°-coefficients a;; and a €
L>(Q) is real-valued. Together with appropriate boundary conditions (if necessary)
the differential expression ¢ gives rise to a selfadjoint operator T in a weighted L2-
space. Multiplication with 1/r lead to the corresponding indefinite differential
operator A associated with £ in (1.1).

Most of the existing literature for differential operators with indefinite weights
focuses on regular or left-definite problems. The spectral properties of the operators
associated to £ in the case of a regular Sturm-Liouville expression £ are investigated
in a great extend. We refer only to [17], the monograph [40] and the detailed
references therein. The spectral properties of indefinite elliptic partial differential
operators in the case of a bounded domain have been investigated in, e.g., [20, 21,
22, 23, 35, 36, 37]. We mention that in the case of a bounded interval or domain
Q) the spectrum of the indefinite differential operator A associated with £ in (1.1)
consists only of eigenvalues with at most finitely many non-real eigenvalues.
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Also the case of singular left-definite Sturm-Liouville problems is well studied.
Here the selfadjoint operator T" associated with £ is uniformly positive and, hence,
the corresponding indefinite differential operator A associated with £ in (1.1) has
real spectrum with a gap around zero, cf. e.g., [10, 11, 12, 33, 32] and the monograph
[40] for further references. In the case T > 0 it is of particular interest whether
the operator A is similar to a selfadjoint operator. A set of necessary and sufficient
similarity criteria can be found in [27, 28, 29].

The slightly more general situation where the indefinite (Sturm-Liouville or el-
liptic) differential operator A has either a finite number of negative squares or is
quasi-uniformly positive is discussed in, e.g., [7, 9, 15, 16]. The general non-left-
definite situation is much more difficult to treat, especially the situation where the
essential spectrum of the selfadjoint operator T associated with ¢ is no longer con-
tained in RT. In this case subtle problems appear, as, e.g., accumulation of non-real
eigenvalues to the real axis, see [4, 8, 6, 30].

In the present paper a new general perturbation approach is provided which is
applicable for singular non-left-definite ordinary and partial differential operators,
and which moreover leads to quantitative estimates for the non-real spectrum. Al-
though the analysis carried out relies on sophisticated Krein space methods for
so-called locally definitizable operators, the basic idea is simple: If the selfadjoint
operator T associated with £ is not uniformly positive but semibounded from below,
then the operator T + -y becomes non-negative or uniformly positive for a suitably
large v > 0. Hence the spectrum of Ay := A+~/r = 1/r(T+7~) isreal. In general, a
bounded perturbation of Ay may lead to unbounded non-real spectrum, but under
the additional assumption that 0 and co are no so-called singular critical points the
influence of the perturbation on the spectrum can be controlled. In fact, our main
result Theorem 3.1 provides a bound for the non-real spectrum of A in terms of the
resolvent of Ay and the norm of the bounded perturbation.

Theorem 3.1 is applied to ordinary and partial differential operators with indef-
inite weights in Section 4. We first investigate a singular indefinite Sturm-Liouville
operator with an essentially bounded, real-valued potential and the particularly sim-
ple weight function r(x) = sgn(x). Our second example is a second order uniformly
elliptic operator defined on an unbounded domain 2 C R™ with bounded coeffi-
cients and an essentially bounded weight function r having an essentially bounded
inverse. To the best of our knowledge the estimates obtained here for the non-
real spectrum of singular indefinite differential operators are the first ones in the
mathematical literature.

2. LOCALLY DEFINITIZABLE OPERATORS

Throughout this section let (H, [, -]) be a Krein space. For a detailed treatment
of Krein spaces and operators therein we refer to the monographs [1] and [13].
In the following all topological notions are understood with respect to some fixed
Hilbert space norm ||- || on H such that [-, ] is || - ||-continuous. Any two such norms
are equivalent, see e.g. [1, Ch 1, Theorem 7.19]. The Hilbert space scalar product
induced by || - || will be denoted by (-, ). By the Lax-Milgram theorem there exists
a bounded linear operator G in H such that

[fag}:(Gfag) fOrallf,gEH.

This operator is boundedly invertible and selfadjoint in (H, (-, -)).
Let A be a densely defined linear operator in H. The adjoint of A in the Krein
space (H,|[-,-]) is defined by
AT =G7tAG,
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where A* denotes the adjoint of A in the Hilbert space (M, (-,-)). We have
[Af,g] = [f,ATg] forall f€domA, g€ domAt.

The operator A is called selfadjoint (in the Krein space (H,[-,])) if A = AT. A
selfadjoint operator A in (H, [-,]) is called non-negative if p(A) # @ and [Af, f] > 0
for all f € dom A. In the sequel, if not otherwise stated, properties like ”selfadjoint”
or "non-negative” of an operator always refer to the corresponding property of the
operator with respect to the Krein space inner product [-,-].

Let T be a closed and densely defined linear operator in H. Recall that the
approzimate point spectrum of T consists of those A € C for which there exists a
sequence (f,) C domT with || f,|| =1 for n € Nand (T'— \)f,, — 0 as n — oc.
Evidently, o4, (T) is a subset of o(T). If T is selfadjoint, it is not difficult to see that
o(T)NR C 04y(T). The extended spectrum &(T) of T is defined by ¢(T") := o(T)
if T is bounded and 7(T) := o(T) U {oo} if T is unbounded.

Let us recall the notions of spectral points of positive and negative type of a self-
adjoint operator. The following definition was given in [34] for bounded selfadjoint
operators.

Definition 2.1. Let A be a selfadjoint operator in the Krein space (H,[-,"]). A
point A\ € g4p(A) is called a spectral point of positive (negative) type of A if for
every sequence (f,) C dom A with || f,|| =1 and (A—X)f, — 0 as n — oo we have

liminf [f,, fu] > 0 (hm Sup [fn, ful < 0, respectively).
The point oo is called a spectral point of positive (negative) type if A is unbounded
and if for every sequence (f,) C dom A with ||Af,|| =1 and f, — 0 as n — oo we
have
liminf [Af,, Af,] >0 <lim sup [Afn, Afn] <0, respectively).

The set of all spectral points of positive 7(negative) type of A will be denoted by
04+(A) (0-(A), respectively). A set A C C is said to be of positive (negative) type
with respect to A if

ANc(A) Coy(A) (A No(A) Co_(4), respectively).

The set A is said to be of definite type with respect to A if it is either of positive
or of negative type with respect to A.

It is easily seen that the sets o4 (A) and o_(A) are contained in R. Moreover,
they are open in o4,(A), see [2]. This implies in particular that the non-real spec-
trum of A cannot accumulate to o4 (A4) Uo_(A). In [34] it was proved that a
bounded selfadjoint operator A possesses a local spectral function E on intervals
which are of positive type with respect to A. The spectral subspaces defined by F
are then Hilbert spaces with respect to the inner product [-,-]. A similar statement
holds for intervals which are of negative type. An extension of these statements to
unbounded operators can be found in in [26]. Due to these properties, the spectrum
of positive and negative type is of particular interest in the analysis of selfadjoint
operators in Krein spaces.

In the next definition we recall the notion of locally definitizable operators, see
e.g. [25, Definition 2.3], see also [26]. As usual we denote the open half planes by
C*:={2€C:+Imz > 0} and the one-point compactifications of C and R by C
and R, respectively. Moreover, for a set A C C we define A* := {Z: z € A}, where
30 1= 00.
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Definition 2.2. Let Q = Q* be a domain in C with QNR # @, such that QNC* and
QN C~ are simply connected. A selfadjoint operator A in K is called definitizable
over €2, if the following conditions are satisfied.

(i) The set o(A) N (2 \ R) does not have any accumulation point in © and
consists of poles of the resolvent of A.

(ii) For every closed subset A of 2 NR there exist an open neighborhood U of
A in C and numbers m > 1, M > 0, such that

(1+[Ap*m—2

(2.1) (A =X < M=

holds for all A € U \ R.
(iii) For every point A € Q N R there exist an open neighborhood I, in R of A,

such that both components of I \ {\} are of definite type with respect to
A.

The points in 7(A) N Q2 N R which are not spectral points of definite type of A are
called the critical points of A (in ).

We emphasize that a selfadjoint operator A is definitizable over C if and only if
it is definitizable, cf. [26], i.e. p(A) # & and there exists a polynomial p # 0 with
real coefficients such that p(A) is non-negative. Moreover, a selfadjoint operator
A which is definitizable over a domain € (as in Definition 2.2) has a local spectral
function F on QNR, see [26]. The projection E(A) is defined for all Borel subsets
A of QN R with A C Q the boundary points of which are not critical points of A.
We denote this system of sets by B(4;). A critical point A of A4 in QNR is called
regular if there exists & > 0 such that

sup{[|E(A)[| : A € B(A;Q), A (A—8,A+6)} < oo.

If the critical point A of A in QNR is not regular, it is called singular. The following
proposition is a generalization of a result of Curgus. For » > 0 and A € C we set
B,(N\)={ze€C:|z—- )<}

Proposition 2.3. Let the selfadjoint operator A in the Krein space (H,[-,:]) be
definitizable over a domain Q C C with oo € Q. Then oo is not a singular critical
point of A if and only if there exists a bounded and boundedly invertible non-negative
operator W in H such that W dom A C dom A.

Proof. 1t follows directly from Definition 2.2 that there exists r > 0 such that the
following statements hold:

(a) A is definitizable over C \ B,.(0).
(b) o(A)\R C B,(0).
(¢) (r,00) is of definite type with respect to A.

(d) (—o0,—r) is of definite type with respect to A.

Choose some 7 > r, set A := R\ (-ry,71) and denote by E the local spectral
function of A on R\ [—r,r]. Define the operators

B:=AE(A)YH and C:=A[(I — E(A))H.

Then the space H admits the decomposition H = E(A)H [+] (I — E(A))H and with
respect to this decomposition the operator A is decomposed as A = B [+] C. Here,
[+] denotes the direct [-,-]-orthogonal sum. As the operator B is definitizable over
C, it is definitizable. Evidently, the point oo is a critical point of A if and only if it
is a critical point of B. Moreover, it is easily seen that in this case oo is a regular
critical point of A if and only if it is a regular critical point of B.

Assume that oo is not a singular critical point of A. Then the same is true for

the definitizable operator B. Hence, by [14, Theorem 3.2] there exists a bounded
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and boundedly invertible non-negative operator V in E(A)H such that V dom B C
dom B. With an arbitrary fundamental symmetry J, in (I — E(A))H the operator
W :=V [+] Jp is a bounded and boundedly invertible non-negative operator in H.
Moreover, since dom A = dom B [+] (I — E(A))H, we have Wdom A C dom A.
Conversely, assume that such an operator W exists. Then there exists some § > 0
such that [Wf, f] > 6|/ f||* holds for all f € H. Define the bounded operator V in
E(A)YH by
V= E(A)(WIE(AYH).
Then for f € E(A)H we have

VI, [l = [BQ)W], fl= W[ EQ)f] =W f] = f|%

which shows that V' is non-negative and boundedly invertible. If f € dom B, then
also f € dom A and thus W f € dom A which implies

Vf=EQA)Wf e E(A)dom A = dom B.
This and [14, Theorem 3.2] imply that oo is not a singular critical point of B. O

3. THE MAIN RESULT

Let (H,[-,-]) be a Krein space. Recall that for any Hilbert space scalar product
(-,-) on H such that [-,] is continuous with respect to || - || := (-,-)*/? there exists
a bounded and selfadjoint operator G in (H, (-,-)) such that

[f,9] = (Gf,g) forall f,g €H.

The operator G is called the Gram operator of [-,:] with respect to (-,:). The
following theorem is the main result of this paper.

Theorem 3.1. Let Ag be a non-negative selfadjoint operator in the Krein space
(H,[-,]) and let (-,-), || - || and G be as above. Furthermore, assume that 0 and co
are not singular critical points of Ag and 0 ¢ o,(Ao). Set

To := — limsup < 00.

T N—ooco

N
/1 ((Ag +it) ™t + (Ag —at) ') dt

Then for every bounded selfadjoint operator V in (H,[-,]) and
3
0= 3 (14 7o) max{1,||V]}

the following statements hold:

(i) The operator Ag +V is definitizable over C\ Bs(0).

(ii) oo is not a singular critical point of Ag + V.

(iil) (8, 00) is of positive type with respect to Ag + V.

(iv) (—o0,—9) is of negative type with respect to Ag+ V.

(v) o(4o+V)\R C Bs(0).
If GAg C ApG or AgG C GAy, then 1o = 1 and hence § = 3max{1, ||V }.

Proof. The proof is divided into three steps. In the first step we prove that indeed
To < oo. In the second step it is shown that (i)—(v) hold with some r > 0 instead
of §. The proof is completed by showing > r in step 3.

1. By FE denote the spectral function of the non-negative operator Ag. By
assumption, 0 and oo are not singular critical points of Ag. Therefore, the spectral
projections E(RT) and F(R™) exist, where R* := (0,00) and R™ := (—0c0,0). Let
us define the operator

J = E[R*) - E(R").
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Since zero is not an eigenvalue of Ag, the space H decomposes as
(3.1) H=ER"H[+] E(R™)H,

and with respect to this decomposition of H the operators Ay and J admit the
following matrix representations:

_(AY 0O = (I 0
Ao = ( ; AO> and J = <0 _I),
where AOi := Ao|E(R*)H. Note that the operator A% is selfadjoint in the Hilbert
space (E(R*¥)H, +[-,-]) and that o(AT) ¢ RE := R* U {0}.
In the following we shall prove that
N

(3.2) % s-Jim_ [ (A +it) '+ (Af —it) ") dt = I.
N
To this end we first of all observe that
(A +it) ™+ (A —it) ™t = 240 (A +13) 7L
Clearly, the spectral measure of Al is given by E,(A)f = E(ANRY)f, f €
E(RT)H and A C R Borel-measurable. Therefore,

N N
2 [ AT((AD)? t2_1dt:2/ / 2 dE(s)dt
J, A =10

N
S
=2 - E
/| /}V S ddE()

s / (arctan(N/s) — arctan(1/Ns)) dE(s)
R+
= 2arctan(N(A$) ™) — 2arctan(N 1 (AF) ™).

Fubini’s theorem can be applied here since the integrand is bounded on RT x
[1/N,N]. On R*, the functions

r+— 2arctan(Nz) and 2+ 2arctan(N'z)
tend pointwise to m and 0 as N — oo, respectively. Therefore, the operator sequence
2arctan(N (Ag)™1) tends strongly to 71 and 2arctan(N~1(Af)™!) tends strongly
to the zero operator as N — oo, cf. [38, Theorem VIIL.5]. This proves (3.2).
Similarly, one shows that

N
% s lim ((Ag +it) ™+ (Ag —it) ") dt = —Ipg-yn-

N—oo J 1
N

Hence, we have
1 N ~
—slim [ (Ao +it) ' + (Ag —it) ) dt = J.
N
The Banach-Steinhaus theorem now yields 75 < co and
(3.3) 1]l < o.
2. Let A := Ag + V. With respect to the decomposition (3.1) of H we have
dom A = dom 4y = (dom Ay N E(R)K) [+] (dom Ay N E(R7)K).

As (E(RT)H, £[-,-]) are Hilbert spaces, the operator J is a fundamental symmetry
of the Krein space (H, [-,]), so that the norm || - ||, induced by the scalar product

(f.9)~ = 1Jf.gl=(GJf.g), fgeH,
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is equivalent to the fixed norm || - ||, cf. [1]. Therefore, the operator V is also
bounded in the Hilbert space (H, (-,-)~) and thus admits a representation

Vii Vi
V =
(v V%)
with bounded entries Vj;, 4,5 = 1,2.
Let A € C with ReA > 0 and
Al > 7y o= [[Vazll~ + 2max{1, [[Var ||~}
From dist(\,0(A4;)) > 7+ and the selfadjointness of Ay in the Hilbert space
(E(R™)H, (-, )~) we conclude
1 1
Ay N o= < —.
1tds =27 dist(\, o(4y)) 7+
This, in particular, implies
_ _ Vaall~
Vor(45 N7 < 22l oy

T+

Therefore the operator I + Vag(A; — A)~! is boundedly invertible in E(R™)H, and

it follows that
_ 1 1
| vaaag =7

< < '
S T 17 P Y e O g 1

T+

Hence, also the operator
Ag +Vas = A = (I+ V(45 = N)7") (A5 = V)
is boundedly invertible in E(R™)H. The definition of 7 yields

_ o 1 T 1
G Ao+ Ve =N < e = o < s
T+
and
(3.5) [(Ag + Voo = N) " Var|| | < _Vaull~ L

S Vel S 2
Let f € dom A be arbitrary. We set g .= (A —N)f = (Ag+V — \)f as well as
f2 = B(R*)f € dom A, g4 = B(R*)g. Then g_ = Vau f+ +(Ag +Vaz = N)f_, or,
equivalently,

fo=(Ag + Va2 = N) " Hg- —Varfy).
By (3.4) and (3.5) and due to |[v||%2 = [|[ERT)v||% + [|[E(R™)v||% for v € H this
implies

1 1 1 1
e < =lg=]|l~ + = ~ < =||[(A - ~+ = ~ -
1l < Glolin + 5l < S04 =X Sl + 5151

Squaring this gives

1 1 1
If=]1Z < 2= NFIZ + S NA=2Fl~fll~ + leflli :
and thus
(£ F) = Fe 2 = =112 = A2 =20 /- 112

(3.6) 1 1
D A= NAIZ = 1A= X Fllll fll~ -

Now, we set £ := /5 —2. It is then easily seen with the help of the above inequality
that for all A € C with Re A > 0 and |A| > 74+ the following implication holds:

fedomA, [(A=Nfl~ <ellfl~ = [f.fl=elfIZ.
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By definition of o4 (A) we obtain
{AeC: A >71, ReA >0} Nogp(A) C o4(A).
Analogously, one shows that for A € C with Re A <0,
Al > 7= (Vi [~ + 2max{1, [ Via]|~ }
and f € dom A we have

1 1
(3.7) £ F1 < =5 IR + SIA = NI+ 1A= N Fll~ [ fll~

and thus
IA=Nfll~ <elfl~ = [f. /1< —ellfII2-
Consequently,
{AeC: A >7_,ReA <0} Nogp(A) C o_(A).
We set
r:=max{7y,7_}
and conclude from o (Ag) Uo_(A4g) C R that the operator A has the following
spectral properties
(iii”) (r,00) is of positive type with respect to A.
(iv’) (—o0,—r) is of negative type with respect to A.
(v)) c(A)\ R C B,(0).
We will now show that A is definitizable over C \ B,.(0). To this end it remains
to prove that the resolvent of A has finite order growth near R\ [—r,7]. Let
A€ (C\R)\ B-(0) and f € dom A. Then (see (3.6) and (3.7))

1 1
A1 = G712 = SIA = A1 = 1A = Dl fl~
On the other hand, we also have

|Im M), fI] = [Tm [Af, f]] = [T [(X = A) f, ]| < (A= N FlI~[fll~
and it follows that

1

4= A1+ 2 (1 s ) 1A = DIl = I > o,

We set t :==1+ ﬁ and observe that the quadratic equation
o? 4+ 2t[| fll o — [ fI2 =0

has a negative root and the positive root xy = ¢(A\)|| f|~, where c(}) := V1 + 2 —t.
Hence, [|(A—=X)fll~ = c¢(N)||f||~ holds for all f € dom A. Thus,

_1 1
(A=)~ < oYk
And since

1 1 CImA|(VI+ 2+ 1)
cN) ViteE-—t [ Tm Al

~ VIIm AR + (1 + [ImA[)2 4 [Im A| + 1

| Tm |
< [ImA| + (1 + |[Im A|) + [Im A| + 1
- | Im Al

L+ Al (1+[AD?
<3 <3
~ |ImA — 7 [ImA]2
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we have proved that (2.1) is satisfied with M = 3 and m = 2. Since dom A =
dom Ay, it follows from Proposition 2.3 that co is not a singular critical point of A.

3. In this step we show § > r. Set Hy := E(RT)H and Hy := E(R™)H. By
T* we denote the adjoint of T' € L(H;, H;), 1,5 € {1,2}, with respect to the scalar
product (-,-)~. We have

‘/1;1 = ‘/117 ‘/2;2 = ‘/22 and Vl;kg = —‘/21.

This is a direct consequence of the selfadjointness of V' in (H,[-,-]). By W(. ,(T)
denote the numerical range of T € L(H;), j € {1,2}, with respect to the scalar
product (-,-), i.e.

Wi (1) = (@, 7 €y, TAT =15
Recall that o(T') is always a subset of W{. .,(T'). Therefore,
[Vir]l~ = sup{[A[: A € o(Vi1)}
<sup{[A[: A€ Wi y(Vin)} < [[Viul|.
Furthermore, we have
Via|2 = Vi3 Viall~ = sup {|A] : A € o(Vi5Vi2)}
<sup{|A: A € W (Vi3 Vi2)}-
Hence, from
|(VisVia fa, fo)| = |(Var Vs fa, fa)l < [Vl [V || 1 212
for fo € Hy we conclude ||[Vis|~ < ||[Via||*/?||Va1]|*/2. This gives
- = [Vill~ 4 2max{1, [Viz]~}
< [IVia ]| + 2max{1, | Vao||"/?|[Vau||'/?}.

From the identities Vi3 = E(RT)(V | Hy), Via = E(RT)(V | H2) and Vo =
E(R7)(VIH;) we obtain

7 < BRIV + 2max{L, | ERT)|V| BRIV}
Hence, with ¢ := max{||E(R")|[, |[E(R™)|/} > 1 it holds
T < |V +2max{1,c|V]} < e(|V] + 2max{1, [[V]})
= 3cmax{1, ||V}
A similar reasoning shows that 74 < 3cmax{l,|V]} and hence
r < 3emax{l, ||V]}.
Note now that

2E(RY)=1+J and 2E(R™)=1—J.
This yields

r <

N w

(1 + [17]1) max{1, |V},

and hence r < 4, see (3.3).

Assume GAg C ApG. Then Af = G(Ag)TG™! = GA,G™! C Ap. Thus, A
is symmetric. As £i € p(Ap), we have Fi € p(Af) and thus Ag = Aj. Hence,
Ay is selfadjoint in the Hilbert space (H, (-,-)). Therefore, the same holds for the
operator J = E(RT) — E(R™). And as J2 = I, it follows that J is also unitary in
(H,(-,-)). Thus, 7o = ||J|| = 1. A similar reasoning applies to the case AgG C GAy.
The theorem is proved. t
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Remark 3.2. In step 1 of the proof of Theorem 3.1 it is proved that 79 < oo if both
0 and oo are not singular critical points of Ay. For the case that Ag is boundedly
invertible this was shown in [24, Lemma 1] (see also [39]). There, also the converse
of this statement was proved.

Remark 3.3. In the proof of Theorem 3.1 it turns out that under the assumptions

of Theorem 3.1 the limit
N

~ 1
J==s lim (Ao +it) ™" + (Ag —it) ") dt
™ N—oco 1/N
exists and that 7o = ||J|| can be chosen in the formulation of the theorem.

Remark 3.4. Clearly, the number § in Theorem 3.1 is not optimal for (i)—(v) to
hold. For example, § = 0 can be chosen if V' is non-negative in the Krein space
(Hv [ ’ ])

Let T be a selfadjoint operator in the Hilbert space (K, (-,-)) and let B be a
bounded, but maybe non-selfadjoint operator in K. Then it is easy to see that the
spectrum of T+ B is contained in the strip {z + iy : « € R, |y| < ||B||}. But
the non-real spectrum of 7'+ B might be unbounded, e.g. if B = i. The following
corollary of Theorem 3.8 shows that the non-real spectrum of 7'+ B is bounded
if B is connected to T in a certain way. By B™ we denote the adjoint of B with
respect to the scalar product (-, -).

Corollary 3.5. Let T be a selfadjoint operator in the Hilbert space (I, {(-,-)) and
let p € L°(R) be real-valued. Assume that there exist r,e > 0 such that

lp(x)] > e for ae. x €R and
+o(x) >0 for a.e. z € RT\ (—r,7).
Then for every B € L(K) satisfying B* o(T) = o(T)B the non-real spectrum of
T + B is bounded. More precisely, we have o(T + B) \ R C B;(0), where
§:=3(1+r+|BJ).

Proof. Set G := ¢(T"). From the properties of ¢ it follows that G is selfadjoint in
the Hilbert space (K, (-,-)), bounded and boundedly invertible. Hence, the inner
product space (K, [,]), where

[f,9]:==(Gf.9), [.g€K,
is a Krein space. For f,g € domT we have
[Tf. 9l = (p(T)Tf.9) = (To(T)f,9) = (p(T)f,Tg) = [f, Tg].

Together with +i € p(T') this shows that T is selfadjoint in the Krein space (K, [, -]).
The same holds for the operator B:

BT =G'B"G=8B.
Now, define the function ¢ : R — R by

x for |z| > 7.

P(z) = {Sgn(w(f)) for |z| < r

From

(o0)(z) = {|<p(x)| for |z| <r < {5 for |z| <r > cmin{1,r}

zo(x) for|z|>r = |re for|z|>r
we obtain for f € domy(T) = domT:
(D) f, 1= (o)D), f) = emin{L, r}| f]*
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Hence, 9(T) is boundedly invertible and non-negative in the Krein space (K, [-,-]).
With the function ¢(z) := x — ¢(x) we have T = (T) + ¢(T). And as ¢(T)G =
G¢(T), by Theorem 3.1 the non-real spectrum of 7'+ B = ¢(T) + (¢(T) + B) is
contained in By, (0), where 6; = 3max{1, ||¢(T) + B||}. The assertion now follows
from [ $(T)]| = [[@lloc < 1+ 7. O

Corollary 3.6. Let (H,[-,]) be a Krein space and let (-,-), || -|| and G be fized as
in Theorem 3.1. Let A be a selfadjoint operator in (H,[-,-]) and assume that there
exists some v > 0 such that

[Af, f] > =~ fII>  for all f € dom A.

Assume furthermore that for some (and hence for all) v >

1.
T, = — limsup
T ntoo

n
’/ (A+vG™t —it)_ldtH <00
-n

and set
0=

Then the following holds:

(i) The operator A is definitizable over C\ Bs(0).
(ii) oo is not a singular critical point of A.
(iii) (d,00) is of positive type with respect to A.
(iv) (—o0,—0) is of negative type with respect to A.
(v) a(A)\R C Bs(0).
If GA C AG or AG C GA, then 1, = 1 for each v > v and hence (1)—(v) hold with
§ = 3max{l,v||G7!}.
Proof. The operator A, := A+ vG~! is boundedly invertible and non-negative:

[Auf. [l = [Af, 1+ VIGTH f1 2 =l FI2 + vl f12 = v = DIFIP
Moreover, 7, < oo implies that co is not a singular critical point of A4,,, see Remark
3.2. With V := —vG~! we have A = A, + V, and all statements follow from
Theorem 3.1. O

(1+ 7,) max{1, 1/||G71||}.

N W

Remark 3.7. If, in addition to the assumptions in Corollary 3.6, zero is neither an
eigenvalue nor a singular critical point of the non-negative operator A, := A4+~yG~1,
the assertions of Corollary 3.6 hold with
3 _
5= 5 (147 max{1, ]G},
where

Ty = — limsup
T N—oo

/1N (Ay +it) "+ (A, —it) ") at

N

Indeed, the assumptions of Corollary 3.6 imply that oo is not a singular critical
point of A, see also Proposition 2.3. Therefore, the operator A, satisfies the
conditions in Theorem 3.1.

A selfadjoint operator A in the Krein space (H, [, -]) is called non-negative in a
neighborhood of oo if it is definitizable over a domain 2 as in Definition 2.2, co € €,
such that QN R™ is of positive type and QNR™ is of negative type with respect to
A. The following theorem shows that a subclass of these operators is stable under
bounded perturbations.

Theorem 3.8. Let the selfadjoint operator A in the Krein space H be non-negative
in a neighborhood of oo such that oo is not a singular critical point of A. Then for
every bounded selfadjoint operator B in H the operator A + B is non-negative in a
neighborhood of co, and oo is not a singular critical point of A+ B.
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Proof. Let r > 0 such that [r,c0) is of positive type and (—oo, —r] is of negative
type with respect to A. By E denote the local spectral function of A on R\ (—r,7).
Set A := R\ [—r,r]. Since oo is not a singular critical point of A, the projections
E((—o0,—7)) and E((r,c0)) are defined, and with
K_:=E((—o0,—r))H, Kp:={—-E(A)H and Ky := E((r,00))H

we have

H=K_[+ K [+] Ks+.
Corresponding to this decomposition of H the operator A decomposes as

A=A [HAH AL

where the operators A are uniformly positive selfadjoint operators in the Hilbert
spaces (K4, =+[-,-]) and A; is a bounded operator in K. With some fundamental
symmetry J, in the Krein space (K, [-,-]) define the operator

A= A_[H Iy [+ AL

Then A is easily seen to be boundedly invertible and non-negative. From dom A =
dom A and Proposition 2.3 we conclude that co is not a singular critical point of A.
As every bounded perturbation of A is at the same time a bounded perturbation
of /1 the assertion follows from Theorem 3.1. O

4. APPLICATIONS TO DIFFERENTIAL OPERATORS WITH INDEFINITE
WEIGHTS

In this section we apply our main theorem from the previous section to ordinary
and partial differential operators.

4.1. INDEFINITE STURM-LIOUVILLE OPERATORS
In this subsection we consider Sturm-Liouville differential expressions of the form

L(f)(@) =sgn(@)(— f"(z) +q(@)f(2)), wER,

with an essentially bounded and real-valued potential ¢ € L>(R). The correspond-
ing differential operator in L?(R) is defined by

Af:=L(f), f€domA:=H*R).

By (+,-) and || - || we denote the usual scalar product and norm in L?(R). Let R be
the operator of multiplication with the function sgn(z). This operator is obviously
selfadjoint and unitary in L?(IR). Since the operator 7', defined by

Tf:=RAf=—f"+qf, f¢cdomT:=H?*R),

is selfadjoint in L?(R), it immediately follows that the operator A is selfadjoint in
the Krein space (L?(R),][-,-]), where

f.9) = (BS.9) / f(@)g(x)sen(x)dz, f,g € LA(R).

In the following for real numbers a and b we set
[a,b] :={zx € R:a <z < b},

which might be a singleton or the empty set. The following proposition is in essence
well-known, see [8, Theorem 4.2]. For the convenience of the reader we give a short
proof here.
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Proposition 4.1. The operator A is definitizable over C\ [my, m_], where

;= inf d _:=— inf .
my = inf g(z) and m Jnf (=)

Moreover, A is non-negative in a neighborhood of co.

Proof. Define the selfadjoint operators T in L?(RT) by

Tyfy=—fL+qfs, fedomTy :={fs e H*R*): f(0) =0}

and the operator A, := T & (—T1_), where the orthogonal sum is to be seen with
respect to the decomposition L?(R) = L?(R*) & L?(R™) of L*(R). We have RA, =
T, @ T_. Hence, the operator A, is selfadjoint in the Krein space (L*(R),[-,-]).
The operator T' is bounded from below by m and —7_ is bounded from above by
m_. From this it is easily seen that (m_,o0) is of positive type and (—oo, m4) is
of negative type with respect to A,. And since A, is also selfadjoint in the Hilbert
space (L*(R),(-,-)), it follows that A, is definitizable over C \ [m,m_]. Note
that the operators A and A, coincide on {f € H%(R) : f(0) = 0}. Therefore, the
difference of their resolvents is one-dimensional. And since the reolvent set of the
operator A is non-empty (see, e.g., [30, Proposition 2.4]) all assertions follow from
[3, Theorem 2.2]. O

Proposition 4.1 in particular implies that the non-real spectrum of the operator
A is discrete and can only accumulate to [m,m_]. Moreover, it is bounded by
Definition 2.2(i). But a bound for the non-real spectrum has not been given, yet.
By means of numerical examples (see, e.g., [6]) one might conjecture that there is
a close relationship between the maximal magnitude of the non-real eigenvalues of
A and the lower bound of the selfadjoint operator 7' = RA in L?(R) (see also [40,
Remark and Example 11.4.1]). As —||q||co is the smallest possible value of inf o(T),
the following theorem confirms this conjecture to some extent.

Theorem 4.2. The non-real spectrum of A is contained in Bs(0), where

3
5= 2 (1 o) max(1, g},

To := — limsup
T N—oo

)

/N (Ao +it) ™"+ (Ag —it)™") dt

1

N

and Ag is the differential operator defined by
(Aof)(z) := —sgn(x) f"(x), f€domAy:=H*R), veR.

Moreover, (8,00) is of positive type and (—oo, —9) is of negative type with respect
to A.

Proof. Define the operator V' by

(VI)(z) :=sgn(z)q(z)f(z), f€L*R), z€R.

Then we have A = Ag + V. The operator V is obviously bounded in L?(R) with
IV = ||g]|ls, and Ag is non-negative in the Krein space (L?(R),[-,]). Its spectrum
covers the entire real axis, i.e. 0(Ag) = R. Moreover, 0 ¢ 0,(Ay). Owing to [18]
the operator Ay is similar to a selfadjoint operator in a Hilbert space. Equivalently,
the points 0 and oo are regular critical points of Ag. Hence, all assertions follow
from Theorem 3.1. O
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4.2. SECOND ORDER ELLIPTIC OPERATORS

Let 2 C R™ be a domain and let ¢ be the ”formally symmetric” uniformly elliptic
second order differential expression

@) @)= (afcaf) (2) + a(@)f(z), @eQ,

Jik=1 Oxk

with bounded coefficients a;, € C*°(Q) satisfying a;ji(z) = ay;(z) for all z €  and
j,k=1,...,n, the function a € L*(f) is real valued and
Z aj(2)€ék = 0251%

4k=1 k=1
holds for some C > 0, all £ = (£1,...,&,)T € R® and = € Q. To the differential
expression ¢ we associate the elliptic differential operator

(4.2) Tf:=0(f), domT={feHjQ):Lf)e€L*Q)},

where Hi () stands for the closure of C§°(£2) in the Sobolev space H!(Q). It
is well known that T is an unbounded selfadjoint operator in the Hilbert space
(L2(%2), (-, -)) with spectrum semibounded from below by essinfa; cf. [19].

Let r be a real valued function such that r,7~1 € L>°(Q) and each of the sets

(4.3) Qp:={2€Q:r(x)>0} and Q_:={zeQ:r(z)<0}

has positive Lebesgue measure. We define a second order elliptic differential ex-
pression £ with the indefinite weight r by

(Cf)(x) = % (@), weq.

The multiplication operator Rf = rf, f € L?(2), is an isomorphism in L?(£2) with
inverse R™1f =r~1f, f € L?(2), and gives rise to the Krein space inner product

f.9] = (Rf.g) /f oy de,  f.ge L(Q).

As in the previous subsection the Gram operator is denoted by R instead of G. The
differential operator associated with L is defined as

(4.4) Af=L(f), domA={feH}Q):L(f) e LD}

Since for f € H(2) we have £(f) € L*(Q) if and only if £(f) € L*(Q2) it follows
that dom A = domT and A = R~!T hold. Hence A is a selfadjoint operator in the
Krein space (L%(9), [-,]).

In order to illustrate Theorem 3.1 for the indefinite elliptic operator A we assume
from now on that

min oess(T) <0
holds. This also implies that the domain €2 is necessarily unbounded as otherwise
Oess(T) = @. A discussion of the cases 0ess(T) = & and min gess(T') > 0 is contained
n [5], see also [21, 22, 35]. Fix some v > 0 such that —y < mino(7") and define the
spaces Hs, s € [0,2], as the domains of the J-th powers of the uniformly positive
operator T+~ in L?(12),
Hy == dom((T +7)2), s €10,2].

Note that H = Hg, domT = H, and the form domain of T is Hy. The spaces H,
become Hilbert spaces when they are equipped with the usual inner products, the
induced topologies do not depend on the particular choice of ; cf. [31].

The following theorem is a consequence of Theorem 3.1 and the considerations
n [15], see also [5].
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Theorem 4.3. Let A be the indefinite elliptic operator in (4.4) and assume that
there exists a bounded uniformly positive operator W in (L*(Q),[-,-]) such that
WH,s C Hs holds for some s € (0,2]. Then Ag = A+ ~yR™! is uniformly positive
n (LQ(Q)’ ['7 D:

To := — limsup
N—o0

< 00,

/N (Ao +it) ™' + (Ag — i)™ ') dt

1

N

and with & := 3 (1 + 7o) max{1,y|lr o} the following statements hold:

(i) The operator A is definitizable over C \ Bs(0).
(if) (d,00) is of positive type with respect to A.
(iii) (—o0,—0) is of negative type with respect to A.

(iv) o(A)\R C Bs(0).
Moreover, oo is not a singular critical point of A and Ag.

Proof. Observe that first that v < mino(7") implies that the operator
Ay=A+yR ' =R '"T+~yR'=R (T +7)

is uniformly positive in (L?(2),[-,-]), and, in particular, 0 is not a singular critical
point of Ag. The assumption WH, C H, for some s € (0,2] together with [15,
Theorem 2.1 (iii)] (see also [14]) implies that also oo is not a singular critical point
of Ay. Hence Theorem 3.1 can be applied to the operator Ag and V' = —vR, that
is,

A=A+ V.
As ||V = 7]lr 7 e the assertions in Theorem 4.3 follow. O

As in [5] we consider the special case Q = R™, where Q. = {z € R" : +r(x) > 0}
consist of finitely many connected components with compact smooth boundaries.
Hence one of the sets {2+ is bounded and one is unbounded. Since the weight
function satisfies r,7~! € L>(R") the restrictions 74,71 belong to L>°(Q) and
hence the multiplication operators R f+ = 74 f+ are isomorphisms in L?(2) with
inverses Ry'fy = ri'fy, f+ € L?(Qg).

Let us now assume that the coefficients a;, € C°>°(R") in (4.1) and their deriva-
tives are uniformly continuous and bounded, and that (as before) a € L>(R") is
real valued. Then by elliptic regularity and interpolation

dom A =domT = H*(R") and  H,= H*(R"), s€[0,2],

holds; cf. [5] for more details. 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?(Q4). The following corollary is a consequence of [5, Lemma 5.1] and Theo-
rem 4.3; cf. [5, Theorem 5.4].

Corollary 4.4. Assume that for some s € (0, 3) the spaces H*(2}.) and H*(2_)
are invariant subspaces of the multiplication operators Ry and R_, respectively.
Then the assertions in Theorem 4.3 are true.
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