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Abstract. In this paper we present equivalence results for several types
of unbounded operator functions. A generalization of the concept equiv-
alence after extension is introduced and used to prove equivalence and
linearization for classes of unbounded operator functions. Further, we
deduce methods of finding equivalences to operator matrix functions
that utilizes equivalences of the entries. Finally, a method of finding
equivalences and linearizations to a general case of operator matrix poly-
nomials is presented.
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1. Introduction

Spectral properties of unbounded operator matrices are of major interest in
operator theory and its applications [24]. Important examples are systems
of partial differential equations with A-dependent coefficients or boundary
conditions [1,9,10,19,23]. A concept of equivalence can be used to compare
spectral properties of different operator functions and the problem of classify-
ing bounded analytic operator functions modulo equivalence has been stud-
ied intensely [6,7,11,15]. The properties preserved by equivalences include
the spectrum and for holomorphic operator functions there is a one-to-one
correspondence between their Jordan chains, [14, Prop. 1.2]. Our aim is to
generalize some of the results in those articles and study a concept of equiv-
alence for classes of operator functions whose values are unbounded linear
operators. A prominent result in this direction is the equivalence between an
operator matrix and its Schur complements [2,21,24].

In this paper, we consider systems described by n X n operator matrix
functions and study a concept of equivalence when some of the entries are
Schur complements, polynomials, or can be written as a product of operator
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functions. Examples of this type are the operator matrix function with qua-
dratic polynomial entries that were studied in [3] and functions with rational
and polynomial entries in plasmonics [17]. In order to extend previous results
to cases with unbounded entries, we generalize in Definition 2.2 the concept
of equivalence after extension in [11]. This new concept can be used to com-
pare spectral properties of two unbounded operator functions, but also for
determining the correspondence between the domains and when two opera-
tor functions are simultaneously closed. Our main results are (i) equivalence
results for operator matrix functions containing unbounded Schur comple-
ment entries (Theorem 3.4) and polynomial entries (Theorem 3.11) and (ii) a
systematic approach to linearize operator matrix functions with polynomial
entries (Theorem 4.1 together with the algorithm in Propositions 4.9 or 4.10).

Throughout this paper, H with or without subscripts, tildes, hats, or
primes denote complex Banach spaces. Moreover, E(H,?—N[) denotes the col-
lection of linear (not necessarily bounded) operators between H and H. The
space of everywhere defined bounded operators between H and H is denoted
B(H,H) and we use the notations £(H) := L(H,H) and B(H) := B(H,H).
For convenience, a product Banach space of d identical Banach spaces is
denoted

d
HE = @H, where H% := {0} for d < 0.
i=1

The domain of an operator A € L(H,H) is denoted D(A) and if A is closable
the closure of A is denoted A. In the following, we denote for a linear operator
A the spectrum and resolvent set by o(A) and p(A), respectively. The point
spectrum o,(A), continuous spectrum o.(A), and residual spectrum o, (A)
are defined as in [8, Section I.1].

Let Q C C be a non-empty open set and let T : Q — L(H,H') denote
an operator function. Then the spectrum of T is

o(T):={ e :0ea(T\)}

An operator matrix function 7 : Q — L(H&H, H'&H') have a representation
as

— |[AN) B
T(A) = [C(A) D(A)]’ AEQ.

Unless otherwise stated the natural domain
D(T(N)) :== D(AN) ND(C(N) @ D(B(A) ND(D(N)), A€

is assumed [24, Section 2.2].

The paper is organized as follows. In Sect. 2 we generalize concepts of
equivalence to study functions whose values are unbounded operators. In par-
ticular, the concept equivalence after operator function extension is defined,
which enable us to show an equivalence for pairs of unbounded operator func-
tions. We provide natural generalizations of results that for bounded operator
functions are well known. Further, we show how equivalence for an entry in
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an operator matrix function can be used to find an equivalence for the full
operator matrix function.

Section 3 contains three subsections, one for each of the studied equiva-
lences: Schur complements, [2,9,18,24], multiplication of operator functions,
[11], and operator polynomials, [13,16], each structured similarly. First, an
equivalence for the class of operator functions is presented and then we show
how this equivalence can be used to prove equivalences for operator matrix
functions.

In Sect. 4 we use the results from Sect. 3 to also find equivalences be-
tween a class of operator matrix functions and operator matrix polynomials.
Moreover, we discuss two different ways of finding linear equivalences (lin-
earizations) of operator matrix polynomials. The section is concluded with
an example on how the results from Sects. 3 and 4 can be used jointly to
linearize operator matrix functions.

2. Equivalence and Equivalence After Operator Function
Extension

In this section we introduce the concepts used to classify unbounded opera-
tor functions up to equivalence. These concepts were used to study bounded
operator functions [5,11] and we present natural generalizations to the un-
bounded case.

Let Qs, Qr C C and consider the operator functions S : Qg — L(H, H')
and T : Qp — L(H,H') with domains D(S(\)), A € Qg and D(T(N)), A €
Qr, respectively. Then S and T are called equivalent on ) C Qg N Q7 if there
exist operator functions E : Q — B(H',H') and F : O — B(H,H) invertible
for A € Q such that

S(A) =ENTMNFEQ), D(S(\) = F(N)™' D(T(). (2.1)

It can easily be verified that (2.1) is an equivalence relation.

Note that analytic equivalence is assumed in e.g. [4,11,22]. Analyticity
can also be assumed in (2.1), but it is not necessary for several of the results
in this section, which are point-wise, i.e. for a fixed operator. For consistency,
we state all theorems for operator functions.

The following proposition is immediate from its construction [21], [24,
Lemma 2.3.2].

Proposition 2.1. Assume that S : Qs — L(H,H') is equivalent to T : Qr —
E(ﬁ,ﬁ’) on Q C QsNQr, and let E and F denote the operator functions in
the equivalence relation (2.1). Then the operator S(\) is closed (closable) for
A€ Q if and only if T(N) is closed (closable), where the closure of a closable
S(A) is

S =EBENTWFQ), DSM) =F (N DTN).
Let Sq and Tq denote the restrictions of S and T to Q). Then
o(Tq) = 0(Sq), OP(TQ) = Up(gﬂ)v 0.(Tq) = 0c(Sq), 0r(Tq) = 0:(Sq).
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Gohberg et al. [11] and Bart et al. [5] studied a generalization of equiv-
alence called equivalence after extension. Here, we introduce a more general
definition of equivalent after extension, which we for clarity call equivalence
after operator function extension.

Definition 2.2. Let S : Qs — L(H,H') and T : Qr — L(H,H') denote
operator functions with domains D(S()A)), A € Qg and D(T ()\)) A€ Qr,

respectively. Assume there are operator functions Wg : Q) — E(HS,HS) and
Wr:Q — £(HT7HT) invertible on Q C Qg NQr such that

SA)@Ws(A), D(S(A) & Ws(A) =D(S(A) & D(Ws(N)),
TN @ Wr(), DT @Wr(A) =D(T(A) & D(Wr(h),

are equivalent on (). Then S and T are said to be equivalent after operator
Junction extension on . The operator functions S and 7" are said to be
equivalent after one-sided operator function extension on Q if either Hg or
Hr can be chosen to {0}. If Hr can be chosen to {0} then we say that S is
after Wg-extension equivalent to T on ().

The definition of equivalent after extension in [5] correspond in Defini-
tion 2.2 to the case Ws(\) = I, and Wr()) = I, for all A € Q. We allow
Wg and Wr to be unbounded operator functions and can therefore study a
concept of equivalence for a larger class of unbounded operator function pairs
S and T.

In particular, the equivalence results for Schur complements and poly-
nomial problems presented in Sect. 3.1 respectively Sect. 3.3, can not be
described by an equivalence after extension with the identity operator. In
the equivalence results for multiplication operators in Sect. 3.2 the operator
function W is bounded (actually W(A) = I for all A € C). Thus, in that case
the standard definition of equivalence after extension is sufficient as well.

Proposition 2.1 shows that two equivalent unbounded operator func-
tions have the same spectral properties and it provides the correspondence
between the domains. In the following proposition, those results are extended
to include operator functions that are equivalent after operator function ex-
tension.

Proposition 2.3. Assume that S : Qs — L(H,H') and T : Qr — L(H,H'),
are equivalent after operator function extension on Q C QsNQr. Let Wy :
O — L(Hs,Hs) and Wr : Q — L(Hr,Hr) denote the invertible operator
functions such that S(N\) & Wg(A) is equivalent to T(N) @ Wr(A) for X € Q
and let E, I be the operator functions in the equivalence relation (2.1). Define
the operator my : H' & Hg — 7;{’ as Tu v = u and let T denote the
natural embedding of H into H&Hs given by Tru = u® 05, Then for A € O
we have the relations

SO =meBO) |70 0 | PO,
DSOV) = 7 (AN (DIT (X)) & DWr (V).



Vol. 89 (2017) On Equivalence of Operator Matrix Functions 469

and the operator S(X) is closed (closable) if and only if T(X) is closed (clos-

able). The closure of a closable operator S(\) is
s =meE) [T 0| v
D(S(\) = m '~ (A(D(T (V) & D(Wr(N)),

and we have then

U(TQ) = J(Eﬂ)a UP(TQ) = Up(gﬂ)» UC(TQ) = Uc(gsz)» UT(TQ) = Ur(gﬂ)a
where Sq and T denote the restrictions of S and T to €.

Proof. From Definition 2.2 it follows that for A € ) the following relations
hold

[S%A) wsouﬂ = £ W) WTO@J F.

D(S(N) & Ws(\)) = FTHA(D(T(N) @ D(Wr (M)

The result then follows from Proposition 2.1 and that the closure of a block
diagonal operator coincides with the closures of the blocks. O

Below we show how an equivalence for an entry in an operator matrix
function can be used to find an equivalence for the full operator matrix func-
tion. A general operator matrix function S : Q@ — £ (P, Hi — @, H})
defined on its natural domain can be represented as

51)1()\) Sl,n()\)
S(\) == : C |, aeq. (2.2)
Spa(A) s Spa(N)

However, any entry S(A) := S5 ;(A\) can be moved to the upper left corner by
changing the orders of the spaces, which result in the equivalent problem

[S(A) B [S(A) X(\)

=1y Z(A)} = S(\). (2.3)

Hence, it is sufficient to study the 2 x 2 system given in (2.3), where S : () —
LHH), X :Q—LH,H),Y :Q— LH,H)and Z:Q — L(H,H').

Lemma 2.4. Assume that S : Qg — L(H,H') is equivalent to T : Qr —
LH,H) on QC QsNQr. Let E:Q — B(H',H') and F : Q — B(H,H) be
the operator functions invertible for A € Q, such that S(\) = E(AN)T(X\)F()).
Consider S(X\) defined in (2.3) and let E : Q — B(H',H'), F : Q@ — B(H,H)

be a solution pair of
EMNEN XA +YWFA)'FQA) — EQOTA\FA) =0, Ae. (24)
Then S is equivalent to T : Q — /3(7—? oH, H & 7'7’) on ), where
SN =ENTNFM), DSW) =FHA)D(T(N),
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with
T(\) = TR E-{(N)X(\) — TWF()
YA F(A) = E(\T(N) Z() ;
and
— [EX 0 _[FO)  FOV
E(N) = [E(A) I,J’ F(N) ._[ R ]

Proof. Under the assumption (2.4), the lemma follows immediately by veri-
fying S(\) = EN)T (M) F(N). O

Remark 2.5. The condition (2.4) is satisfied in the trivial case E = 0, F = 0,
and for the problems we study in Sect. 3. A similar result holds also when
(2.4) is not satisfied, but then the (2,2)-entry in 7 () will not be of the same
form.

3. Equivalences for Classes of Operator Matrix Functions

In this section, we study Schur complements, operator functions consisting of
multiplications of operator functions, and operator polynomials. Each type
will be studied similarly: First an equivalence after operator function exten-
sion is shown, which then together with Lemma 2.4 is utilized in an operator
matrix function.

Remark 3.1. Assume that S(\) @ W (\) is equivalent to T'(A) for A €  and
let S be defined as (2.3). For the equivalence relation between T' and S we
want the block S(A) @ W(A) intact to be able to apply Lemma 2.4 directly.
Therefore, an equivalence after W-extension of S()) is given as

S0 X\ I 0 0][SN) X(\) 0 I 0 0
=10 o I|lYy(n) zZW 0 o o0 I|,
ENILE A R

0 W () 0
0 W lo 10
3.1. Schur Complements

YO 0 Z(\)
(3.1)

instead of S(\) & W(A).

~

Let D : Qp — L(H) denote an operator function with domain D(D(\)) for
A € Qp C C. Assume that Q' C Qp Np(D) is non-empty and let S : Q' —
L(H,H') for A € Q' be defined as

S(A) == A\) = BA)DN)'C(N), DS(N) :==D(AN) ND(C(N)), (3.2)

where A : Q' — L(H,H'), B: Q' — LMH,H), C:Q — L(H,H), and
D(D(N)) € D(B(A)). The claims in the following lemma are standard results
for Schur complements [21], [24, Theorem 2.2.18] formulated in terms of an
equivalence after operator function extension. For convenience of the reader
we provide a short proof.
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Lemma 3.2. Let the operator S(\) denote the operator defined in (3.2), as-
sume that C(\) is densely defined in 'H, and that D= (X\)C(\) is bounded on
D(C(N)) for all X € Q'. Define the operator matriz function T on its natural
domain as
— A B /
T(A) := [C(/\) ME req.

Then S is after D-extension equivalent to T on ', where the operator matriz
functions E and F in the equivalence relation (2.1) are
[y —BOWDON) ! _ In 0
EQ) = [ 0 I, - F= | povey 1)
The operator T(N) is closable if and only if S(\) is closable, and

o) = [T PP ICR) B
~ | DODIVION) DV’

DTN = {(u,v) € HEH :u e DSN), DIV LCNu +v € D(D(A))}.

Proof. The operators matrices E(A) and F'(A) are bounded on D(C()\)) and
D(\)~1C(A) = D(A)7LC()\) on D(S())). The result then follows from the

factorization

{S(A) 0 } _ {Iw —B(,\)D(A)—l} {A(/\) B()\)} { Iy 0
0 DM 0 Iy C(\) DW)| |-DN)T'C(N) Iy
and Proposition 2.3. 0

Remark 3.3. If D is unbounded, S and T are not equivalent after extension.
However, they are equivalent after D-extension.

The domain and the closure are not explicitly stated in the equivalences
in the remaining part of the article but they can be derived using the relations
in Proposition 2.3.

Theorem 3.4. Let S, E, and F denote the operator functions on Q~' DO
defined in Lemma 3.2. The operator matrixz function S : Q — L(H&H, H' &
H') is on its natural domain defined as

SN X(A
S(A) = {Y((A)) Z((A))], AEQ.

Define the operator matriz function T : Q — L(H OH OH,H aH SH) by
A(A) B(A) X(A)
C(A\) D(\) 0

YA 0 Z()\)

Then, S is after D-extension with respect to structure (3.1) equivalent to T
on Q, where the operator matrix functions € and F in the equivalence relation
(2.1) for A € Q are

E(N) = [EE))\) Io ] FO\) = [F(/\) 0] .

ﬁ/ O I,)_N(

T(A) = , AEQ.
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Proof. From Lemma 3.2, it follows that S(\) & D(A) = E(A\)T(N)F()A). By
using Lemma 2.4 with E = 0 and F' = 0, the proposed £(\) and F()) are
obtained and

AN BOY [Xu)} AN BO) X()
TO)=| C() D) 0 || =lcoybpn) o |.
[Y(V) 0] FI(N)  Z(\) YOO 0 ZWW| O

3.2. Products of Operator Functions

Assume that for some n € N the operator M : Q' — B(H,,Ho) can be
written as

M(\) := My(A)Ma(N) ... M,()), Ne, (3.3)
where My, : Q' — B(Hy,Hi—1). The following lemma is a straightforward
generalization of a result in [11].

Lemma 3.5. Let M denote the operator function (3.3) and set H := ®}_ Hy.
Define the operator matriz function T : Q' — B(H & Hp, Ho ® H) as

Mi(A)
T = | e Caeq.

_Ianl Mn(/\)

Then M is after Iy -extension equivalent to T, where the operator matriz
functions E : Q' — B(Ho @ H) and F : Q' — B(H & H,,) in the equivalence
relation (2.1) are

[Try Mi(N) ... TThzy Mi(N)
E()) = ' :
M,—1(N)
L Ianl
Z:Q Mk()‘) _I'Hl
P\ = 0
Mn()\) _Ianl
i Iy, 0

Proof. For n = 2 the equivalence result is used in the proof of [11, Theo-
rem 4.1] and the claims in the lemma follows by applying that equivalence
iteratively. O

Remark 3.6. Consider the operator function (3.3) with n = 2 and write M (\)
in the form

M(X) = =Mi(A\)(=Ip,) "' Ma(N).
Then, Lemma 3.2 can be used to obtain the same equivalence result as in
Lemma 3.5. Doing this iteratively for n > 2 shows that Lemma 3.5 is a

consequence of Lemma 3.2. However, M(\) is an important case that has
been studied separately (see e.g. [11, Theorem 4.1]).
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Below we show how Lemma 3.5 can be applied to an operator matrix
function.

Theorem 3.7. Let M, E, and F denote the operator functions on Q' D Q
defined in Lemma 3.5. The operator matriz function M : Q — L(H, &
H, Ho & H') is on its natural domain defined as

M(X) X(N)
Y(A) Z(A)
Then M is after Iy -extension, with respect to the structure (3.1), equivalent

toT :Q — LIH®H, ®H,Ho®H®H), which on its natural domain is
defined as

M(A)::[ ], AEQ.

Mi(A) XN
—In, MQ()‘)
T\ = , AEQ
D, My
Y(A) Z(N)
The operator matriz functions € : Q — B(Ho ® H® H') and F : Q —
B(H @& H, ®H) in the equivalence relation (2.1) are
EN) 0 F(\) 0
EN) = [ ], F(A) = [ .
0 Iy, 0 I
Proof. The claims follow by combining the extension in Lemma 3.5 with

Lemma 2.4 for the case E()\) = 0, F(\) = 0. This derivation is similar to the
proof of Theorem 3.4. O

3.3. Operator Polynomials
Let I € {0,...,d} and consider the operator polynomial P : C — L(H),

d
P(\) =Y XP, D(P(\):=D(R), AeC, (3.4)
i=0

where P; € B(H) for ¢ # I. A linear equivalence is for [ = 0 in principal
given by [11, p. 112]. Only bounded operator coefficients are considered in
that paper but the operator matrix functions F and F in the equivalence
relation (2.1) are independent of Py. Hence they remain bounded also when
Py is unbounded. However, the method in [11] can not be used directly if P;
is unbounded for some i > 0. The following example illustrates the problem
for a quadratic polynomial.

Ezample 3.8. Consider the operator polynomial P : C — L(H) defined as
P(\):= X2+ )XA+B, DPN):=D(A), NeC,

where A € L(H) is an unbounded operator and B € B(H). Then the method
in [11] is not applicable to find an equivalent linear problem after extension
as E()\) and E(\)~! would be unbounded for all A as can be seen below:

GEEEE R ]
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However for all A # 0, an equivalent spectral problem is S(\) := P(\)/\ =
A — X —(—=B)/(—=A). By extending S(A\) by —AIy an equivalent problem is
given by Lemma 3.2 as
SN 0] _[-Ix B][-A-X —=B|[Ix 0
0 =X [0 In| Im =X+ I

and as a consequence P(\) @ W(A) = E(\)(T — A\)F(X) with W(A) = —A
and

E()\)Z[_éH EJ T:[;: ‘OB}, F()\):[Ii‘{ 131]

Using this method, the obtained T has the same entries as the operator
given in [11, p. 112], but the functions E()), F(\) are bounded for A # 0.
Inspired by the previous example, we show how an equivalence can be found
independent of which operator P; in Lemma 3.9 that is unbounded. Note
that Lemma 3.9 is the standard companion block linearization for operator
polynomials formulated as an equivalence after extension.

Lemma 3.9. Let P denote the operator polynomial deﬁned in (3.4) and assume
that Py is invertible. For i < d set P =P/ p, and Pd =1Iy. Let Q' :=C
if 1 =0, and Q) := C\ {0} otherwise. Deﬁne the operator matriz T € L(H?)

on its natural domain as

~Py, - —-P -PR

Further, define the operator matriz function W : Q' — L(H™(d=1.D) g

IHd—l—l

Then, the following equivalence results hold:

i) if l <d, P(\) @ W(\) is equivalent to T — X for all X € Q.
il) if l =d, P(A) @ W(\) is equivalent to Py @ (T — \) for all X € Q.

The operator matriz functions in the equivalence relation (2.1) are for
A € Q' defined in the following steps: For | < d, define the operator matrix
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functions E, Fy : Q' — L(HYY) as

Py = o NPy e DD LI TR
Iy AL Nd—1=2
Eo()) = : 7
A
Iy
)\dfl I’H
Fa(\) = 0 ,
Al*l .. I'H
Al 0

whereas for | = d — 1 define Eo(\) := —Py and F,()\) :== A1y
For 1 > 0 define the operators matriz functions Eg : Q' —
B(Hl,HmaX(d_l’l)) and Fﬁ QU B(Hmax(d_l’l),Hl) by

Ao

-1 p, 1 Py Py
Eg(A) := F:k—g N—F Zk:(()) AZ—F 80] ;o Fg(\) = | 1
Iy 0

where for 1 > d — 1 we use the convention that the 0-row/column vanish. If

| = d, we define the operators E., € B(H,H?) and F, € B(H?, H) as

B, = |:PEI)1:|, F, = [ﬁd71~-ﬁ0}-

Then, for all X € Q' the operator matrix functions E and F in the equivalence
relation (2.1) are given by

E()) = Ea()), Fof 1=0,

F(A) o
— [Ea(A) Eg(X) F 0
E(\) = 0 Ly |’ F(X\) Fal IHz , 0<l<d,
PP i
EQ) = | BsO| poy = { o NP F} l=d
E7 IHd Fﬁ()‘) IHd

Proof. For | = 0, the result follows in principle from [11, p. 112]. Hence, we
show the claim for [ > 0 and Q' = C )\ {0}. Define for all A € Q' the operator
function S by

S(A) = ()\)

TTM:“

A Piyi +Z e . D(R(N) =D(PN)).

Assume [ < d, then apart from the sum Zic_:lo Py /A7F S is polynomial in
A and only the zeroth-order term P, can be unbounded. Then, from [11, p.
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112] it can be seen that S is after I;ja—1-i-extension equivalent to

Sy PRI C P R o 4
~ I 0
=] "
Iy 0
Since, the following identity holds,
) - I
N H
-1 B R R "=\
ZW**[PZ—LuPO} . ;
k=0 -
Iy — )

Theorem 3.4 gives that S(\) after W (\)-extension is equivalent to T'— X on

Q). By multiplying the first column in S(\) @ W (\) with A! the same result

is obtained for P(\). The operators E(\), F(A) are obtained by multiplying

the corresponding operator matrix functions for the different equivalences.
For [ = d, Theorem 3.4 gives that S(\) @ W () is equivalent to

PyPy i Pio... Py

Iy —A
T(\) == I =A
Iy =X

Since T — A can be written in the form

~\ Iy

Iy =X )

ToA=| — | | P [P Pas . Py,
I —\

it follows from Theorem 3.4 that Py & (T'— A) is equivalent to T'(\). O

Example 3.10. In Lemma 3.9, the result is rather different when | = d even
though T has the same entries. In this case the equivalence is after both P())
and T — A have been extended with an operator function and the following
example shows that this extension in general cannot be avoided. Let A €
L(H),B € B(H) and define P : C\ {0} — L(H) as

P(\) =X+ B, D(P)=D(A),

where A is invertible. If A is bounded, P(\) is equivalent to T — A\, T =
—A7!'B but this equivalence do not hold if A is unbounded. However, these
operator functions are equivalent on C\ {0} after operator function extension
as can be seen from Lemma 3.9 where the lemma for A € C\ {0} gives that

PN 0] _[1+242 B1[A 0 ][A7'B+AAT'B
0 =X | A Y Ll0T-A In Iy |
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Theorem 3.11. Let P, E, F, and W denote the operator functions on Q' O Q
defined in Lemma 3.9 and let ]31'7 i =1,...,d denote the operators in that
lemma. The operator matriz function P : Q — L(H & H,H ®H') is on its
natural domain defined as

where

d—1
QN =D NQi, QieLMHH), req.
=0

Assume that Q; € B(H,H) fori # 1 and if | = d then PIX(\) € B(H,H)
for all X € Q. Define for all X € Q the operator matriz function T : Q —
L(HY®H, HY ©H') on its natural domain as

[Py 1 —A—Py o - =P, =By —P7'X(\)]
Iy —A
TO) = T
S
Iy -\
L Qa-1  Qa—2 -+ Q1 Qo Z(A) ]

Then, with respect to (3.1), the following equivalence results hold:

i) ifl <d, P(\) @ W(A) is equivalent to T(X) for all X € Q.
i) if l=d, P(\) ® W(N) is equivalent to Py & T (\) for all X € Q).

The operator matriz functions in the equivalence relation (2.1) are for
A € Q defined in the following steps:

If 1 < d, define the operator matriz function Eq : ) — E(Hd*l,ﬁ) as
Ea(N) == {0 —Qa-1 —Zizo MNQaoqp - — Z;é_g >\le+1+1¢} ;

where Eo(X) := 0 for | =d— 1.
If 1 > 0, define the operator matriz function Eg Q0 — B(Hl,ﬁ),

- -1 1 .
E5(>‘) = [ k=0 /\(zg—kk k=0 % %} .

The operator matrices E : Q — B(H™HD) 1) and F = Q —
B(H, H™>x(d1+1) qre then defined as

E()) = Ea(\), F()) =
B\ = [Ba()) BsV] . FOV =

0
07
B =[98 By ], PO = {Pd‘ X W} -
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Finally define the operator matrices E(X) and F(X) in the equivalence relation
(2.1):

_ [EMX) 0 _ [FO) FY)
() = [m) [ﬁl L FO) = [ Rl
Proof. Similar to the proof of Theorem 3.4, where Lemma 3.9 with (3.5) is
used in Lemma 2.4. Note that P; ' X (\) = P; ' X(\) on D(X (V). O

Remark 3.12. Theorem 3.11 requires @) to be an operator polynomial. For a
general () an equivalence is obtained by using the equivalence given in Lemma
3.9 together with Lemma 2.4 with E := 0 and F := 0.

4. Linearization of Classes of Operator Matrix Functions

In Sect. 3 we considered three types of operator functions. One vital property
differs between operator functions of the forms (3.2) and (3.3) compared to
operator polynomials (3.4): For polynomials the equivalence is to a linear
operator function (Lemma 3.9), but it is clear that a similar result will not
hold in general for (3.2) and (3.3).

If A, B, C, and D in (3.2) and M, ..., M, in (3.3) are operator poly-
nomials, Lemma 3.2 respective Lemma 3.5 can be used to find an equivalence
after operator function extension to an operator matrix polynomial. Hence,
if the entries in a n X n operator matrix function are either multiplications of
polynomials or Schur complements, then Theorem 3.4 and Theorem 3.7 can
be used iteratively to find an equivalence to a operator matrix polynomial.
An example of this form is considered in Sect. 4.3.

4.1. Linearization of Operator Matrix Polynomials

Set H := @] H; and consider the operator matrix polynomial P : C —
L(H), defined on it natural domain as

Pii(A) ... Pra(N)
P(A) = oot , AeC, (4.1)

Poi(A) ... Pyn(X)
where P; () := ZZ:]O )\kPJ(’I;) and Pj(fz) € L(H;, H;). There are different ways
to formulate (4.1) that highlight different methods to linearize the operator

matrix polynomial. By using the notation: P( )= 0 for k > dj; and d :
maxd, ;, it follows that P can be written in the form

k k
., J U

=> MNP, Po=| 0 | (4.2)
h=0 I £l

In the formulation (4.2), the problem is written as a single operator function,
which makes it possible to utilize Lemma 3.9, provided certain conditions
hold. This is the most commonly used formulation, see e.g., [3]. For the
original formulation (4.1), Theorem 3.11 can be applied iteratively for each
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column, which results in a linear function. In Theorem 4.1 we present the
linearization obtained using this method and in Sect. 4.2 we will present a

systematic approach to linearize operator matrix polynomials that relies on
Theorem 4.1.

Theorem 4.1. Let P be the operator matriz polynomial (4.1), where d; =
di; > 0 and d; > dj; for j # i. Assume that szl) are invertible and that
there exist constants l; € {0,...,d;} such that P-(k-) € B(Hi, H;) for k # ;.
Fork < d; set P%) .= P{%)" P}’“) and P} = Iy,. LetQ = C ifl; =0 for

all i, Q := C\ {0} otherwise. If l; = d; assume that P m € B(H;,H;) for all
indices k, j. Define the operator matrix

n T1,1~~~T1,n
T€£<@H§li> as T:=| @ . 1 |,

i—1
! Tn,l v Tn,n

where T ; € £(Hfi,Hj'j) are the operator matrices

P P _p©
Iy, 0 .
i y V=17

T = -
3 I I, 0

[—pd—t . _ph _pO71
gy gy 3y .
o ... 0 g |7

Let W(X) == @_, Wi(N), where W; : Q — C(H?ax(di_l’li)) are the operator
matriz functions
IH?rlr1
-2

i

, AEQ.

Iy, — X
Set L:={ie{l,...,n}:1l; =d;}. Then the following results hold:

i) f L=g, 73( )@ W(N) is equivalent to T — X for all X € Q.
i) if L # @, P(A) @& W(N) is equivalent to Py & (T — ) for all X € Q,
where

Pa=PP eL (@ Hi>
i€L ieL
18 defined on its natural domain.

In the case L = @ the operator matriz functions in the equivalence
relation (2.1) with respect to the structure (3.1) are defined in the following
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steps: Let the operator matriz functions Ei(a),Fi(‘x) CQ = B(H?i—li) and
EJ(,O;) Vi B(Hfi_“,H?) fori # j be defined as

- o (ds 1 di—1+k di—li—1 Li+1+k
_Pi(,i ) _Zk:O )‘kpi(,i ) _Zk =0 /\kP( )
Iy, Ai—li=2
EY(\) = l N : :
[Adi—1 Iy,
FO() = ! ,
A=t Iy,
| Al 0
- 0 di—1+k di—1;—2 li+1+k
E(Of)()\) _ 0=k )‘kPj(,i b > ko /\kPj(,i )
g 0 0 0

Note, if l; = d; — 1 this means that Ei(a)()\) = —Pi(ji), Fi(a)()\) = A4 gnd
EJ(O:)()\) :=0. Ifl; > 0, define for i # j the operator matriz functions Ei(m
Q — B HET), B 0 — BRET 1Y), and BV : 0 — B(HY 1Y)
as

A1
l—1 P® . P® PO
Ez () Dk=0 XGTF cc Dk=0 XoF - F(ﬁ)()\) A
0 0 0 T
Iy, 0
L1 P L PW p©
El() EkO)\l*k"'Zk:O)\g*k X
» 0 0
For i # j define the operators matrices:
Eii(\) = B (), Fy(\) = F(\), I, =0,
By =[BT BP0 Lo EO0 0]
(2% - O IHZz ’ T F(B)()\) IHH ’ T )
Eji(\) = E;5 (), =0,

B =B EPW]. L>0
Then the operator matrices E(X) and F(N) in the equivalence relation
(2.1) are
Ei1(N) ... Ein(N) Fi(X\)
EN = o F= -
E,1(N) ... E,n,(\) F,(\)
Proof. The claims follows from applying Theorem 3.11 to each column in

(4.1). However, for columns 2,...,n reordering of the diagonal blocks as in
(2.3) is needed to be able to apply Theorem 3.11 directly. O

Remark 4.2. In Theorem 4.1 the operator matrix functions £ and F in the
equivalence relation (2.1) are not specified for the case I; = d;. The reason
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is that then £(\) and F(A) depend on the order of which Theorem 3.11 is
applied to the columns and are very complicated albeit possible to determine.

Remark 4.3. For operator polynomials it is common to consider equivalence
after extension to a non-monic linear operator pencil, 7 —AS, [11]. In Theorem
4.1 the condition that FP;; is invertible for ¢ = 1,...,n can be dropped if the
matrix block in the equivalence is non-monic. However, the reduction of a
non-monic pencil to an operator is as pointed out by Kato [12, VII, Section
6.1] non-trivial; see also Example 3.10.

There are both advantages and disadvantages of using Theorem 4.1
instead of Lemma 3.9 for operator matrix polynomials. One advantage is
that Py does not have to be invertible. Furthermore, for unbounded operators
functions Theorem 4.1 can handle more cases since it allows I; # I; while in
Lemma 3.9, P, is unbounded for at most one I € {0,...,d}. However, a
disadvantage of this method is that the highest degree in each column has
to be in the diagonal. Importantly, if both methods are applicable for P,
then the obtained linearization using Theorem 4.1 and Lemma 3.9 is the
same up to ordering of the spaces. Even if the conditions on P in Lemma 3.9
and/or Theorem 4.1 are not satisfied an equivalent operator matrix function
P that satisfies these conditions can in many cases still be found. For example,
Lemma 3.9 cannot be applied if the highest degree in the columns, d;, are not
the same. However, for A € \{0} an equivalent operator matrix function is
obtained as

)\d—dl

PN :=P(\) . AeQ,
)\d—dn

where in 73, the highest degree is the same in each column, unless one column
is identically 0. However, the coefficient to the highest order, 73d, might still
be non-invertible and the boundedness condition might not be satisfied. Even
if all conditions are satisfied the method increases the size of the linearization
and introduces false solutions at 0. This is connected to the column reduction
concept for matrix polynomials discussed for example in [20]. Due to these
common problems that restrict use of Lemma 3.9 and the problems that
can occur when trying to find a suitable equivalent problem, we prefer to
use the results in Theorem 4.1. Therefore we develop a method that for a
given operator matrix polynomial P provides an equivalent operator matrix
polynomial P for which the conditions in Theorem 4.1 are satisfied.

4.2. Column Reduction of Operator Matrix Polynomials

Theorem 4.1 is only applicable when the diagonal entries in (4.1) are of
strictly higher degree than the degrees of the rest of the entries in the same
column. The aim of this subsection is to find for given operator matrix poly-
nomial P a sequence of transformations that yields an equivalent operator
matrix polynomial, where the diagonal entries have the highest degrees.
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One type of column reduction algorithms of polynomial matrices was
considered in [20], but the column reduction algorithms presented in this sec-
tion are different also in the finite dimensional case. Naturally, new challenges
emerge in the infinite dimensional case and when some of the operators are
unbounded. This can be seen in the following example, which also illustrates
that it is not necessary to have an equivalence in each step.

Ezample 4.4. Consider the operator matrix function P : C — L(H; & He @
Hs)

AA B AC
PA):=|AD+D MG XNH+H|, MeC,
J 0 AL

on its natural domain. P does not have the highest degrees in the diagonal
entries. However, under the assumptions stated at the end of the example,
an equivalent operator matrix polynomial can be found, where the highest
degrees are on the diagonal. In the following, we will apply particular trans-
formations that for the general case are defined in (4.4). Let K1 denote the
operator matrix

_ Iy, 0 0
Ki:=|-DA ' I, 0
0 0  In,
The operator matrix function K1 P is then
N AA B AC
KiP(A)=|D MNG—-DA'B MNH-ADA'C+H|, XeC,
J 0 AL

which for the first two columns has the highest degree in the diagonal but

not in the last column. Let 163 denote the operator matrix function defined
by

_ Iy, O —CL!
Ks\) = | 0 Iy, -OH - DA 'O)L'|, reC.
0 O Iy,
Then
_ _ M —-CL1J B 0
Ks(MK1P(N) = ~AHL'J+D+ DA 'CL'JNG-DA'B H
J 0 AL

(4.3)
Hence, for K3K1P the third column has the highest degree in the diagonal.
However, in the first column the entry in the diagonal is not of strictly higher
degree than the rest of the column. We will therefore apply the operator
matrix
R Iy, 0 0
Kiy:=|HL YJA Y Iy, O
0 0 In,
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to (4.3). In order to justify the formal steps above, we first state some condi-
tions on P. Assume that A, L are invertible and CL™!, (D — HL-1J)A~1,
HL~! are bounded. The domain of P is chosen as

~ o~

D(P) := (D(A) N D(D) N D(J)) & (D(B) N D(G)) & (D(F) ND(L)).
Let E : C — B(H1,Ha, Hs) be defined as E()) := E1/€3(A)l€1, where

e _or
E\N)=|—-(D—-HL'J)A™' Iy, - AHL '+ (D - HL'J)A~1CL1]|.
0 0 I,

Define P : C — L(Hy, Ha, Hz), D(P) = D(P) as P(\) := E(A)P()), where
R M —-CL7YJ B 0
PN = |D+(D-HL ')A'CL™'J NG - (D-HL'J)A™'B H

J 0 AL

The operator matrix polynomial P has the highest degrees in the diagonal.
Furthermore, since E()\) is bounded and invertible for A € C it follows that

P and P are equivalent on C.

Example 4.4 indicates that in the general case it is not feasible to obtain
a closed formula for the final equivalent operator matrix polynomial. However,
algorithms that follow the steps in Example 4.4 will below be developed for
bounded operator matrix polynomials. These algorithms also work for classes
of operator matrix functions with unbounded entries, as in Example 4.4, and
it is in each case possible to check if one of the algorithms is applicable.

Let P denote the operator matrix polynomial (4.1) and assume that
for i # j there exists operator polynomials K, ;(P) and R, ;(P) such that
P;; = K;;(P)P,; + R;;(P), where deg R; ;(P) < deg P, ;(P). A sufficient
condition for the existence of these operators is that Pi(j”‘) is invertible.

The dependence on P : C — B(H) is written out explicitly since we want
touse K;;(P) : C — B(H;, H;) in the algorithms. Define KC; ;(P) : C — B(H)
as

, 1 # j (K, is in position (7, 1)),
SR —K;q(P)
Iy
In, i = 3.

(4.4)

Multiplying an operator matrix polynomial P from the left with C;;(P)
will be called reduction of the i-th column in the j-th row. Additionally a
column in P is said to be reduced if the highest degree is in the diagonal
of P in that column. When we in the algorithms presented below reduce
the (4,7)-entry in P the condition that P;; = K;;(P)P;; + R;;(P) has a
solution with deg R, ;(P) < deg P, ;(P) is not stated explicitly. Moreover, the
notation Ky ;(P) := Kii(P)...Kg,i(P) is used and it is clear that K;;(P)
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commutes so Kp.x ;(P) is independent of the ordering in the multiplication.
For convenience, the notation /C;(P) := K1.,,:(P) is used. For example, the

first column in the operator function P defined by

Pii Prp.. Py
~ Rz’l('P) P272 e P2,n

~

Rn1(P) Pus ... Pon
is reduced. The entries in P satisfy the conditions deg P11 > deg R;1(P) and
Pj,i = Pj7i — Kj,l(P)Pl,i-

With the notation above the operator functions defined in Example 4.4
reads E := (K1 0 K3 0 K1)(P) and P := (K1 0 K3 0 K1) (P)P.

Definition 4.5. Let P : C — £ (D), H;) denote an operator matrix function
with the operator polynomial entries P;; : C — L (H;,H;) and define its
R™"™ degree matrix

dl,l o dl,n

dpn1 .. - dpn

) )

where the (7, j)-th entry is the degree of P; ; and we set d; ; = —oc if P; ; = 0.
For given D(P) we define the difference matriz

dl,l dLn dl,l dnn
APYi=| ¢~ i =
Aoy ... dpn diy ... dpp

Define the functions

CYEE feadan it (4.6)
and
fo(I,’lJ,Z,’lU) :f(x7yvz)7f(0awaz) (47)

Lemma 4.6. The following properties hold for (4.7):

1) fO(Ia Y, z, w) < max(x, Y+ Z)
ii) fo is non-decreasing in the first and second argument.

Proof. 1) Follows from the inequalities f(0,w,z) > 0 and f(z,y,2) <
max(x,y + z). ii.) The function f(z,y,z) is non-decreasing in x and y,
which implies the same properties for fj. O

The case deg ]331 < max{deg P;;,deg K; 1(P)P:,} in (4.5) can only oc-
cur if degPj; = degKj; (P)P1; and even then it is improbable in
general. Therefore, in the following we assume that degP;; =
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max{deg P;;,deg K;1(P)P:;}. This means that the degree matrix of P is

d171 dl}? . dlﬁ
. Mdyy,dia—1)  f(d22,021,d12) .. f(d2n,021,d10)
D(P) = . . . : ;
M(dyy 1 ,dy1—1) Fldno,bpidia) oo f(dnnsdni,din)

where f is defined in (4.6) and SN = A(P);, = dj; —d; ; denote the matrix
entries in Definition 4.5. Moreover, m, ) denotes a value that is less than

or equal to min(z,y). It then follows that the difference matrix of P is

011 f0(§1,27§1,17§1,27§2,1) f0(§1,n7§1,17§1,n7§n,1)

. mg, 1 fo(d2,2,02,1,012,62,1) ... fo(d2,n502,1, 61,0, 0n,1)
A(P) = ’. : . : ,

ms. L1 fo(Bn2, n17512762 1) oo (s On1s 01, 0n1)

where fj is given by (4.7). Hence, the difference matrix, A(KC;(P)P), can be
computed using only the difference matrix A(P), apart from the column
where an upper estimate is found. This knowledge of the difference matrix is
sufficient for the presented algorithms.

Lemma 4.7. Let P be the operator matriz polynomial (4.1). Assume A(P);; <
0 for all j,i <k —1 with j # i and A(P)g,; < ¢ fori < k — 1. Define the
operator matrix polynomial P := E'P where

E = (’Ck,k—l ©...0 IC]CJ)(;_H('P).
ThenA(ﬁ)j,i<0forj7éi andi < k-1, j <k.

Proof. Since A(Kg,1(P)P)r1 < 0 it follows from the definition of fy that

A(Kp 1 (P)P)ri < 6 for 2 <i < k—1. Hence, A((Ky.20Kx1)(P)P)ra < 6—1,
A((Kk,g o ’Ck,l)(P>7))k,1 < 0, and A((’Ck,g o /CkJ)(P)P)}g’i <dfor3<i<
k — 1. This implies A((Kgp—10...0Kk1)(P)P)g; <d—1for1 <i<k—1
and the result follows by induction. 0

Lemma 4.8. Let P be the operator matriz polynomial (4.1). Assume that
A(P)ji <0 fork>1,j and j #i > 1. Moreover, assume A(P);1 < A(P)i1
for1<j<l<k. Seté:=A(P)x1 and define P = EP, where
K:2:k,1(7))a 0= 07
E = 5—1
Kikg—10...0Kix1 0 (Kiikp—10...0Kap1) (P), 6 > 0.

Then A(73)” <0 fori,j <k andj#i.
Proof. If § = 0 the result is trivial. Now let 6 > 0 and define for p € {0,...,0—
2} and ¢ € {1,...,k — 1} the operator

Pl = (Kgt1:k,g© -0 Ko 0 (Kpekp—1 0. 0 Ko 1)?) (P)P

and the constants 0; = A(P);1 — A(P)j—1,1, for j =2,... k.
The non-negative values in the first k¥ columns of A(P) are nondecreas-
ing in the first k rows. By Lemma 4.6 ii) fp is non-decreasing in the first
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and second argument. Thus, the non-negative values in the first & columns
of A(P}) are nondecreasing in the first k rows. This also implies that there
can be no positive value above the diagonal in A(Pg).

The rest of the proof relies on showing that the following conditions
hold

A(’Pp)j,i < maX(A(Pg)j_u + 5j,5j -1, —1), for k > j > 1, (4.8)

A(Pg)],z < maX(A(P)j,l - (p+ 2)v _1)7 q Z iv .7 > ia

A('Pg)Jl < maX(A(P)jJ — (p+ 1), —1), q<1,j >4
The proof of these conditions is based on induction over p and ¢ and it is
clear from the definition of fo that (4.8) and (4.9) are satisfied for P}.

For i = ¢ + 1 the conditions (4.8) and (4.9) are satisfied trivially for
A(Pg*1);,i. Further for j < ¢ + 2 the induction is trivial for both (4.8)
and (4.9). Hence, in the following we assume j > ¢+ 2 and 7 # ¢ + 1. Let
A(Pf) satisty the conditions (4.8), (4.9) and take ¢ < k — 1. Then since

A(Pg+1)j7i = A(]Cq+2;k,q+1(Pg)Pg)j7i, we have
A(PE)ji = fo(APD) jis AP a1 AP g 1,5 AP g 1)

First we will show that condition (4.8) holds for Pg“. Since A(Pf)g+1.i5
A(Pf)iq+1 are independent of j, (4.7) gives

APEY) i = APEY) 15 = FIAPD)i, AP g1 AP g1.4)

—fAPY)j-1i APL) j—1,g41, A(PF)g+1,4)-
By assumption, condition (4.8) holds for P and the result follows directly
from definition (4.6) unless A(Pd); 441 > 0, A(Pl)j-1,4+1 <0, and
A(Pg-irl)m_ _ A(Pgﬂ)qui = A(Pg)j7q+1 + A(Pg)qﬂyi — A(”Pg)jfl_’i.

The conditions A(Pd)j 1,441 < 0 and (4.8), yields that A(Pd); 11 < 9.
Since j—1 > ¢+1 the non-decreasing property of fo implies that A(Pg)g+1,:—
A(Pg)jfl’i <0 or A(Pg)qﬂ,i < 0. In the first case we have

AP — AP 1 < AP g1 < 65

In the latter case the inequality A(Pg“)jyi < 0; — 1 holds. Hence, condition
(4.8) holds for A(PEF!); ;.
Assume that the condition (4.9) holds for Pf. If A(Pf);4+1 < 0, then

(4.9) holds trivially for A(PZt!); ;. Otherwise, it holds that
APEHY) i < max(A(PE) i, AP jgr1 + AP gi1.4)-
Assume i < ¢+ 1. If A(P@)441,: > 0 it follows from condition (4.9) that
AP g+1i < A(P)g+1,1 — (p+2). Condition (4.8) and A(P)g41,; > 0 implies

that A(,Pg)j,,ﬁ_l S A(P)jJ *A(P)q+1,1- Hence, A(,Pg+1)j,i < maX(A(P)j,l -

(4.9)

(p+2),—1). Otherwise, A(Pf)q+1,: <0, and condition (4.9) gives
A(P)jq+1 <max(A(P)j1 — (p+ 1), —1).
Thus A('Pg)j’qul + A('Pg)q+177; < maX(A(”P)jJ — (p + 2), —1).

Assume i > g+ 1. If A(Pl)441,: > 0 it follows from condition (4.9) that
AP gr1,i < A(P)gr1,1— (p+1). Condition (4.8) and A(P)g41; > 0 implies



Vol. 89 (2017) On Equivalence of Operator Matrix Functions 487

A(Pg)j7q+1 S A(p)j,l —A(P)q+171. Hence, A(Pg+1)j7i S maX(A(P)j
1), —1). Otherwise, A(Pg)4+1,; < 0, and condition (4.9) gives

1—(p+

A(P)jq+1 <max(A(P)j1 — (p+ 1), —1).

Thus A(PR)j.q+1+APL) g1, < max(A(P);1—(p+1), —1). Hence condition
(4.9) is satisfied.

Assume ¢ = k — 1. Then we show the conditions (4.8), (4.9) for P}, | :=
ng,k,l(P;fH)P;f“. This is done similarly as for ¢ < k — 1 with the exception
that ¢ > 1, which implies that only one case has to be considered in (4.9).

In conclusion, A(P5=});; < 0 holds for k > j > i due to condition (4.9)
and for j < i < k the inequality holds since fy is non-decreasing in the first
two arguments. By definition we have P = Kikg—10...0 Klzk’l(Pfjg)Pfjgl,
which satisfies the conditions in the theorem. O

The following propositions present two algorithms that for given opera-
tor matrix polynomial P generates an equivalent operator matrix polynomial
ﬁ, where the highest degrees are in the diagonal. The algorithm in Proposi-
tion 4.9 usually preserves a greater number of the original operator polyno-
mial entries and exploits the structure of P. However, it is only applicable
when H; ~ H, for i,j € {1,...,n}. In the algorithms presented in Propo-
sitions 4.9 and 4.10, J; ; denote the operator matrix permuting the rows of
entries 7 and j.

Proposition 4.9. Let P be defined as (4.1) and assume that H, = H; for

i,j € {1,...,n}. Define the algorithm:

1. Set Py:=P, E1:=1, and k :=1.

2. If k =n, set P}, := Py, and Ej, := Ej. Else, let i > k be the least index
such that A(Py)ir > A(Pr)ik for alll > k. Set Pp, = Kiy 1,k (Jr,i Pr)
Jk,ﬂik and B}, = ’Ck+1:n,kv(Jk,iPk)Jk,iEk-

Set Py, 1= Jl,kPJ{cJLk and By, = lekE,;.

4. Let J be the operator matrix that permutes the 2, . .., k diagonal operators
m 7v3k to obtain ﬁk = J73kJ_1, which satisfies A(ﬁk)m < A(’ﬁk)ﬂ for
all j >i>1 and define Ep = JEk.

5. Obtain E and ﬁk by applying Lemma 4.8 on 75k and set Ek = EE‘k

Set Pry1 := JLkJ_l'ﬁkJJLk and By = Jl’kJ_lEk,

7. If k =n set P = Pi+1, E = Epy1 and terminate. Else set k =k + 1
and return to (2).

@

o

By applying the algorithm to P, we obtain operator matriz functions
P:C — L(HY) and an invertible E : C — B(HY) such that

Pii(N) ... Pi.(\)
EMNP) =P(\) = : : . Mec,

~ ~

Poa(N) ... Pon(N)

where deg P, ; > deg P, fori # j.
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Proof. The result holds trivially for & = 1 and the proof for £k > 1 is by
induction. In the inductive step we show that P, = EpP and A(Py);,; <
A(Pr)iiforall j e {1,...,n},ie{l,...,k—1}, and j # i.

Assume that induction hypothesis holds for £ > 1. By applying step
2 it follows that P, = E}P. Further since A(Jy ;i Pr)ir > A(Jk,iPr)ik,
the condition A(Jg ;Px);: < 0 for j > k and i < k 1mphes the condition

A(Pr);; < 0for j >k and i < k. After step 3 we have Pk = EkPJl,k and the
inequality A(Py);; < A(Py)i; holds for all j € {1,...,n} and i € {2,... k},
since the k-th column is swapped with column one.

The existence of J in step 4 is obvious and from the definitions P, =

EyPJyJ 7 and A(Py)ji < A(Py)i forall j € {1,...,n} andi € {2,..., k}.
By construction Pk satisfies the assumptions of Lemma 4.8. This lemma then
implies that Py, = EkPJl wJ 1 and A(’Pk)j i < A(Pk)l iforallj e {1,...,n}

and ¢ € {1,...,k}.

Hence, 73k satisfies the desired condition for Pjy1, but the equivalence
is 7/5k = EkPJl,k J~1. Step 6 finds an equivalence of the desired type, Py =
Ep41P and since Jy ,J~! is a permutation operator matrix of first k rows
the condition A(Py);; < A(Pr)is for all j € {1,...,n}, i € {1,...,k} and
1 # j implies the same conditions for Pyi1. Hence, the result follows by
induction. O

Proposition 4.10. Let P be defined as (4.1) and define the algorithm:
1. Set Py :=P, Ey:=1, and k := 2.
2. Obtam E and Py, by applymg Lemma 4.7 on Py, and set E; = EEj,.
3. Set Pk =.J; kijl L and Ek =1 kE
4. Let J be the opemtor matrm: that permutes the 2, ...,k diagonal opera-
tors in Pk to obtain Py = JPkJ L which satisfies A(Pk)l 1 < A(Pk)J 1
for all j >4 >1 and define Ej = JE;C

. Obtain E and Pk by applymg Lemma 4.8 on Pk and set Ek = EEk

. Set Pk+1 = J1 kJ ijjl k and Ery = Jl,kj Ek

7. If k =n set P = Pi+1, E := Ex41 and terminate. Else set k:=k+1

and return to (2).

(o2

By applying the algorithm to P, we obtain operator matriz functions
P:C—LH1D...®H,) and an invertible E: C — B(H1 ® ... ®H,) such
that

Pii(N) ... P\
ENP\) =P\ = : : . A€EC,
Poi(A) ... Pun(V)

where deg 13“ > deg ﬁﬂ fori#£ 7.

Proof. The proof is by induction, where we show that P, = E;,P and A(Py);.
< A(Pg)iy; forall j € {1,....,k—1} and i € {1,...,k — 1} such that i # j.
The basis P, follows from definition and the proof of the induction step is
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very similar to the induction in Proposition 4.9. The only difference is in step
2, where Lemma 4.7 is used. g

Remark 4.11. Despite Proposition 4.10 it is important to realize that when
H; # H; for some 1%, j, additional problems might occur. For example, con-

sider the operator matrix polynomial P : C — L(H @ 7‘7), defined as

A—) BA
P(A):{C/\Q D—/\]’ AeC.

Define P : C — L(H & H) as

= A—A BA

P = Kan(P)P() := [ CA> D4 (CAB — I )\ +CBX2"
P(A) has the form assumed in Theorem 4.1, but the highest order in the
(2,2)-th entry, C'B, might be degenerate for all operators C' and B regardless
if D is invertible or not.

By combining the results in Theorems 3.4, 3.7, 4.1, and Proposition
4.10 (or Proposition 4.9) we obtain a method of linearizing a class of operator
matrix functions. This class consists of operator matrices where, each entry is
a product and/or Schur complement of polynomials and the method extends
the applicability of linearization to a larger class compared with a method
based on the results in Sect. 3 alone. An illustrative example is presented in
the following subsection.

4.3. Example of Linearization of an Operator Matrix Function
Let M, N; € B(H) fori =0,1,2,3, A € B(H,H), C; € L(H,H) fori =0,1,2,

Dy € L(H), B,D1,D2,Q € B(H), and Py, P, € L(H,H). Further assume
that there is a j and an [ such that C; € B(H, H) for i # j and P; € B(H,H)
fori # 1. Let D : C — L(H) be defined as D(A\) = DyA2+ Dy A+ Dy, A € C. If
j=1=01et Q:= p(D) else O := p(D) \ {0}. Finally assume that D=1 (\)C}
for A €  is bounded on D(C};), which is dense in H and N3, and D@ are
invertible operators.

In each step the operator matrix function is defined on its natural do-

main. Consider the operator matrix function S : Q — L(H & ﬁ),

(M = X)(N3A3 4+ NoA2 + NiIA+ No)  PIA+ By

SA= Lar = (B=NDI (X2 +CiA+Co) QA

This function can be linearized by the following steps:

Theorem 3.7 states that after Iyy-extension S is equivalent to S:0—
L(H*®H),

R M —\ 0 P+ Py
S\ :=| I N33 + NoA?2 + Ni A + Ny 0
0 AN = (B=XND Y (N)(CoA2 + C1A+ Co) QA
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Theorem 3.4 states that S is after D-extension equivalent to P : Q — L(H?®
H?),

M —\ 0 0 PIA+ PRy
POV = —Iyy  N3X® 4+ NoX2 + N+ N 0 0
' 0 AN B—\ QX
0 CoX? + C1 A+ Cy D(X\) 0

P is an operator matrix polynomial, but in the last two columns the
highest degree is not strictly in the diagonal. Hence, an equivalent problem
has to be found. Apply the algorithm given in Proposition 4.10 to P. This
results in the equivalent operator function P = Ka,3(P)P,

M — ) 0 0 P\ + Py
PO\ = —Ixy  N3A3 4+ Nod2 4+ N+ Ny 0 0
- 0 AN B— )\ QN ’

0 GN 4+ (Ch+ KAN+Cy  Dp  DyQN + KQA

where G = Cs + D> A, D(G) = 'D(Cg), Dp = DQB2 + D1B + Dy, D(DB) =
D(Dy), and K := Dy + DyB. In P the highest degrees are in the diagonal
and at most one coefficient in GA* + (Cy + KA)X + Cy and Pi\ + P, are
unbounded. Hence, Theorem 4.1 can be applied. Define G = (D2Q)7 1@,
K = (D:Q) 'K, C; := (D2Q)~'C;, and Dp := (D2Q)~'Dp. Let W denote
the function defined in Theorem 4.1. Then is P()) after W(A)-extension

equivalent to 7 — A on (), where the operator matrix 7 € L(H* © 7—73) is
defined as

M 0 0 0 0 P PR
Nyt —-N;'N, —-N;'Ny -Ny'Ny 0 00

0 In 0 0 0 0 0

T:=| 0 0 Iy 0 0o 0 0
0 0 A 0 B Q 0

0 -G -C,—-KA -Cy -Dp-KQ o
| 0 0 0 0 0 Iz 0]

In conclusion, S(\) is after I & D(\) & W(\)-extension equivalent to 7 — A
for all A € ). Hence, Proposition 2.3 yields that the spectral properties of 7°
and of S coincides.
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