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Abstract

We prove new spectral enclosures for the non-real spectrum of a class of 2 x 2 block operator matrices with
self-adjoint operators A and D on the diagonal and operators B and —B* as off-diagonal entries. One of
our main results resembles Gershgorin’s circle theorem. The enclosures are applied to J-frame operators.
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1. Introduction

We consider block operator matrices S acting in the orthogonal sum ¢ := J#, @ J#_ of two Hilbert
spaces,

A B
S— [_B* D}, (1.1)

where A and D are (possibly unbounded) self-adjoint operators in 7 and ¢, respectively, and B is a
bounded operator from 77 to J#..

Such operators play an important role in various applications. For instance, they appear in the study
of so-called floating singularities [6, [14} [15 [19] 21]], in the perturbation theory for equations of indefinite
Sturm—Liouville type [5], and also in frame theory [[12} [13]].

Clearly, S is not self-adjoint in .#” unless B = 0. However, it is self-adjoint if we introduce the
indefinite inner product

|:{x+]’[y+” = (x4, y1) = (x,y-), [xﬂ,{y*] e A (12)

x_ y— X— y—

for bounded S this means that [Sx,y] = [x, Sy] for all x,y € 7. The indefinite inner product [-,] turns .7
into a Krein space, i.e. it is the orthogonal sum of a Hilbert space and an anti-Hilbert space. Actually,
every bounded self-adjoint operator in a Krein space can be written in the form (T-1)).
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Of particular interest is the location of the spectrum of S. In [18 [23] 30] spectral enclosures were
obtained via the quadratic numerical range, and in [4} 5] in terms of the spectra of A and D. Gershgorin-
type results for more general operator matrices were presented in [9] and [28]]. Moreover, in [1} 14} 20} 21]
the essential spectrum was investigated, and in [19] variational principles and estimates for eigenvalues
were proved. Invariant subspaces and factorizations of Schur complements were considered in [24] and
[2]], and in [3] conditions were presented for an operator of the form (I.I)) to be similar to a self-adjoint
operator in a Hilbert space. For an overview we refer to the monograph [29].

In general, the spectrum of block operator matrices as in (I.1) is not contained in the real line. The
self-adjointness of S in the Krein space with the inner product implies only that the spectrum of S
is symmetric with respect to the real axis. The aim of this paper is to prove enclosures for the (non-real)
spectrum of S in terms of (spectral) quantities of the operators A, B, and D.

We start with a general enclosure for the (closure) of the quadratic numerical range of S, formulated
in terms of the numerical ranges of A and D and the norm of B; see Proposition [3.1]below. The quadratic
numerical range of a block operator matrix was introduced in [22]] and its closure contains the spectrum of
S; see (2.2). Although similar enclosures for the spectrum of S were already known, one of the advantages
of having a spectral enclosure for the quadratic numerical range is that it leads also to estimates of the
norm of the resolvent; see the discussion in Remark@ Moreover, Proposition @] is sharp in the sense
that the enclosures for the quadratic numerical range cannot be improved if just the numerical ranges of A
and D and the norm of B are known; see Theorem

The main contribution of this paper is a spectral enclosure for the operator matrix S, which is connected
with the Schur complements. It is well known and follows from a relatively simple Neumann series type
argument applied to the first and second Schur complement that

c(S)\R C {)L eC\R: HB*(A—/’L)’IB(D—l)*lII > 1 and ||B(D—7L)’IB*(A—/'L)71H > 1}; (1.3)
see [9, Theorem 1.1], [4, Lemma 5.2 (ii)] or [29, Section 2.3]. Here we prove that
o(S)\RC {AeC\R:[|[(A—A)"'B||>1 and |[(D-21)"'B*|>1}; (1.4)

see Theorem .3 below. The enclosures and are independent of each other in the sense that
none of the sets in the right-hand sides of (T.3) and (T.4) is strictly contained in the other one. However,
since the norm inequalities in (T.4) deal separately with the resolvent functions of A and D it is easy to
construct examples where the enclosure in (T.4) is strictly contained in the one in (I.3), see Example[4.9]

Note that the spectral enclosures in (I.3) and are not explicitly formulated in terms of the spectra
of A and D. However, it is one of our main observations that allows a reformulation in a more geo-
metric manner. In particular, given € C\R, ||(A —A)~'B|| > 1 if and only if for all positive continuous
functions f : R — R with some specific behaviour at infinity we have

re U Bropms ),

teop(A)

where 6p(A) is a specific closed subset of 6(A) and %, (t) stands for the closed ball of radius r around ¢;
for details we refer to Proposition below. A similar interpretation can be obtained for the inequality
|(D—A)~'B*|| > 1 in terms of continuous functions defined in a closed subset o+ (D) of the spectrum
of D. Therefore, the enclosure for the non-real part of the spectrum of S in (I.4) implies a family of
enclosures which resemble Gershgorin’s circle theorem: for any two positive continuous functions f and
g with some specific behaviour at infinity we have that

reop(A) s€op« (D)



see Theorem [4.8] below.
Maybe the most interesting situations appear when one chooses the functions f and g explicitly. For
instance, if A is boundedly invertible and f(¢) = |¢|~! then (T.5) implies

G(S)\Rg U %lalHA—lBH(a). (16)

acop (A)

Moreover, if |[A7!B|| < 1 then these balls are contained in a double-sector with half opening angle

arcsin||A~!B||, see Figure below.
\ /
\
\
/
/ \
/

Figure 1: The spectral enclosure for o(S) \ R given in (T.6) (in orange) and the set 65(A) (in blue).

It is worth mentioning that (1.4) also improves the following spectral enclosure obtained in [3]]: if
PBr(A) = {z € C:dist(z,A) < r} then

o(S)\R C Zyp|(c(A)) N Byp|(c(D)).

In fact, |[(A —A)~'B|| > 1 obviously implies ||(A —A)~'||||B|| > 1 and the latter is equivalent to A €
% (0(A)). A similar argument with D and B* instead of A and B completes the proof.

Finally, in Section [5|we apply the spectral enclosures obtained in Sectiond]to operator matrices of the
form which appear in frame theory. The so-called J-frame operators were introduced in [[13]] and
further investigated in [[12]]. Our findings lead to significant improvements of the spectral enclosures for
J-frame operators obtained in [[12].

2. Preliminaries

If 5 and ¢ are Hilbert spaces, we denote by L(2,.%") the space of all bounded linear operators
mapping from JZ to J# . As usual, we set L(5) 1= L(¢, 7). For r > 0 and A C C we set

Br(A) :={z € C:dist(z,A) < r}.

If a € C, we also write %,(a) := %,({a}) for the closed disc with centre a and radius r.
The numerical range of a linear operator T in the Hilbert space 7 is defined by

W(T) :={(Tx,x):xedomT, ||x]| = 1}.
It is well known that the numerical range W(7T') is convex and that C\ W(T) has at most two (open)
connected components (see [16, V.3.2]). Moreover, it is immediate from the definition of W(T') that

0,(T) C W(T), where o,(T) stands for the point spectrum of 7. If T is closed, A € C\ W(T') and



xe€domT, ||x|| =1, then

(T —2A)x|| > |(Tx,x)—A| > dist(A,W(T)).

This shows that ran (T — A) is closed and ker (T — A1) = {0}. Hence, if each of the (at most two) compo-
nents of C\ W(T') contains points from the resolvent set p(7'), then 6(7) C W(T'). This holds in particular
if T is bounded. The next lemma is now immediate.

Lemma 2.1. Let T = A+ B, where A is a self-adjoint operator in a Hilbert space 7 and B € L(7).
Then o(T) CW(T) and for A ¢ W(T) we have

_ 1
T =27 < et
dist(A,W(T))
Let us also recall the definition of the quadratic numerical range, which was introduced in [22]; see
also [29] Definition 1.1.1]. Assume that the Hilbert space .77 is the orthogonal sum of two Hilbert spaces,
. and S_. Let S be a bounded operator in 5# decomposed as

A B
=[e )

where A € L(J%,.), B€ L(.,54.), C € L(H., 7)), and D € L(J.). For f € 7. and g € . with
|lf1l = llgll = 1 we introduce the 2 x 2 matrix

(Af,f) (Bg.f)
Ste= 2.1
& l(Cf,g) (Dg,8) .
The set
WZ(S) = U 0p(Sre)
feA, gen-
IfI=llgll=1

is called the quadratic numerical range of S. It is no longer a convex subset of C, but it has at most two
connected components.

One of the advantages of the quadratic numerical range is that it is contained in the numerical range:
W2(S) C W(S) and that we have the following refined spectral inclusions

o,(S)CWA(S) and  o(S) CW2(S); (2.2)
see [29, Theorem 1.3.1]. Moreover, the resolvent can be estimated in terms of the distance to W2(S):

S|+ A TR

I(s=2)~" < Tdist(A, W2(S)) A gWA(S); (2.3)

see [29, Theorem 1.4.1]. If W2(S) = F; U F, with disjoint non-empty closed sets F; and F>, then

. IS] + 141 —
I< @@ masamy VS 2.4)

1(S—=2)

see [29, Theorem 1.4.5].
The quadratic numerical range definition can be easily extended to unbounded block operator matrices,
restricting the vectors f and g in (2.1) to the proper domains (dom A) N (dom C) and (dom B) N (dom D),



respectively. For details see [29, Definition 2.5.1].

In the following we recall the definition of the Schur complements of a block operator matrix, which
are powerful tools to study the spectrum and spectral properties. Let A and D be closed operators in 77
and 2, respectively, B € L(J#, ¢}, ), and C € L(5#,,5#). For the block operator matrix

S*AB dom § = dom A @ dom D
7CD’Om70m om D,

the first and second Schur complements of S are defined by:
Si(A):=A—-A-B(D-A)"'c, AepD), (2.5)
$5(A):=D—-A—-C(A—A)"'B,  Aep(A). (2.6)

These are analytic operator functions defined on the resolvent sets of D and A, respectively.
In the next sections we shall make use of the following auxiliary result from [25]; see also [29) Theo-
rem 2.3.3].

Lemma 2.2 ([25] Theorem 2.4]). Let A and D be closed operators in . and F-, respectively, let
Be L(H.,5#,) and C € L(H,.,5), and consider the block operator matrix

S*AB dom § = dom A @ dom D
7CD’Om70m om D.

Then the following statements hold:
(i) For A € p(D) one has A € o(S) if and only if 0 € 6(S1(1)).
(il) For A € p(A) one has A € 6(S) if and only if 0 € 6(S2(1)).
Moreover, if L € p(D)Np(S), then

L I o][si)" 0 I ~BD-2)"
S0 = e MY 0]l T

3. Sharp enclosures for the quadratic numerical range
Let S be as in (1.1)) with bounded operators
AeL(s), BeL(s ,5), DelL(s),

where A and D are self-adjoint in the Hilbert spaces .7 and 77, respectively. Hence, the numerical
ranges W(A) and W(D) are real intervals. We introduce the following numbers, which are used for the
description of the enclosures that are proved below:

a_ =inf W(A), ay :=sup W(A), 3.1
d_:=inf W(D), dy :=sup W(D), (3.2)
a_+d-_ ay+d
moi= my = — 5 sy (3.3)
1 1 — ————
ci=3 [min{a,,d, }+max{a_,d_}| and (:= Eolist(W(A),W(D)) (3.4)



If W(A)NW (D) = @, then ¢ is the midpoint of the gap between W(A) = [a_,a;] and W (D) = [d_,d ],
and / is half the length of the gap; e.g. if d+ < a_, then

c=31(di+a) and (=j(a_—d;).
The following proposition contains enclosures of the closure of the quadratic numerical range of oper-

ators of the form (I.1). Due to (2.2) these yield also enclosures for the spectrum. Note that the enclosures
in Proposition [3.1/depend only on W(A), W(D) and ||B||. They are illustrated in Figures 2H5]below.

Proposition 3.1. Given a Hilbert space 7 = 7, & 4, consider the block operator matrix

si=| A B 35
'_{B* D] )

where B € L(,.7), and A and D are bounded self-adjoint operators in €. and F_, respectively.
Further, let the constants ax, d+, m+, ¢ and { be as in (3.1)-(3.4). Then

W2(S)NR C [min{a_,d_}, max{a;,d.}], (3.6)

W2(S) \RC L‘%)HBH ([CL,CM]) N ‘%)HBH ([d,,d+]) N{zeC:m_<Rez<my}. (3.7
Moreover, in the special case where
WANWD)=2 and  |B| <¢, (3.8)

we have

W2(s) C [min{a,d}, c— /2 - |32] Ulet/e2—||BIP, max{a+,d+}]; (3.9)

in particular, both the quadratic numerical range and the spectrum of S are real.

Proof. Inclusion (3.6) follows from [29, Proposition 1.2.6]. It is sufficient to show (3.7) and (3.9) without
the closures on the left-hand sides because the right-hand sides are closed sets. Let z € W2(S). Then there

exist f € 7, and g € A7 with || f|| = ||g|| = I such that z is an eigenvalue of the matrix Sy, = (:% g) in
1) with a = (Af, f) € [a—,a+], 6 = (Dg,g) € [d—,d+] and B = (Bg, f), which satisfies || < ||B]||. By
(18, Theorem 2.1] and [} Theorem 3.5] the inclusion (3.7) holds for W2(S) replaced by o(S). Applying

this to the matrix Sy, we obtain that in the case when z is non-real, z is contained in

(%)m‘({a}) ﬁ(@m‘({S}) N{zeC:m_<Rez<mi}.

and hence in the right-hand side of (3.7).
It remains to show (3.9). We assume without loss of generality that d; < a_, in which case ¢ =
Na_+dy)and €= 1(a_—dy). By B7), z€ R, and hence z =z, orz=z_ where

() e

It is easy to see that z, is increasing in @ and decreasing in 8. Therefore

a_+d a_—dy\?
wz ++\/( ) —IBP z e /e8I

V



and, similarly, z_ < ¢ — /%> — ||B||?. Together with (3.6)), this shows the inclusion (3.9). O

Remark 3.2. (a) Parts of Proposition [3.1)are known: inclusion (3.6)) is from [29] Proposition 1.2.6].

(b) Inclusion (3.7) is an improvement of a similar result in [29, Proposition 1.2.6]. To be more precise,
in [29] Proposition 1.2.6] the following inclusion is proved, when ||B|| > ¢,

W2(S)\R C {z €C:|Imz| </ ||B||2—£2} N{zeC:m_<Rez<mi}; (3.10)
cf. also [29] Proposition 1.3.9]. It is easy to see that the right-hand side of (3.7) is contained in the

right-hand side of (3:10), and in most cases the inclusion is strict; see also Figures 2H5] below.

(c) Inclusion @ improves [29, Proposition 1.2.6] significantly, namely, the former implies that the

interval
(c= =18 c+ /2= 8IR)

has empty intersection with W2(S) if ||B|| < £. A similar result for the spectrum of S (which is, in
general, a smaller set) can be found in [8, Theorem 4.2] and, in a somehow different form, in [3}
Theorem 5.8] and [4), Theorem 5.4].

(d) For enclosures for the quadratic numerical range and the spectrum where all entries A, B, and D are
allowed to be unbounded see [23| Proposition 4.10 and Theorem 4.13].

Figures “ below show the enclosures for W2(S) from Proposition In Figuresandthe situation
where W(A) NW (D) # & is considered. If || B| is less than or equal to

7:=min{m; —min{a;,d;}, max{a_,d_} —m_},
the non-real spectrum is contained in %) ([a—,a+]) N Bp([d-,d+]) = %’HBH(WH (D)). When
||B|| > 7 then the enclosure in {z € C: m_ < Re z < m. }, the third set on the right-hand side of (3.7), has
to be taken into account as well.

The case when there is a gap between W (A) and W (D) is considered in Figures and When ||B|| is
small, then W2(S) is contained in the union of the two real intervals on the right-hand side of (3.9). When
||B|| is larger, then the spectrum may be non-real, and the right-hand sides of (3.6) and have to be
used.

. —

i — T
\\(L m_ a_ d, my ay

Figure 2: The region (indicated in orange) given by the union of the sets on the right-hand sides of (3.6) and (3.7) that contains
W2(S), when W(A) and W (D) overlap and ||B|| < 7.




Figure 3: The region (indicated in orange) given by the union of the sets on the right-hand sides of (3.6) and (3.7) that contains
W2(S), when W (A) and W (D) overlap and ||B|| > 7.

—e T . —— . >
d_ d, c  a- a

Figure 4: The two intervals (indicated in orange) on the right-hand side of (3:9) whose union contains W2(S), when W (A) and W (D)
are separated and ||B|| < 7.

- T dim. ¢ a_my at

Figure 5: The region (indicated in orange) given by the union of the sets on the right-hand sides of (3.6) and (3.7) that contains
W2(S), when W (A) and W (D) are separated and || B > 7.

The next theorem shows that Propositionis sharp in the sense that given [a_,ay]| =W(A), [d_,d{]| =

W (D) and ||B||, the enclosures for the spectrum and the quadratic numerical range of S cannot be improved,
i.e. an operator S is constructed for which equality holds in (3.6) and (3.7), and in (3.9) if (3:8) is satisfied.

Theorem 3.3. Leta,,a_,d,d_,beRsuchthata_ <ay,d_ <d, and b > 0. Then there exist separable
Hilbert spaces 7, self-adjoint operators A and D in 5, and ., respectively, and B € L(5_, 5,
such that -

W(A):[a—va+]7 W(D):[d—vd-F]a HBH:bv

and (with the notation from (3.3)~(3.4)) the operator S from (3.3) satisfies
o(S)=W2(S) = (%b([a_,a+]) NBy([d-,di])N{zeC:m_<Rez< m+})

(3.11)
U [min{a_,d_},max{a,,d; }|



if b>{ and

o(S)=W2(S) = [min{a_7d_}, c—1/ % —b2] U

ifb <t

2
c-i—\/%—lﬂ7 max{a+,d+}] (3.12)

Proof. Let s, = 7. = (* and define the operators
A =diag(ay,ay,...), B = diag(by,b,...), D = diag(d;,dy,...)

with numbers
ay € la_,ay], b, €10,b], d,€ld_,dy], (3.13)

n € N, which are chosen later. Let z, = x,, + iy,, n € N, be such that {z, : n € N} is a dense subset of the
right-hand sides of (3.11) or (3:12), respectively. Below we construct ay, by, d, such that

in = W+(an7bnadn) or in =W- (anabnydn)a (3.14)

where

a,+d a, —d,\?
W (an, by, dy) = "2 "j:\/< "2 ") — |bal?. (3.15)

Since then z, is an eigenvalue of S and o (S) is closed, this, together with the enclosures in Proposition 3.1}

shows equality in (3.T1)) and (3.12).
Let us first consider the case when z,, ¢ R. Then z,, is in the right-hand side of (3:T1). If x,, € [a—,a1]N
[d_,d.], then set
ay 1= dy == Xp, by == |ynl.

Clearly,
an € [a*7a+]a dn € [d*ad+]a bn = |)’n| = diSt(Zna [afanr]) < ba

and (3.14) is satisfied. Now assume that x, ¢ [a_,a+|N[d_,d.]. Without loss of generality we can assume
that
dist(x,,, [a_,a+}) < dist(x,,, [d_,d+]), (3.16)

which implies that x,, ¢ [d_,d]. Let us consider the case when x, < d_; the case x,, > d is analogous.

Set
ap =2x,—d_, d,=d_, by = /Y2 + (x, —d_)%.

Clearly, d, € [d_,d]. From x, > m_ we obtain that

a_+d_

ap =2x,—d_>2m_—d_=?2 >

—d_=a_.

If x, < ay, then a, = x, + (x, —d_) < x, < a; and hence a, € [a_,a]. If x, > a,, then the inequality in
(3:16)) is equivalent to x, — a4 < d_ — x,, which implies that

an =2x, —d_ < ay;

hence also in this case we have a, € [a_,a;]. Moreover,

by = /Y24 (tn—d_)? = |za —d_| = dist(z,, [d_,d.]) <b.



It is easy to check that (3.14) is satisfied.
Next we consider the case when z, € R. If z, € [a_,a], then choose a, = z,, d,, arbitrary in [d_,d ]
and b, = 0. Then

W+(anabnadn) = max{zn,d,,}, w— (anvbmdn) = min{zmdn}v

and hence (3.14) holds. The case when z, € [d_,d] is similar. If [a_,a;]N[d_,d;] # &, then all
cases of real z, are covered. Finally, assume that [a_,ay|N[d_,dy] = @ and z, ¢ [a_,a+|U[d_,d].
Without loss of generality we can assume that d < a_; then z, € (d1,a_). Let us consider the case when
p>c= %(d+ + a_); the other case is similar. Set

/N2
ap=a-, d,=d,, b, = (5) —(zn—c)2.

It is easy to check that z, = w. (an, by, d,). If b > Y dist([a_,a.],[d_.dy]) = %, then b, < g <b.Ifb< %,
then the form of the right-hand side of (3.12)) implies that

>+ (é)z—bz,

0N2 0\2
< () =((2) =) =0
bn = \/(2) ((2) b > b
The relations in (3.13) imply that the operators A, B and D are bounded with ||B|| < b. If we had

||B|| < b, then we would obtain a strictly smaller enclosure for the spectrum from Proposition which
contradicts the already obtained equality in (3.11)) or (3.12)), respectively. O

which yields

4. Gershgorin-type enclosure for the spectrum of block operator matrices

In this section we provide another spectral enclosure for the non-real spectrum of the block operator matrix

S= [ A B}, dom § = dom A & dom D. 4.1)
—-B* D

As already indicated by ([@.I)), we also allow unbounded entries A and D. The operator B remains bounded
in our considerations. The result has similarities with Gershgorin’s circle theorem for matrices [[11]] and
block operator matrices [27, 28} 129, 9] since we show that the non-real spectrum of the operator matrix S
is contained in the union of a family of closed balls, centred along parts of the spectrum of the block A in
the diagonal of S (see @])). To formulate the result, for a closed set M C R define the following class of
continuous functions:

ct(M) = {f € C(M): f() >0 for t € M, sup f(t) < oo, inf |t f(r) > o}. 4.2)
teM [t[>1

The last two conditions obviously only matter if M is unbounded. If M is compact, then C* (M) is the set

of positive continuous functions on M. Note that any positive constant function is contained in C* (M)
and also |t| ! e C* (M) if 0 ¢ M.

Theorem 4.1. Given a Hilbert space 7€ = 3, @ -, consider the block operator matrix S in (4.1),
where B € L(F.,5,) and A and D are self-adjoint operators in S, and F-, respectively. Then, for

10



any f € C*(0(A)) and g € C*(o(D)) we have

cS\RC [ U Zroyr1pmm® ) 0| U Beoy 10wz ) | - (4.3)

tec(A) s€o(D)
Remark 4.2. If we set f = g = | in Theorem[.1] then the spectral inclusion (4.3)) becomes
o(S)\R C Bp(0(A)) N B)p|(c(D)), (4.4)
which was already proved in [5, Theorem 3.5].

Theorem@]will follow from Theorem@]below, which is an improvement of [5, Theorem 3.5]. The
spectral inclusion (4.4) means that a non-real point in the spectrum of S satisfies dist(4,0(A)) < ||B|| and
dist(A, (D)) < ||B]|. This is equivalent to |[(A —A)~!||||B|| > 1 and ||(D — A)~!||||B*|| > 1. Hence, the
spectral enclosure given in (@.3)) is sharper.

Theorem 4.3. Given a Hilbert space I = 5, © I, consider the block operator matrix S in (@.J),
where B € L(A-, ;) and A and D are self-adjoint operators in 7, and F€-, respectively. Then

G(S)\RC {A€C\R: |(A—A)"'B||>1 and |(D—A)"'B*|| > 1}. 4.5)

Moreover, given A € C\R then

_ 1+[[(A=A2)"'B||+ (A= A)"!B|]? , _
s < e e rla-A <L @
_ )1 p* =12
Is—ay < LA BILNDA) B yypaym < @

[Im A |- (1= [|(D—=2)~"B*[]?)

Before we prove Theorem [4.3] we provide a couple of remarks and an example.

Remark 4.4. (a) The same conclusions as in Theorem [4.3|hold, if we drop the boundedness assumption
on B and, instead, assume that B is D-bounded with D-bound less than one and B* is A-bounded with
A-bound less than one. The arguments in the proof are essentially the same.

(b) Note that both ¢(S) \ R and the right-hand side of (4.5)) are sets which are symmetric with respect
to the real axis.

(c) There is another spectral enclosure for the operator matrix S that results from a relatively simple
argument (see [9, Theorem 1.1] or [4, Lemma 5.2 (ii)]). Consider the second Schur complement S>(A) =
D—A+B*(A—A)"'Bfor A € C\R. Applying (D —A)~! from the right and from the left, respectively,
we obtain

SA)(D-2)'=1+B(A-2)"'B(D—-A1)""  and
(D—2A)"'S(A) =1+ (D—A)"'B*(A— 1) "' Bliomp-

That is, if one of

Ns(A):=[B(A-A)"'BD-2)7"| o Ns(&)=[(D-2)"'B*(A-21)"'B|

11



is less than 1, then the Schur complement S»(A ) is boundedly invertible and so 4 € p(S). Hence,

o(S) C {2 €p(D): Ns(A)>1 and Ns(A) >1}.

A similar reasoning applies to the first Schur complement S;(A) = A — A +B(D — A)~'B* and gives
o(S) C {Aep(A): Ms(2)>1 and Ms(2) > 1},

where Ms(A) := ||B(D —A)~'B*(A—A)~!|. This implies that

o(S)\R C {1 € C\R: min{Ns(1),Ns(A),Ms(A),Ms(A)} > 1}. (4.8)

(d) The spectral enclosures (@.3)) and (@.8)) are independent of each other, meaning that, in general, none
of the corresponding sets on the right-hand sides of the two relations contains the other. Consequently, if
we intersect the right-hand side of the already known enclosure (@.8)) with the new one (@.3)), we obtain a
better bound for the non-real spectrum of S, as illustrated in Example .5 below. However, Example {.9]
shows a situation, where (4.3) is in fact strictly better than (4.8).

(e) Both spectral enclosures (@.3) and ([&38) require complete knowledge about the functions ||(A —
)7IB||, [|(D —-)~'B*||, Ns and Ms. In contrast, Theorem [4.1| basically only requires knowledge about
6(A) and 6(D) and is therefore better suited for computations.

Example 4.5. We let /7 = %, = C? and

2 14 1 0 j 1+ 4
e T T
1—i -1 0 -5 -1-i -3

The four eigenvalues of S € C*** are depicted as black dots in the figure below. Note that two of them
are real. They are (approximately) —4.73166, 2.38898, —0.328657 + 1.03244i. The region from (@.8)
is bounded by the three red curves, while the two blue curves bound the region on the right-hand side of
(@.3). The orange filled region is the intersection of the two enclosures.

Figure 6: The spectral enclosures @), bounded with blue curves, and @), bounded with orange curves, for the matrix in Exam-

ple[d3}

Proof of Theorem[&3] We use the first Schur complement S; of the block operator matrix S in (@.1)), which
is given by

S{(A)=A—A+B(D—A)"'B*,  domS;(1)=domA,

for A € p(D); see 2.3).

12



For A € C\ R we have S;(1)* = S1(4) and, setting T := (D — 1)~ 'B* we obtain
S1(A)=S1(A)=A—A+B[(D-A)"'—=(D-A)'|B* = (A - A)(T°T - ).

If Im A > 0, then for arbitrary & € dom A with ||| = 1 we have
1 _
Im ($1 (A)h, ) = == ((S1(A) = $1(A)h, h) = (Im A) - (|74 = 1) < Im A)(IT|2 =) (4.9)

In particular, if || 7| < 1, then 0 ¢ W(S;(A)) and therefore 0 ¢ c(S;(A)); see Lemma Now Lemma
implies that A ¢ & (S). A similar reasoning applies to the case Im A < 0. This proves that

o(S)\RC {AeC\R: ||(D—A)"'B*|| > 1}.
Applying the same arguments to the second Schur complement S, we obtain
o(S)\R C {2 eC\R: |(A—21)"'B| > 1},

which completes the proof of the inclusion (4.3).
Note also that (.9) implies that

dist (0,W(S1())) > [ImA|(1—||T|]*) (4.10)

if ||T|| < 1. Let us now prove the estimate (@.7) for the resolvent of S. For this, let A € C\ R such that
|T|| <1, where T = (D — A)~'B* as above. By Lemmawe have

T I 0] [s(a)! 0 I —B(D—1)"!
(S—=4) _{(D—A)'B* IH 0 (D-A)""||0 I : @10
Denote the first factor by L. Then
2 wrsrn 1L TF I Ol _|[|1+T*T T*
e I Ea] S (|
< I 0 n T*T 0 n 0o T*
- 0 I 0 O T O

= 1+[|T|>+ 7.
Since (D —2)~! is normal, we have
IBD—=2)"Y=(D=2)""'B*| = (D—2)"'B"| =T,

which implies that for the last factor in (4.11]) we have the same estimate as for the first one. It remains to
estimate the middle factor M in @IT). To this end, note that Lemma 2.1]and (#.10) yield

151 (2) 7" < dist(0,W(S1(A))) "' < [1m A7 (1~ 7|%) "
Since ||[(D—A)~!|| <|Im A|~!, we obtain

I17]| = max {[|S1(A) 7, (10— 2)" [} < [Im A7 (1= |I7)%) 7

13



Hence

- L+[|T [+ 7
I(s=2)""I < :
[Tm A[(1—|T?)
The estimate can be derived similarly by using the second Schur complement. O

In the following we are going to show that Theorem [4.1]is just a consequence of Theorem How-
ever, since the enclosure in Theorem is expressed in terms of the spectral quantities of A and D,
compared with Theorem [4.3]it gives a more intuitive and explicit insight into the location of the spectrum
of S.

Lemma 4.6. Let ¢ > 0. Then there exists C > 0 (depending on c) such that

|x1+l/n —x’ < E
n

forallx €0,c] and alln € N.

Proof. Letx € (0,c]. By the mean value theorem applied to the function ¢ — x’ there exists a £ € (1,14 %)
such that

1
AT _x = Zxf logx.
n

If x <1, then

1 1
|x1+1/"7x| < —x|logx| < —.
n en

If c > 1 and x € (1,c], then

2 .
|x1+1/” fx| < 1xlﬂ/"logx < 1leogxg c’loge .
n n

This proves the lemma. O

Let 7 and % be Hilbert spaces, T a self-adjoint operator in .7¢{ and V € L(5%, 54 ). Then by oy (T)
we denote the support of the positive operator-valued measure V*Er (-)V, where Et stands for the spectral
measure of 7. Clearly, oy (T) is a closed subset of o(7T). It is compact if and only if ran V C E7(A).#
for some bounded set A C R.

Proposition 4.7. Let T be a self-adjoint operator in 7 and 'V € L(6,5). Then for L € C\R the
following statements are equivalent:

@ [(T—-2)"'V|[|>1;
(b) forall f € C*(0(T)) we have A € Ureo, (1) Bty v (1)-

Proof. (b)=(a). Let f(t):=|t—A|~', ¢t € o(T). Then f € C*(c(T)) and thus, by (b), we have A €
B (1)1 £(1yv|| (fo) for some tg € oy (T'). This means that

lto =& < f(t0) M IA(TIVII = lto = A1 II(T = 24) 'V,

which is (a).

(a)= (b). Let f € C™(o(T)). It is obvious that f can be extended to a function in C*(R). Choose
such an extension and also denote it by f. For n € N we set

gnlt) = FOl=A[" reR.
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Then each g, is continuous and positive. Note that for || > 2|u|, where p = Re A, we have |t — A| >
|t —p| > |t| - |p| > 3|t and hence [t — A |f(¢) > 3|¢|£(¢), which is bounded below by a positive constant.
This implies that limy|_,., |g,(¢)| = . Thus, for each n € N there exists , € oy (T') such that |g,(t,)| =
0(gn) = infieq, (1) lgn ()]

On the other hand, dom |7 — A|'*1/* C dom g,(T) and f(T) = g.(T)|T — A|"'"Y/" € L(44). For
arbitrary h € 2% with ||h|| = 1 define the positive measure t, := ||E7(-)VA||?, which has support contained
in oy (T). Then,

(D)

T\Vh|? = ||gn(T T—)L*I*I/”thz/ d
[f(T)VhI" = lgn(T)] | | o (1) = AP a(t)

> 8 (gn)|IT — 417"

and hence
LTI 8@ IT = A = lgael|IT — A1 .
= [ta = AL f(ta) - |ta = A" |T = 2]V ).
Now, consider the functions f,(t) := [t — A|7'='/", n € N, and h(t) := |t — A|~'. Since |t — 4|7 <

|Tm A|~! for all 7 € R, it follows from Lemmathat there exists C > 0 such that |h,(¢) — h(t)| < C/n
for all # € R. This, together with (a), implies that
L= Ir =A< @ =7V = [T = A

CIvI

= [TV =l (T)V] < [TV = ha(T)V [ < =

which, for sufficiently large n, yields

n

As the right-hand side tends to e =€Vl as n — oo, there exists y > 0 such that |||7 — A|~!=1/2v || > y1/n
for all n € N. Hence, if there exists some n € N such that |t, — A| > 1/y, we find from {.12) that
If(T)VI| = |t —2|f(a), which means that A € B, )1/ )y | (tn). Otherwise, there exists a subsequence
(tn,) such that 7,,, — 19 as k — oo with to € oy (T'). In this case, replacing n by ny in @-12) and letting k — oo
we obtain

1AWV > Jto = A1f (t0) - (T = 2) V| > |20 — A|£(t0),
that is, A € e%'f(to)—l ATV (lo). O
Proposition .7 and Theorem [.3] now immediately imply the following slight improvement of Theo-

rem 411

Theorem 4.8. Let S be the block operator matrix in (&1)). Then, for any f € CT(6(A)) and g € C*(o(D))

we have
\RC( U ‘%f ~1||£(A) BH ) ( U % y=1|g(D B*||(S)>' 4.13)

IGO'B ) SE0p* (D)

We shall now check the performance of several spectral enclosures for block operator matrices from
above and from the literature on a specific example. The result is illustrated in Figure[7] below.
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Example 4.9. Let %%, = ¢ = C?, consider the matrices

1o |30 10
S U i B L
and let S be as in (@I). The eigenvalues of S are given by
1 3 7
I£5i  and Ei%i. (4.14)
1. The spectral enclosure from [28, Theorem 2.7] states that
S(S)\RC{Aep(A):[[(A-2)"" 7 < [BI}u{r epD): [(D-1)""|" <|BI}
2@%(1)U%%(2).
2. The spectral enclosure from [27, Theorem 6.4] is slightly better than the previous one:
S(S)\RC{Aep(a):(A=2)"'B =13 u{AepD):[(D-2)'B|>1}.
However, since
1 2
(4=2)"B = gmax{(1 =21 2221} and  [(0=2) B = g @19)

this yields the same enclosure as before: 6(S) \R C 93% (Hu %% (2).
3. The enclosure in [3, Theorem 3.5] (see also [#.4)) yields the estimate

O(S)\R C (%3 (1) U%;(2))N#;(1) = %5 (1).

2
3

4. The next enclosure that we check is (#8). Since all matrices are diagonal, we have N(1) = N(1) =
M(A) =M(A). Thus @3) is
o(S)\R C {A €C\R: |B(D-21)"'B*(A-2)7"|| > 1}. (4.16)
We have
1| (1=2)2 0
BD—A)'B*(A-L1)" =~
0 A(1-2)"12-2)"!

and hence

1 1 4
B(D—A)"'BA-2A)""| == .
10 -~2) 542 = g max{ e
Therefore a non-real complex number A is in the right-hand side of (4.16) if and only if
9A—12<1  or  9A—1|]A—2]<4.

Since the first inequality implies the second, we obtain that (@.16) is equivalent to

G(S)\RC{/IE(C\]R:M—I|A—2|<3}. 4.17)
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5. To compute (@3] in Theorem 3] we use @.13) to get

G(S)\R C (2, (1)U%;(2))N%;(1) = 2, (1) U(#; (1) %3 (2)), (4.18)

6. Let us now discuss our spectral enclosure from Theorem Choose g(t) = f(t) = |t|~!, which is
valid since A and D are invertible. Then

— 1 * —1 px* 2
IFABI =78l =5 and  [gD)B" =|D7'B =5,

Hence, (@3) yields

o(S)\RC (., (1) vz (1)u(@%(1)mﬂ%(2)), (4.19)

o]

which is the same as [@.18).
The right-hand side of (4.18)) (or @.19)) is obviously contained in the right-hand side of .17); actually,
it is significantly smaller (e.g. the interval (%, %) is in the right-hand side of @.17) but not in the right-

hand side of [@.19)). Note that the first four enclosing sets have the eigenvalues 1+ %i in their interior,
while all four eigenvalues of S lie on the boundary of the region given in @.18).

Figure 7: The spectral enclosure for ¢ (S) \ R in (@I8) for the operator in Example [4.9]is a union of a disc and the intersection of
two discs (filled orange region). The boundary of the set on the right-hand side of (4.17) is the blue dashed line. The eigenvalues of
S (see [@I4)) are indicated with black dots.

In the following corollary we consider a useful special case of Theorem[#.1] We denote by C and C_
the open right and left half-planes, respectively. The enclosure described in Corollary . 10]is illustrated in

Figure[T]
Corollary 4.10. Let S be the block operator matrix in (1) and assume that O € p(A). Then

c(S\RC |J PByja-1p(a). (4.20)

acop(A)

Assume, in addition, that |A~'B|| < 1. Then the right-hand side of [@#20) is contained in the set

A~'B
{ZGC:|Imz|§|”Rez|}, 4.21)

Vi-|A~'B|?
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which is a double-sector with half opening angle arcsin ||A~'B||; moreover

(6(5)\R)NC c{{ZEC:RW(I_A13”)“"("("‘)“(0’*))}7 (A)N(0,00) # &
+ &

a, otherwise,
and

(6(s)\R)NC_ C {{Z €C: Rezs (1-A7Bl)max(0(A) N (==0))}, 0(4)N(—=,0) # &

a, otherwise.

Proof. Since 0 € p(A), the inclusion [@.20) follows from Theorem |4.1| by setting f(¢) = |¢|~!. Now
assume also that ||[A~!B|| < 1. It is elementary to check that the lines

A-'B
Imz= j:”—”Rez
1—||A-1B|?

touch the discs 2, 4-1p(a), a € 0(A), tangentially. Further, these discs are contained in the double
sector enclosed by the two lines (see @21))). Hence, the right-hand side of (#.20) is contained in @.21).
Finally, if 6(A) N (0,c0) # @, then, for every a € 6(A) N (0,0) and z € B, 415 (a), we have
Rez>a—al[A™'B|| > (1—||A~'B||) min(c(4) N (0,)).
Similarly, if 6(A) N (—e°,0) # @, then, for every a € 6(A) N (—o,0) and z € B, 415 (a), we have
Rez < (1—|A™'B||) min(c(A) N (—,0)).
This shows the inclusions for (6(S) \R)NC and (o(S)\R)NC-_. O

A similar result holds when one replaces A and B by D and B*, respectively. More precisely, if
0 € p(D) then

deogs (D)

If it is also assumed that ||[D~!B*|| < 1, then

—1 px
G(S)\RQ{ZE(C: |Imz|§DBHRez|}7 (4.23)

V1-[D71B?
which is a double-sector with half opening angle arcsin ||[D~! B*||; moreover,

(6()\R)NC, C {z€C: Rez> (1-D7'B*)min(a(D)N(0,))}, a(D)N(0,%0) # 2
N 2 otherwise,
and

(o) \R)nC. ¢ ) FEC Rez= (1= IDTE [ max(0(D)N (=, 0))}. - o(D)N(=e=.0) #2
a 2, otherwise.
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5. Application to J-frame operators

Originally, frame theory has been developed for Hilbert spaces; see, e.g. [[7] and the references therein.
A frame for a Hilbert space (47, (-,-)) is a family of vectors % = { f;}ic; for which there exist constants
0 < a < B < o such that

allfI* < YIS <BISP,  forevery f 2. (5.1)
il
The optimal constants ¢ and 8 for which (5.1)) holds are known as the frame bounds of .7 .
Recently, various approaches have been suggested to introduce frame theory also to Krein spaces; see
[L0, [13L26]]. In this section we apply our results to J-frame operators as introduced in [13[]; see also [12].

In particular, we improve the enclosure for the non-real spectrum of J-frame operators obtained in [12];
see Theorem[3.2] below.

An indefinite inner product space (7, [-,]) is a (complex) vector space .7’ endowed with a Hermitian
sesquilinear form [-,-]. Given a subspace . of JZ, the orthogonal subspace to .# is defined by

S = {xe#: [x,s] = 0forevery s e .7},

and .7 is called non-degenerate if .7 NIt = {0}. If .7 and .7 are subspaces of .7, the notation
S[L].7 stands for.7 C T,

A Krein space is a non-degenerate indefinite inner product space (47, [-,]) which admits a decompo-
sition .5¢ = 7. + S such that 5, [ L] and (5., %[ ,-]) are Hilbert spaces. Such a decomposition
is often called a fundamental decomposition and it is denoted S = S, [+] H..

The Hilbert spaces (%, £[-,-]) induce in a natural way a positive definite inner product (-,-) on .7’
such that (27, (-,-)) is a Hilbert space. Observe that the inner products [-,-] and (+,-) of J# are related by
means of a fundamental symmetry, i.e. a unitary self-adjoint operator J € L(5¢) that satisfies

(f.e)=Uf.gl, f.gest.

Although the fundamental decomposition is not unique, the norms induced by different fundamental de-
compositions turn out to be equivalent; see, e.g. [17, Proposition 1.1.2]. Therefore, the (Hilbert space)
topology in .7#” does not depend on the chosen fundamental decomposition.

Let us now introduce J-frames. Given a Krein space (7, [-,+]), consider a frame .% = {f; }ics for the
associated Hilbert space (7, (+,-)) and set

L={iel:[f;,f]>0} and I_={iel:[f;f] <0}

Then .Z is called a J-frame for 2 if .4 = span{f;: i€ 1.} and .#_ := span{f;: i €l_} are non-
degenerate subspaces of % and there exist constants 0 < o < B such that

o () < YA <Be(Elf f])  for f € e (5.2)

i€l

see [13] Theorem 3.9]. The spaces (.#+,=[,-]) are then Hilbert spaces by [[13, Proposition 3.8] and the
optimal constants 0 < o < B are called the J-frame bounds of F.

Note that (5.2) says that %, = { fi }icr, and .Z#_ = { f;}ie;_ are frames for the Hilbert spaces (., [,-])
and (.#_,—],"]), respectively. Moreover, the frame bounds for ., and .%_ are o,f and o_,f3_,
respectively. Also note that not necessarily .#, [ L] .Z_.
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The J-frame operator associated with .% is defined by

Sf= Y IfAfi— YU flf fest.

i€l iel_

It plays a fundamental role in the indefinite reconstruction formula (see [13]). The operator S is an in-
vertible, bounded, self-adjoint operator in the Krein space 7#. The following representation for J-frame
operators was obtained in [[12, Theorems 3.1 and 3.2].

Theorem 5.1. Given a bounded self-adjoint operator S in a Krein space (¢ ,[-,']), the following condi-
tions are equivalent.

(1) S is a J-frame operator.
(ii) There exists a fundamental decomposition
H = A, A (5.3)

such that S admits a representation with respect to (5.3)) of the form

A —AK
= { . ] (5.4)
KA D

where A is a uniformly positive operator in the Hilbert space (5, ,[-,-]), K : S — S is a uniform
contractiorﬂ (i.e. | K|| < 1), and D is a self-adjoint operator such that D+ K*AK is uniformly positive
in the Hilbert space (-, —|-,-]).

(iii) There exists a fundamental decomposition
H = A+ A (5.5)

such that S admits a representation with respect to (5.9) of the form

A LD
S = oL D (5.6)
where D' is a uniformly positive operator in (H#_,—[,-]), L: #_ — 2, is a uniform contractionl,

and A' is a self-adjoint operator such that A’ + LD'L* is uniformly positive in (5., [-,"])-

The representations for the J-frame operator given in Theorem[5.1| were used to show that the J-frame
bounds for .# are related to the boundary of the spectrum of the uniformly positive operators D + K*AK
and A’ + LD'L*. More precisely, [12] Proposition 4.1] says that if S is represented as in (5.4), then

o_ =min o(D+ K*AK) and B- =max o(D+ K*AK). (5.7
On the other hand, if S is represented as in (5.6), then
oy =mino(A'+LD'L*)  and B, =max o(A'+LD'L"). (5.8)

Given a J-frame .7 = {f;}ics for ¢ with J-frame operator S, the canonical dual J-frame of F is
defined as .7’ = {S~!fi}ic;. It is also a J-frame for # such that .F, = {S~'f;}ic;, are frames for

IThe operator norm used depends on the norm induced by the respective fundamental decomposition (5.3 or 33).
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(///ELi[H ]), i.e. there exist constants 0 < ¥ < 81 such that

v ) < YA < 8a(£lf,f])  forevery fe .,

iely

The J-frame bounds of .%" are also related to the representations in Theorem if S is represented as in

(3.6) then

v~ =mino((D')"") = (max cr(D'))_1 and & =maxo((D')"!) = (min O'(D’))_l, (5.9)
and if S is represented as in (5.4) then
7+ =min 6(A~") = (max G(A))_l and §; =maxo(A~") = (min G(A))_l; (5.10)

see [12, Proposition 4.2].
The following theorem gives an enclosure for the non-real spectrum of the J-frame operator S of a
J-frame . in terms of the J-frame bounds associated with .# and its canonical dual J-frame .%'.

Theorem 5.2. Let & be a J-frame for (,|[-,-]) with J-frame operator S. Then,

o(S)\R C U Zuykl@ | n U 2wk (ﬁ) ; (5.11)
K

ac[; vt bela- B 2

where K is the angular operator appearing in (5.4). Also,

oN\RS | U Zay@|n| U 2o (+r) |- (5.12)
delo=! bela B) T-ILP

where L is the angular operator appearing in (5.6). The sets on the right-hand sides of (5-11) and
(3-12) are contained in sectors of the form {z € C. : |Imz| < tan@ - Re z} with half opening angles
¢ = arcsin||K|| and ¢ = arcsin||L||, respectively.

Proof. Let op(A) be defined as before Proposition Obviously we have op(A) C 6(A) C [a_,a4],
where the constants a-. are defined in (3.1). Applying Corollary#.10Jto S represented as in (5.4) we obtain
that

o(S\RC |J Zu(@. (5.13)
a€la_,ay|
. _ 51 _ 1 -1
Moreover, according to (5.10) we have that a_ = 6, and a; =y, '. On the other hand, S~ is also a

J-frame operator and it is easy to check that

1 A~ —KZK* KZ
| -zx z ]’

where Z := (D + K*AK)~! is a uniformly positive operator; cf. Theorem [5.1| Therefore Corollary
applied to S~! represented as above implies

ocSTNRC U Bk (0,

refr-,ry)
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where [r_,r.] is the closure of the numerical range of Z. Also, (5.7) says that r_ = B~'and ry = o~

With b := 1 it follows that
os"NRS U 2 (3)-
belop] P

Recall that 2 € o(S) \ {0} if and only if 1 € 6(S™")\ {0}. Moreover, observe that for r > 0

1 . . -
71 S %” [ (%) ifandonly if A€ XA r|IK]| (W) .
o 1[Ik
Therefore,
b
c\RC |J 2k (W) ; (5.14)
bela—,p-]  1-IK|?

and (5.T1)) follows by intersecting (5.13) and (5.14).

The proof of (3.12) is similar. It follows from Corollary .10 applied to S represented as in (3.6), and
also to S~! represented as

i [ 7 ~7'L
|z (D) '-L7ZL)’
with Z' = (A’ +LD'L*)~1.
The statement about the sectors is clear from Corollary .10} O

In the following, we compare Theorem [5.2] with the enclosure for the non-real spectrum of J-frame
operators obtained in [12].

Let .# be a J-frame for a Krein space (7, ]-,-]) with J-frame operator S and J-frame bounds 0 <
o+ < B. Assume also that 0 < 7. < &4 are the J-frame bounds of its canonical dual J-frame .%’. In [12}
Corollary 5.3] it was shown that

G($)\R € Byt 1y (min{rr ' y='1) 0 {/1 €C:Rel> m"{‘;*‘"}} (5.15)

Here, %,(a) denotes the interior of Z,(a). Let us show that the intersection of the sets on the right-hand
sides of (3.11)) and (3.12) are (strictly) contained in the right-hand side of (3.13).

Forevery a € [8.',y;'] itis easy to see that PBk||(a) is strictly contained in %‘byq (y:"). Therefore,
a

PBax|(a) € %a’y;l (2"

ae(8; "y

On the other hand, given r > 0, if A € & Akl (

), then Re A > % > 5. Thus,
1K

-
I-[KT? 1+lK

o_
U Z k| —b ) CIAeC:Red > 1.
belo—,B-] 17HK”2 (1 HKHZ) { > }

Similarly, it is easy to see that .
U By @) c B (r-h),
de[s= .y~
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and

(04
U 2y (L) | c{rec:rea> 21
belorBs]  T-ILIP (1 I ) { : }

Hence, Theorem improves the enclosure (5.15) for the non-real spectrum of the J-frame operator S
obtained in [12]].
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