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TIVISTELMA

Yksi tdmédn vditoskirjan keskeisistd kohteista on suljettujen, yleisesti rajoittamat-
tomien Hilbert-avaruuden operaattoreiden 7' luokka, joiden jidsenet voidaan fak-
toroida kahden ei-negatiivisen itseadjungoidun operaattorin A ja B tuloksi 7' =
AB. Tapaus, jossa jompikumpi operaattoreista A tai B on rajoittettu tai vaihtoe-
htoisesti, kun jommallakummalla niistd on rajoitettu kifinteisoperaattori, mahdollis-
taa lokaalin spektraaliteorian kehittimisen téllaisille operaattoreille. Tapaus, jossa
A on rajoitettu operaattori, karakterisoidaan ensin adjungaatin 7™ kvasiaffinisu-
udella operaattoriin S = S* > (. Toinen karakterisointi johdetaan yleistamalld en-
sin Sebestyén’in teoreema rajoitettujen operaattoreiden luokasta rajoittamattomien
operaattoreiden luokkaan. Lisiksi todistetaan Sebestyén’in epdyhtidlon kiddnteinen
versio, jonka osoitetaan olevan yhteydessd 7":n kvasi-affiinisuuteen johonkin ei-
negatiiviseen operaattoriin S = S* > 0.

Tidstd saadaan operaattoreiden 7' toinen alaluokka, jossa A:n kiddnteisoperaattori
on rajoitettu. Téatd tarkoitusta varten Sebestyénin epayhtilo laajennetaan myos lin-
eaaristen relaatioiden tapaukseen. Lisdksi véitoskirjassa tutkitaan nédiden kahden
alaluokan yhteyttd heikkoon similaarisuuteen sekid 7':n kvasi-affiinisuuteen oper-
aattoriin S = S* > (. Lopuksi viitoskirjassa todistetaan lokaaliin spektraaliteo-
riaan liittyvid tuloksia tapauksessa, jossa A on rajoitettu operaattori; mm. yksiar-
voinen laajennusominaisuus (SVEP), Dunfordin ominaisuus (c) ja ennen kaikkea
se, ettd tdllaiseen luokkaan kuuluvat operaattorit ovat C-yleistettyjd skalaarioper-
aattoreita. Tdm& ominaisuus on keskeisessd asemassa, koska sen ansiosta myos
kaikkien operaattoreiden 7', jotka ovat kvasi-affiineja jonkun ei-negatiivisen itseisad-
jungoidun operaattorin .S kanssa, spektri toteuttaa yhtélon o(7') = o(.5).

Avainsanat: Ei-negatiivisten itseadjungoitujen operaattoreiden tulot. Kidnteinen
epdyhtdlo. Ei-negatiiviset lineaariset relaatiot. Kvasi-affiinisuus. Lokaali spetraali-
teoria.
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ABSTRACT

One of the key objects in this thesis is a class of closed, in general, unbounded
Hilbert space operators 7" which admit a factorization into a product 7' = AB of
two nonnegative selfadjoint operators A and B in a Hilbert space. The case where
one of the operators A or B is bounded or, alternatively, when one of them ad-
mits a bounded inverse, appears to be most prominent for further analysis and leads
to a development of local spectral theory for such operators. The subclass, where
A is bounded, is characterized first by means of quasi-affinity of 7™ to an operator
S = 5% > 0. Another characterization is established by first generalizing Sebestyén
theorem from case of bounded operators to the present setting of unbounded opera-
tors.

Moreover, a reversed version of Sebestyén inequality is proved and shown to be
connected to the quasi-affinity of 7" to S = S* > 0. This gives rise to the sec-
ond subclass of operators 7', where the inverse of A is bounded. For this purpose
Sebestyén inequality is extended even to the case of linear relations. Furthermore,
the connection between these two subclasses and weak-similarity as well as quasi-
affinity to some S = S* > 0 is investigated. Finally, this thesis establishes differ-
ent local spectral properties of the first class including the single valued extension
property (SVEP), the Dunford’s property (c) and, more significantly the fact that
operators in such a class are C-generalized scalar. This property plays a central role
as it also shows that any operator 7' that is quasi-affine to a nonnegative selfadjoint
operator S satisfies o(7") = o(95).

Keywords: Products of nonnegative selfadjoint operators. Reversed inequality.
Nonnegative linear relations. Quasi-affinity. Local spectral theory.
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1 INTRODUCTION

Nonnegative selfadjoint operators play a central role in quantum mechanics and
functional analysis. In physics, they model measurable quantities such as energy
and momentum, where the non-negativity constraint implies natural restrictions so
that no negative kinetic energy can be obtained. In mathematics, these operators are
of interest in spectral theory, semigroups and the theory of partial differential equa-
tions. This thesis, in fact, studies the product of such operators in the unbounded
framework of complex Hilbert spaces involving local spectral theory.

From a historical point of view, the first insights into this problem were obtained
in finite-dimensional contexts: in 1988, Wu (1988) proved that a necessary and suf-
ficient condition for an operator 7' = AB to be factorized as the product of two
positive matrices A and B for it is to be similar to a positive matrix. When deal-
ing with infinite-dimensional Hilbert spaces, the issue becomes richer and more
complex and, in fact, Contino, Dritschel, Maestripieri, and Marcantognini (2021)
proved that similarity to a nonnegative operator is no longer sufficient to character-
ize the product of two nonnegative operators, since they established the following
characterization:

T is similar to a nonnegative operator

|} (1.1)
T = AB with A, B € B¥($) and, in addition, A or B is invertible,

where B($)) and BT ($)) stand for the set of all bounded and bonded nonnegative
operators on §), respectively. Even weaker conditions than similarity, such as quasi-

similarity and quasi-affinity have also proven to be insufficient to fully characterize
such a product. Indeed, for T'= AB, A, B € B ($)), they proved that

T is quasi-affine to S € BT () & T = A By, A, By € B($) and A, is injective.

So they rather characterized such a product by means of Sebestyén inequality proved
in Sebestyén (1983) as follows:

T=AB, A BeEB"($) &  TT*<XT*forsomeX € BT(%). (1.2)

Hence, a natural approach to improve the above results is either to pursue weaker
concepts than quasi-affinity or to relax certain conditions on 7".

One of the main purposes in this dissertation is to investigate these questions
and to extend the above results to the setting of unbounded operators 7". More pre-
cisely, a complete study is first carried out when a closed operator 7" belongs to the
following class of operators:

LP2®):={T=AB, Ac B*($)and B=B* >0},
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where B is in general unbounded. It will be seen in Barkaoui and Hassi (2025b) that
(1.1) remains true for unbounded operators 7', where the product representation AB
belongs to E;“Z(ﬁ). Furthermore, every element of this class satisfies an equality
analogous to the one appearing in (1.2). More generally, for closed operators 7" and
B such that 7™ B is selfadjoint, Sebestyén theorem is generalized to the unbounded
context as follows:

XBy CTforsome X € BY(§) & T*T <\T*B, (1.3)

for the restriction By := B [ domT*B of B. Obviously, in the particular case
where dom 7™ B is a core for B, i.e., By = B, (1.3) is instead stated for B. This cov-
ers the bounded setting in which the equivalence (1.3) holds with equality 7' = X B.
However, for the unbounded setting where B # By, one only gets the following im-
plication when 7™ B is selfadjoint:

XBCT = T'T<INB<MNB*B. (1.4)

Note that the reversed implication is not true unless B*I' = T* B, as proved in
Barkaoui and Hassi (2025b).

The inclusion in (1.4) represents a good motivation for describing the connection
between the class £l+2(.6) and the notion of quasi-affinity to a nonnegative selfad-
joint operator as shown in the following result:

T is quasi-affineto S = S* >0 & E;“Z(Sﬁ) 5> AB C Twithtan A = $ (1.5)

Motivated by (1.3), this induces the following new characterization of Sebestyén
inequality by means of quasi-affinity to some S = S* > 0 :
T*T < A\T*B with dom T C dom B for some A > 0, B = B* = By, > 0
0 (1.6)
T=ABy€ L?$H) withtan A = §
)

T* is G-quasi-affine to S = S* > 0 with dom 7" C dom Bp [ dom (T*Bp)
and Bp = G152 S2(G-1)*,

It 1s quite important to note that these equivalences have been extended to fully
cover the entire class £;7%(), thanks to the implication in (1.4).
An additional major objective pursued in this work is to investigate the reversed
inequality
T > nAT, n >0, (1.7)

and prove analogues for the characterizations in (1.3) and (1.5). The idea to get
further characterizations here is to make a connection to the initial Sebestyén in-
equality (1.3) by taking inverses in the operator inequality (1.7). This has motivated
a further generalization of the above results to the case of nondensely defined op-
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erators as well as multivalued linear operators (linear relations); see Baskakov and
Zagorskii (2007); Cross (1998); Derkach, Hassi, Malamud, and De Snoo (2006);
Von Neumann (1950).

For the reversed inequality (1.7), quasi-affinity of 7', rather than 7™, to S arises
and leads to a new class defined by

L2($) :={T = BA, B' € BT () and A = A* > 0}.

It is proved that whenever T is G-quasi-affine to S = S* > 0 with p(G*S2 52 GT )}~
(), then the reverse inequality holds for some A = A* > 0 :

T > LAT.

In fact, behind this proof appears the notion of Friedrichs extension of a nonneg-
ative (symmetric operator). More importantly, the following analogue of (1.5) is
established:

T is quasi-affine to some S = S* >0 <« T C BAe€ L(9). (1.8)

It is clear from (1.8) and (1.5) that there is no direct relation between El”(ﬁ) and
E;[Z ($). However, if T is quasi-similar to S = S* > 0 then one can construct
Ty € £;%(9) and T» € L;7*(5) such that

T, CT CTs.

Finally we turn our attention to the spectral as well as local spectral theory of
the class £;7%($). Just as in the finite-dimensional case, we prove that any operator
T € L*(H) has a positive spectrum whenever p(T) # (). This latter condition
plays a crucial role in questions related to W-similarity and similarity to nonnegative
selfadjoint operators, ultimately leading to the following equivalence for a closed
operator T with p(T) # 0

Tis W-similarto S = 5* >0 <« T € L?(H) T e LP(9).

More specifically, it is proved that any T € £,7($)) with p(T') # () admits the single
valued extension property (SVEP) and, more generally, is a C-generalized scalar
operator. The latter property is a useful key for the study of further local spectral
properties of 7" such as the Dunford’s property. It also implies that if 7" € E;rz(fj)
with p(T') # () is quasi-affine to S = S* > 0 then the spectra of 7" and S coincide.
In this case, $ can be described via the local spectral subspaces of both S and 7™
as follows:

H=95(0(T)) = H7:(0(SY)). (1.9)

However, in general, when 7' is quasi-affine to a closed operator 75, only the first
equality in (1.9) holds, i.e., $ = $H7,(0(T)). All these properties are the objective
of Barkaoui and Hassi (2025a) where the optimal pairs in £l+2(.6) are treated. It is
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worth noting that all the above results cover, in particular, the classical framework
of bounded operators.
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2 LINEAR RELATIONS

Multivalued linear operators (linear relations) were first introduced by Von Neu-
mann (1950), and then have been studied by various mathematicians (e.g Ben-
newitz (2006); Coddington (1973); Cross (1998); Derkach et al. (2006); Favini and
Yagi (1993); Langer and Textorius (1977)) for their extensive applications in digital
imaging, differential inclusions, game theory, mathematical economics, and other
fields of applied mathematics (see, for instance Kaczynski (2008)). What is particu-
larly interesting about the theory of linear relations is that we can define and analyze
both the inverse and the adjoint without requiring either injectivity or domain den-
sity. This is in fact the main reason for their use in our work, in particular for taking
inverses and adjoints in Sebestyén inequality and extending it to the general case of
unbounded linear relations (including linear operators) in ).

Here (9, (.,.)s) is a complex Hilbert space, and a linear relation is a mapping
T from a linear subspace dom 7" of §) into the collection of non-empty subsets of a
complex Hilbert space (&, (.,.)s) such that

aTz + Ty =T(ax + Py) forallz,y € domT and o, 5 € C\ {0}.

The class of all linear relations from 7" : §) — R is denoted by R(9), R). If § = R,
one simply says that 7" is a linear relation on ) or writes 7' € R($)). Note that a
relation 7' € R(9, R) is entirely determined by its graph given by

T:=G(T)={(z,y) €HxKR; z€domT andy € Tx}.

In particular, the inverse of T € R($), R), the sum, the componentwise sum and the
product of T1 € R($, R) and T, € R(R, V) are respectively defined by

7' = {(y,x) ERXH; (x,y) € T},
Ti+Ts:={(z,yn +v2) | (x,;n) € Th, (z,y2) € To},
TA Ty = {(z+uy+v) | (r,y) €Th, (u,0) € Tr},
NIy :={(z,2) € HxV;(z,y) € Ty and (y, z) € T, for some y € K}.

The range, kernel and multivalued part of a relation T € R($), K) are defined by

ranT = {y € R : (z,y) € T for some = € R},
ker T ={z € $:(2,0) €T},
mul? = {y € &:(0,y) € T},

respectively. The closure of ran 7" (respectively, dom T') is denoted by ran 7" (re-
spectively, dom T').
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The adjoint of 7' € R($)) is denoted by 7™ and it is defined as
T .= {(:1:,:6') eERXN; (2, y)g = (v,9y)aforall (y,y) € T}.

A linear relation 7' is is said to be closed if G(T') is closed. The closure of T is
denoted by 7" and often also denoted by 7. If mul 7** = mul 7" then 7" is called
closable. Hence, it is clear that 7" is a closable operator if and only if mul 7" =

{0}. Clearly, H* = (H)* and it follows directly from the definition that
() =y

Some further elementary properties of adjoint of relations are collected from Cross
(1998) in the next proposition.

Proposition 2.1. For a linear relation H € R($), R) the following statements hold:
»HA) _
1. (dom H)* = mul H* and (dom H*)* = mul H;

2. ker H* = (ran H)* and (ker H*)* = tan H;
3. H* is an operator if and only if dom H is dense in $);

4. H is a closable operator if and only if dom H* is dense in K.

The operator part of a closed relation 7' € C'R($, R) is given by T, = P,T,
where P, stands for the orthogonal projection onto (mul7')* = dom T*. If T is
closed then 7T}, is closed and one has T = T} @ Ty , where Th = {0} x mulT.
Here C'R($), R) denotes the set of all closed linear relations from $) to K.

In what follows one often needs to determine the adjoint and the closure of the
product of linear relations 7" and S. Unlike the case of bounded operators one has
only the inclusion

(ST)" D T*S™.
The following lemma contains a useful condition for the preceding inclusion to be
an equality.

Lemma 2.2. (Derkach, Hassi, Malamud, & de Snoo, 2009, Lemma 2.9) Let T €
CR($,R) and S € CR(R,Y) be closed linear relations. If dom S is closed and
ranl C dom S then

(ST)" =T*S™. (2.1)

In particular, (2.1) holds when S is a bounded everywhere defined linear operator.
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3 NONNEGATIVE SELFADJOINT SINGLE-VALUED
AND MULTIVALUED OPERATORS

Alinear relation 7" € R($)) is said to be symmetric if (z', z)s € R forall (z,2') € T
or, equivalently, if 7" C T*. In particular, if 7"is closed then Ty C T"and 7™ C (7})*,
so that

T C(T,)'T =T*P,T =TT, C (T,)"Ts. (3.1)

A linear relation T € R($)) is said to be nonnegative if (', z)s € RT for all
(r,2') € T and writes T' > 0. If T" = T™* then T is called selfadjoint . In particular,
forT' € C'R($), the product 7*T is a nonnegative selfadjoint relation; see (Behrndt,
Hassi, & De Snoo, 2020, Lemma 1.5.8). In this case, equality holds in (3.1) and
one has
T°T = (Ts)"T =T*P,T =TT, = (Ts)"Ts.

Hence, mul 7*T = mul T* = (dom T')*.

Note that, if 7" is a nonnegative selfadjoint relation then there exists a unique

nonnegative selfadjoint relation K in §j, denoted by K = T%, such that K2 = T.

Moreover, one has ) )
T2 = (T5)2 @ T - (3.2)

Definition 3.1. Let 7" and S be nonnegative selfadjoint relations in §. Then 7" < S,
if

dom S% C domT* and ||(T,)}z| < ||SZz||, = € dom S°. (3.3)

Lemma 3.2. (Barkaoui & Hassi, 2025b, Lemma 2.1) Let X € BT () and R €
R($,R), and let a € [0, 1]. If X R** is closed (closable, respectively), then X R**
is closed (closable, respectively) and

Analogously, if ker X = {0} and R**X ! is closed, then R** X~ is closed and

(X*QR*)* — R**Xfa

3.1 Nonnegative selfadjoint forms

A sesquilinear form t[-, -] in §) is a mapping from © x © to C, where © is a linear
subspace of 9, such that t[-, -] is linear with respect to the first entry and anti-linear
with respect to the second one. The domain dom t is defined by dom t = ©. The
form t is said to be symmetric if t[p, )] = t[1), ¢| for all v, € dom t. The corre-
sponding quadratic form t[-] is defined by t[¢] = t[p, ], ¢ € domt, and induces
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the polarization formula

?

7 (tle + 0] —tlp — 0]

o] = (o + 4] — o —v)) +

for ¢, ¢ € dom t which is easily checked. For instance, the inner product (-, )s of
% 1s a form defined on all of §.

A symmetric from t is nonnegative if t[¢] > 0 for all ¢ € dom t and one writes
t > 0. For t;, to > 0, one writes t; < ty if

dom t2 - dom t17 fl[isﬁl < tg [QOJ, )ar&da& € dom tg. (34
C do

A nonnegative form t is closable it for any (p,, m t such that p,, —
n—o0

and t[p, — ] — 0, one has t[p,] — 0. It is said to be closed if for any
n,m—o00 n—00
(¢n) € dom t such that ,, — ¢ € $Hand t{p, —¢,,] — 0onehasy € domt
n—00 7,M—00

and t[¢, — ¢| — 0.

n—oo

Note that every nonnegative linear relation S € R($)) generates a closable nonneg-
ative form tg via

t5[9071/}] = (QO/,¢)£)7 (907Q0,)7 (¢71//) € Su domtS = dom S, (3.5)

see (Behrndt et al., 2020, Lemma 5.1.17). In this case, S** > 0 and the closures of
ts and tg«+ coincide. Furthermore, the closure Ig of tg is a nonnegative closed form
which satisfies dom tg C dom S and gives rise to a nonnegative selfadjoint relation
which is called the Friedrichs extension Sg of S, by the next theorem.

A particular case of (3.5) where S is also selfadjoint is considered in the first
representation theorem stated below.

Theorem 3.3. (First representation theorem) If t is a closed nonnegative form in
8 then there exists a nonnegative selfadjoint relation H in ) such that dom H C
dom t and

tip, ] = (¢, ) for every (¢, ) € H and i € domt. (3.6)

The nonnegative selfadjoint relation H is uniquely determined by (3.6).

Theorem 3.4. (Second representation theorem) Let t be the closed nonnegative
1
form mentionned in Theorem 3.3. Then, dom t = dom H,2, and

t{p, 1] = (H%p, H?)), ¢, 1) € domt.
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4 LOCAL SPECTRAL THEORY IN £*($)

The following definitions are collected from Aiena, Trapani, and Triolo (2014);
Erdelyi and Wang (1985); Laursen and Neumann (2000) and they are used in Barkaoui
and Hassi (2025a).

Definition 4.1. An operator T' € CO($)) is said to have the single valued extension
property (abbreviated SVEP) at oy € C if, for every neighborhood U, of «y, the
only analytic function f,, : U,, — dom 7", which satisfies

0= (T - :u[).fao(:u) for all IS Uao

is the function f,,, = 0. The operator 7' is said to have the SVEP if it has the SVEP
atevery ag € C.

Definition 4.2. Let T € CO($). (i)(i)

1. The local resolvent set of T at a point x € §) is the set pp(x) of all Ay € C
for which there exist an open neighborhood U, of A\ in C and an analytic
function f, 5, : Uy, — domT" which satisfies

v =(T- 1) f o (1) for all 1 € Uj,.

The set C \ pr(x) is called the local spectrum of T at the point x and denoted
by or(z).

2. The analytic spectral subspace of T' at a subset F' of C is given by
Hr(F) ={r € H;0r(x) C F}.

If $7(F) is closed for all closed F' C C, then T" has the Dunford’s property,
for short property (C).

3. H7(F) stands for the glocal spectral subspace of T at a closed set F' C C and
it is defined as the set of all z € §) for which there exists an analytic function
¢:C\ F — domT such that

x=(T—pl)l(pn) forallpye C\F.

The operator 7' is said to have property (k) if 7" has the SVEP and (C); cf.(Shengwang
& Erdelyi, 1986, Definition 2.2). It is shown in Barkaoui and Hassi (2025a) that ev-
ery operator 7" in £;"*($)) with a nonempty resolvent has the property (k). This
in fact follows from the fact that 7" is a generalized scalar operator; cf. Sussmann
(1973). Note that in the bounded framework, operators of this type are known to
be decomposable in the sense Laursen and Neumann (2000). More generally, the
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decomposability for the class of closed and continuous linear relations in complex
Banach spaces is treated in this thesis and it is characterized by means of local spec-
tral properties; see Barkaoui and Mnif (2025). Let us recall from Barkaoui and Mnif
(2022) a couple of notations and the notion of extended spectral decomposability
for linear relations.

In the sequel, X denotes a complex Banach space and C'R.(.X) is the class of all
closed and continues linear relations 7' from X to X. Here a relation 7" : X — X
is said to be continuous if |T|| := ||QrT|| < oo, where Q7 : X — X/mulT
denotes the natural quotient map with domain X and kernel ker Q7 := mul T'. cf.
Cross (1998). In the particular case where 7' € C'R(X), i.e. T is a closed, if
dom T is closed such that X = dom 7" @ mul 7', then T" € C'R.(X) and one writes
T € CR?(X).

The resolvent set of a relation T € C'R(X) is denoted by p(7") and defined as the
set of all € C for which ker(T'—nI) = {0} and ran (T'—nI) = X. The spectrum
of T is the set o(T) := C\ p(T'). The extended spectrum of T is a subset of C,
defined as ) T € BX)

~ o 1 €
o(T) = { o(T)U{oc} otherwise,

where B(X) is the class of all bounded operators on X; see Baskakov and Zagorskii
(2007).

Forn € p(T'), the resolvent function of T is the function R(.,T) : p(T) — B(X)
such that R(n,T) = (T — nI)~'. A closed linear subspace Y C X is called 7-
strongly invariant if R(n,T)Y CY forall n € p(T'). The strong restriction of T' to
Y is the relation T'| ;Y € CR(Y') whose resolvent is R(.,T|;Y) : p(T) — B(Y)
which satisfies R(., T'|sY)(n) := R(n, T)|Y foralln € p(T).

Definition 4.3. A relation 7' € C'R.(X) with p(T') # () is called extended spectral
decomposable if for every open cover {U, V'} of the extended complex plane C, :
CU{co} by an open bounded subset U of C and an open subset V' of C, there exist
two T-strongly invariant closed linear subspaces M and /N of X with the following
properties: (1)(i)

L &(T|,M) = o(T|,M) C U, 5(T|,N) C V;
2. T(N) € N and P(N) C N for some bounded linear projection P : X —»
X verifying ran P = dom T’

3. X =M+ N.
In Theorem 4.5, the extended spectral decomposability is characterized by means

of local spectral properties presented in the definition below; these definitions can
be found in Barkaoui and Mnif (2022, 2023a, 2023b).

Definition 4.4. Let ' € CR(X).
»HA)
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. The local resolvent set of T at zy € X is the set of all ny € C for which
there exist an open neighborhood U, of 1y in C and an analytic function
fwomo = Upy — dom T" such that

zo € (T — p) fugmo () forall p € U,,.

The set local spectrum of T at x is the set C \ pr(zo) and it is denoted by
or(xo). For ' C C, the set

Xp(F) :={r € X; or(z) C F}

is called the local spectral subspace of T at a subset F. The glocal spectral
subspace of T at a closed set M C C is the set of all z € X for which there
exists an analytic function h, : H — dom 7" such that

x € (T — ul)h, () forall ue C\ M.

. The extended local resolvent set of T at a point x, denoted by pr(xg), as the
set of all \y € (Coo~f0r which there are an open neighborhood U, in C, of
Ao and a function f,, », € P(U,,,domT’) such that

20 € (Ul — T) fayr, (1) forall € Uy, N C.

Here, P(U, X) = {f € H*(U,X) | f(c0) = 0 if oo € U}, where H*(U, X)
stands for the space of all analytic functions from an open set U C C, to
X. The extended local spectrum of T at wy € C, is given by or(wyg) =

Coo\pr(wp).

. For aset ' C C,, the extended local spectral subspace of T at F' is defined
by

Xr(F) = {w € X ; or(w) C F}.
If, in addition, F' is closed then the extended glocal spectral subspace of
T at F' as the set /'AV;(F) of all z € X for which there exists a function
U € P(Cs \ F,domT) such that

v e (T—pul)¥(u) forallpe (Cyu\F)NC.

. T is said to have the extended decomposition property (&) if for every open
cover {U,V'} of C,, where U is an open bounded subset of C and V' is an
open subset of C,, the following identity holds:

X = Xp(U) + X7 (V).

. If T € CR.(X) and X7 (F) is closed for every closed subset F' C C., then
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T is said to have extended Dunford’s property (Ec), shortly property (E¢).

. If T € CR.(X), then T has the extended Bishop’s property (), shortly the

property (£3), if for every open set U C C, and every sequences analytic
functions (f,)nen € P(U,domT), (gn)nen € H*(U, X) such that g,()\) €
(T — M) fn(X), for all A € U N C, the following implication holds

9n n:;o in HY (U, X) = f, njooo in P(U,domT).

. Let Y be a T-invariant subspace, i.e, T(Y) C Y. The coinduced linear op-

erator T'/M : X/M — X /M induced by T on the quotient space X /M is
defined by:

~ ~ domT + M
T/Mz :=Ta=QuT(a) forall z € dom (T'/M) := %,

where x = a+m, (a,m) € domT x M and Q; : X — X /M is the natural
quotient map.

The following theorem follows from a combination of (Barkaoui & Mnif, 2025,
Theorem 3.10) and (Barkaoui & Mnif, 2025, Theorem 3.13).

Theorem 4.5. Let T € CRP(X). Then, the following assertions are equivalent:

(i) T is an extended decomposable linear relation;

(ii) T has the property (Ec) and G(T/S%VT(F)) C a(T) \ F for all closed subsets

F of C;

(iii) T has the properties (£3) and (E5);

(iv) T has the properties (E£¢) and (Es).
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5 CONCLUSION

5.1  Summary of articles

l. Product of nonnegative selfadjoint operators in unbounded
settings

In this paper, the factorization of a closed, in general, unbounded operator 7" into
a product " = AB of two nonnegative selfadjoint operators A and B is studied.
Already the special case, where A or B is bounded, leads to new results and is
of wider interest, since the problem is connected to the notion of similarity of the
operator 7' to a selfadjoint one, but, in fact, goes beyond this case. It is proved that
this subclass of operators can be characterized not only by means of quasi-affinity
of T™ to an operator S = S* > 0, but also via Sebestyén inequality, a result known
in the setting of bounded operators 7. Another subclass of operators 7', where A or
B has a bounded inverse, leads to a similar analysis. This gives rise to a reversed
version of Sebestyén inequality which is introduced in the paper. It is also shown
that this second subclass can be characterized by means of quasi-affinity of 7', rather
that 7, to an operator S = S* > 0. Furthermore, the connection between these
two classes and weak-similarity as well as quasi-affinity to some S = S* > 0 is
investigated. Finally, the special case where S is bounded is considered.

Il. Three equivalent conditions for spectral decomposable
linear relation

This paper extends the following characterizations of the spectral decomposability
from the case of bounded linear operators to that of multivalued linear ones:

Ty is decomposable < T} has (C') and o(Ty/ X1, (F)) C o(Tp) \ F for every
closed subset /' of C
< Tp has (9) and (C)
< Tp has (B) and (0),

where (9), (C'), and () are the properties of decomposition, Dunford and Bishop,
respectively. Moreover, X, (F') and To/ X1, (F) denote the local spectral sub-
space of T with respect to F' and the induced operator by 7j on the quotient space
X/ X7, (F), respectively.
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lll. Local spectral theory for unbounded products of non-
negative selfadjoint operators

An unbounded product 7' = AB of two nonnegative selfadjoint operators A and B,
where p(T') # () and A is bounded, is proved to have the single valued extension
property (SVEP) and, more significantly, to be a C- generalized scalar operator.
This property plays a central role as, it not only implies the Dunford’s property for
the product AB, but it also allows any operator 7" that is quasi-affine to a selfadjoint
operator S to satisfy o(T)) = o(S). These results have required a deeper study
of the of the spectral connection between operators S having SVEP and Dunford
properties and operators quasi-affine to .S.
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PRODUCT OF NONNEGATIVE SELFADJOINT OPERATORS
IN UNBOUNDED SETTINGS

YOSRA BARKAOUI AND SEPPO HASSI

Abstract In this paper, necessary and sufficient conditions are established for
the factorization of a closed, in general, unbounded operator T'= AB into a product
of two nonnegative selfadjoint operators A and B. Already the special case, where
A or B is bounded, leads to new results and is of wider interest, since the problem
is connected to the notion of similarity of the operator 7' to a selfadjoint one, but,
in fact, goes beyond this case. It is proved that this subclass of operators can be
characterized not only by means of quasi-affinity of 7% to an operator S = S* > 0,
but also via Sebestyén inequality, a result known in the setting of bounded opera-
tors T. Another subclass of operators T', where A or B has a bounded inverse, leads
to a similar analysis. This gives rise to a reversed version of Sebestyén inequality
which is introduced in the present paper. It is shown that this second subclass,
where A~! or B~! is bounded, can be characterized in a similar way by means of
quasi-affinity of 7', rather that 7™, to an operator S = S* > 0. Furthermore, the
connection between these two classes and weak-similarity as well as quasi-similarity
to some S = S§* > 0 is investigated. Finally, the special case where S is bounded is
considered.

1. INTRODUCTION

In 2021 M. Contino, M. A. Dritschel, A. Maestripieri, and S. Marcantognini [7]
(see also [2]) showed that similarity to a bounded positive operator is no longer suf-
ficient to characterize the product of two positive bounded operators in the settings
of infinite-dimensional complex Hilbert space, contrary to that of finite-dimension;
see [24]. More precisely, for a bounded operator T € B($)) they established the
following characterization for similarity:

T is similar to a positive operator

(1.1) I
T = AB with A, B € BT($) and, in addition, A or B is invertible,

where BT ($)) stands for the set of all bounded nonnegative operators on $; see [7,
Theorem 3.1]. This result remains true for unbounded operators T'; c¢f. Proposition
4.1. Even weaker conditions than similarity, such as quasi-similarity and quasi-
affinity have also proven to be insufficient to fully characterize such a product.

2020 Mathematics Subject Classification. 47TA62, 47B02, 47B25, 47A06.
Key words and phrases. Nonnegative operator, operator inequalities, factorization of operators,
quasi-affinity, quasi-similarity, linear relations.
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Instead, the product representation T'= AB, A, B € B*($)) was characterized by

means of Sebestyén inequality [21] as follows:
(1.2) T=AB & TT* < XT* for some X € BT (9);
see [7, Theorem 4.5]. Hence, a natural approach to improve the above results is

either to pursue weaker concepts than quasi-affinity or to relax certain conditions
on 7.

One of the main purposes in the present paper is to investigate these questions
and to extend the above results to the setting of unbounded operators T. More
precisely, a complete study is first carried out when a closed operator T belongs to
the following class of operators:

Lp2 ) = {T = AB; A€ B*(9) and B=B" >0},

where B is in general unbounded. It will be seen in Section 2 that every element of
£l+2 ($) satisfies an equality analogous to the one appearing in (1.2). More generally,
for closed operators T' and B such that T*B is selfadjoint, Sebestyén theorem [21]
is generalized to the unbounded context as follows:

(1.3) XBy CT for some X € BT(9) & T*T <\T*B

for the restriction By := B | domT*B of B; cf. Theorem 2.7. In the unbounded
setting the restriction By appears naturally, and, in fact, due to the equality

T*By =T*By = T*B

the equivalence in (1.3) can restated just with By. Obviously, in the particular
case where dom T*B is a core for B, i.e., By = B, (1.3) is instead stated for B.
This covers the bounded setting in which (1.2) is true for B € B*($)) and the
equivalence (1.3) holds with equality ' = X B. However, for the unbounded setting
where B # By, it is necessary to consider further conditions including B*T = T*B
in order to state (1.3) for Bj; see Proposition 2.10.

The inclusion in (1.3) represents a good motivation for describing the connection
between the class £l+2 ($) and the notion of quasi-affinity to a nonnegative selfad-
joint operator. Recall from [10, Definition 2.2] that T is said to be quasi-affine to
some operator S if there exists an injective G € B($)) such that Tan G = $ and the
following inclusion holds:

(1.4) GT C SG.

In the bounded case, treated in [7, Proposition 3.8], one can observe that the
inclusion in (1.4) is equivalent to

(1.5) S =GTG 1= (G )T*G".

However, (1.5) need not hold anymore in the unbounded setting and this motivates
the investigation of a possible connection between quasi-affinity to S = S* > 0 and
the existence of nonnegative selfadjoint extensions of GT'G~!, which in turn leads
to the following characterization given in Proposition 2.14

T D AB € £;($) with Tan A = §
(1.6) ()

T* is quasi-affine to S = S* > 0.

21
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Motivated by (1.3), this induces the following new characterization of Sebestyén
inequality by means of quasi-affinity to some S = S5* > 0:

T*T < AT*B with domT C dom B for some A >0, B=B* =By >0

(L.7) T
T=AB € L}?*$H) withtan A = §

i)

T* is G-quasi-affine to S = S* > 0 with dom T C dom Br | dom (T*Bp)
and Bp = G~182 §2(G-1)%;

see Theorem 2.18.

The present setting of unbounded operators leads to further generalisations of
the equivalences in (1.3) and (1.6). In particular, the next goal in this paper is to
investigate the reversed inequality

(1.8) T*T > nAT,  1>0,

and prove analogs for the characterizations in (1.3) and (1.6); see Theorem 3.3 and
Corollary 3.6. The idea to get further characterizations here is to make connection
to the initial Sebestyén inequality (1.3) by taking inverses in the operator inequal-
ity (1.8). This has motivated a further generalisation of the above results to the
case of nondensely defined operators as well as multivalued linear operators (linear
relations) in Theorem 3.1.

For the reversed inequality (1.8), quasi-affinity of T, rather than T*, to S arises
and leads to a new class different from £;7?($) defined by

L) ={T = BA, B™' € B"($) and A= A* > 0}.
In fact, Theorem 4.3 shows that:
(1.9) TCBAe E;CQ(.V)) < T is quasi-affine to some S = S* > 0.

In particular, if T is G-quasi-affine to S such that p(G*S%S%GT) # (), then
T*T > AT

for some A = A* > 0, which emphasizes the strong connection between the class
Eﬁ ($) and the reversed inequality.

It is clear from (1.9) and (1.6) that there is no direct relation between £;7*($))
and Ef_z ($). However, if T is quasi-similar to S = S* > 0 or, equivalently T" and
T* are quasi-affine to S then one obtains

LP®H) 3T CT C Ty € L)

In fact, behind this proof appears the notion of Friedrichs extension of a nonnegative
(symmetric operator). More importantly, when p(T) # @ the operators T and
T* play a symmetric role with respect to stronger notions than quasi-similarity,
namely W-similarity and similarity. This can be seen in Proposition 4.1 where the
equivalence (1.1) remains valid even in the unbounded setting. In this case one
obtains the following equivalences:

T is W-similar to S = S* >0 & T € £L;2(9) & T € L(9).
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The assumption p(T) # () is quite important also for the spectral properties of T
(see [7]), in particular, if T € £;*($) such that p(T) # () then

o(T) CR*.

The last part of this paper deals with a particular case, where T is compared
to a bounded nonnegative S € B*($). Since both W-similarity and similarity to
such operators imply the boundedness of T, it is enough to restrict attention to
quasi-affinity and quasi-similarity notions.

2. THE CLASS £;72()) AND SEBESTYEN INEQUALITY

In this section the emphasis will be on the following subclass of the closed oper-

ators in CO($)) :
21) L£2(H) = {T —AB € CO(®); Ae B*($) and B = B* > o},

where B is in general a closed unbounded operator on . Analogous to the bounded
case, this class is characterized through Sebestyén inequality now involving un-
bounded operators. Further extensions are treated in Section 3.

In the sequel T € LO($, R) stands for a linear operator from $) to a complex
Hilbert space £ with domain dom T and range ran 7. In addition, one writes T €
CO($H, R) if T is closed. If R = $ then CO($) := CO(H, R) and LO(H, R) = LO(H).
In this case, T is said to be symmetric if (Tx,y) = (x,Ty) for all z,y € domT.
If (Tz,z) > 0 for all z € domT, then T is nonnegative. It is selfadjoint when
domT = $ and T* = T. Note that if T is nonnegative and selfadjoint, then it
admits a unique nonnegative selfadjoint square root which will be denoted by T%;
cf. [22, 23]. One writes T' < S for two nonnegative selfadjoint operators S and T if

dom S? C dom T’z and ||T%£E|| < ||S%:z:|| for all = € dom §2.

The class of bounded operators from $ to & is denoted by B($),R) and in case
R = $ this is appropriated to B($)). If 0 < T = T* € B($) then one writes
T € BT ().

If T is closed, then its Moore-Penrose inverse is denoted by T(=1). It satisfies
the following equalities:

TT7"Y =P gl [ranT  TOYT = Peoope | dom T

The resolvent set of T € CO($)) is the set p(T) of all p € C for which (T —pl)~! €
B(9). The spectrum of T is defined by o(T') = C\ p(T).

The next lemma provides a key ingredient for what follows. It treats both densely
defined and nondensely defined operators, as well as linear relations; cf. Section 3.
Note that its proof is based on [9, Lemma 2.9], where the equality

(2.2) (ST)* = T*S*

is established in the general case of linear relations. Recall that (2.2) is satisfied if
S € B($) or T is invertible.

Lemma 2.1. Let X € B*Y(R) and R be a linear relation from $ to &, and let
a € [0,1]. If XR*™ is closed (closable), then X*R** is closed (closable, respectively)
and, moreover,

(2.3) (R*X)* = X°R"".

23
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Analogously, if ker X = {0} and R**X~1 is closed (closable), then R**X~ is
closed (closable, respectively) and

(2.4) (XT*R*)*=R™ X~
Proof. Let (zn,y,) € X*R** be such that (x,,yn,) e (z,y) € H x & Then,
Yn € XX R**z,,, and therefore
X'y, € X'TOX T X Rz, C XR 2y;
here X*~1 denotes a linear relation inverse of X*~2. Since X1~* € BT (&), one has

Xty — X179 and (x,, X'"%y,) n:)w (2, X17%). As (2, X1 Yyn) €

n—+4o0o
G(XR**) and XR** is closed, one concludes that (z, X1=%y) € G(XR**). On the
other hand, y € X1 X!=%y, which implies that
y e XX Yy) = XY XR*"r) = X“R**x.

Consequently, X*R** is closed. To prove (2.3), it suffices to observe that

If ker X = {0} and R**X ! is closed, then (R**X 1)~ = XR~1"" is closed.
Thus, (2.4) follows immediately by applying (2.3) to R~! and by taking the inverse.
For the closability, it suffices to consider the case where (z,,,yy) " (0,y). O

n——+00

Corollary 2.2. If T = AB € E;LQ(.FJ) and T?" is closed for every n € N, then
(2.5) T%" = AS, € L*(9) for alln €N,

where (Sp)nen @8 a sequence of nonnegative selfadjoint unbounded operators such
that So = B and S,, = S,_1AS,,_1 for all n € N*,

Proof. The case n = 0 is easily seen. For n = 1, one has T2 = A(BAB) = AS;
and
(2.6) Sy := BAB = SyAS, = (A* B)*A? B.

On the other hand A € B*($) and AB = T is closed, so by Lemma 2.1 A2 B is
closed. This proves, by (2.6) that S; =S} > 0.
For n = 2, one has

T2 —A[(BAB)A(BAB)] = A(S,AS;) = ASs,
where
(2.7) Sy = S1AS; = (A25,)" A% 5.
But AS; = ABAB = T? is closed, by hypothesis, A € B*(§) and S is closed,
so A2 S, is closed by Lemma 2.1. Hence, (2.7) yields that So = S5 > 0. Using
again Lemma 2.1 and the fact that 72" is closed, one can conclude by induction

that, for all n € N, S}, is a nonnegative selfadjoint unbounded operator such that

Sy = S,_1AS,_1 and T?" = AS,, € L}*(). O
It is worth mentioning that, in the bounded case, any element 7' = AB € L;*($)

satisfies the following formula:

(2.8) c(AB)U{0} = o(BA) U {0},

which easily implies the positivity of the spectrum of 7. However, this is a bit more
delicate when it comes to the unbounded case. In fact, (2.8) is not guaranteed
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anymore unless some further spectral properties are added like p(AB) # () and
p(BA) # 0; see Hardt et al. [11]. In particular, for any unbounded 7' € £;?(£)
with p(T) # 0, it will be shown that o(7T) C R*. This motivates the next results.

Lemma 2.3. Let X € BY(9)) and T € CO($) be a densely defined operator such
that XT is closed. Then,

(2.9) (X3T*X3)" = X3TX>.
Moreover, if T =T* and p(XT) # 0, then
(2.10) o(XT)=0c(X3TX?)CR,

in particular, 0 € p(XT) < 0 € p(X2TX?).
Proof. Observe that
(2.11) (XIT*X3)* = (X3 (X3T)")" = (X?T)"™(X%)" = X3TX%.
Since XT is (:1(3sed7 it1 follows 1from1Lemrna 2.1 that X 27 is closed. This yields by
(2.11) that (X2T*X2)* = X2TX>2.

Assume now that p(XT) = p (X%(X%T)> # (@ and T* = T. Then, (2.11) shows
that X2T X7 is selfadjoint, and hence p(X2TXz2) = p (X%(TX%)) # (. Using

[11, Lemma 2.2] and [l 1, Lemma 2.4], one then concludes that
(212)  o(XT)U{0} =0 (X%(X%T)) U{0} =0 ((X%T)X%) U{0} CR.

Now assume that 0 € p(XT). Then ran XT = § = ran X2, and hence X7 is
invertible. This implies the invertibility of T', so 0 € p(X%TX%). Similarly, the
invertibility of X 3TX 3 ensures that of T, which proves the remaining implication.
Together with (2.12), this shows (2.10). O

Thanks to the previous lemma, it will be seen in Proposition 2.5 how any element
of £l+2(5§) is connected to a nonnegative selfadjoint operator. This connection is
introduced in the following definition and it will be further developed in Section 4.

Definition 2.4. Let T, S € LO($). If there exists G € B($) such that TG = GS
then T is said to be pre-similar to S with interwining operator G.

Proposition 2.5. If T = AB € L;*($) then (A2BA2)* = A2BAz and T is
pre-similar to Az BA? with interwining operator Az. Moreover, if o(T) £ , then
o(T) = 0(AZ BA?) C R*.

Proof. Since by definition A € BT () and AB is closed, it follows from Lemma
2.3 that S := A2BAz is a nonnegative selfadjoint operator such that TA> =
A%(A%BA%) = AzS. Hence, T is pre-similar to S. The remaining result follows
immediately again from Lemma 2.3. O

2.1. Sebestyén inequality. In this section, Sebestyén’s theorem is generalized to
the case of unbounded operators. The case of bounded operators was originally
proved in [21], for a recent treatment see also [2, 7], where the following equivalence
is stated for T, B € B(9) :

(2.13) T*T<MN[*B, \>0 <« T=XB forsome X € BT(9).
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The following lemma serves as a first step towards the generalization of (2.13) and
is a useful tool for some further results. The equivalence of (i) and (ii) holds even
in the case of linear relations; cf. [12, Lemma 4.2], and for related results see also
[18, Theorem 2.2], where T C BY < ranT C ran B and [19, Lemma 3.1], where
YB CT < ker B C ker T, respectively are established for linear relations 7', B and
Y.

Lemma 2.6. Let T, B : $ — 8K be closed densely defined linear operators. Then
the following statements are equivalent:

(i) YB C T has a solution Y € B(R);
(ii) T*T < ¢*B*B for some 0 < ¢ (= ||Y]]).
In this case, Y can be selected such that ranY C tanT and ker B* C kerY. Fur-
thermore, if T* B is selfadjoint then the following implication holds
(2.14) YBCT for someY € BY(R) = T*T < e;T*B < ¢ B*B,
where ¢1,co > 0. In this case dom B C dom (T*B)% CdomT and
(2.15) T*B = B*YB = B*T.

Proof. The implication (i) = (ii) is clear since |V Bz| < ||Y]|||Bz| for all z €
dom B. To see the reverse implication notice that GBx = Tz, x € dom B is a well-
defined operator with ||G|| < ¢. Then, Y € B(R) is obtained by continuation of G
to Tan B and using the zero extension to (ran B)* = ker B*, so that ker B* C ker Y.

Now, assume that 7* B is selfadjoint and YB C T for some Y € BT (£). Then,

Y2Y:B CY3Y2B =YDB C T and the first part of the lemma shows that there
exists 0 < ¢; < ||Y'2| such that

(2.16) T*T < ¢,? (Y2B)'Y2B.
On the other hand, one has

T*BC (YB)*B=(Y?Y?*B)*B=(Y*B)*Y2BC (Y?B)*Y:B.
Since T™* B is selfadjoint, it follows that

(2.17) T*B=B*YB = (Y:B)*Y3B,
which shows the first identity in (2.15). Moreover, one has
BT CT*B=(Y:B)'YiB=B*(YB)C B'T,
which means that
B*T=T*B=DB*YB=(Y*B)*Y*B< |Y|B*B.
Combining this with (2.16) leads to
T*T < c,*T*B < ¢,*||Y|B*B,

which completes the proof of (2.14), (2.15) and dom B C dom (T*B)z C domT.
O

Motivated by Lemma 2.6, the next step towards the extension of the equivalence
(2.13) is to address the implication in the following equivalence:

(2.18) T*T<MN[*B, A\>0 <« XBCT forsomeX € BT(9).
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For this, begin by observing that in the general case of closed densely defined
operators, and for By := B [ domT*B, one has T*B = T*By C T*By C T*B.
This means that

(2.19) T*B=T*By=T*By=T"B,

so the following equivalence holds for A > 0

(2.20) T*T < XT*B < T*T < A\T*B.

However, contrary to the bounded case where automatically By = By = B, one
cannot expect the factorization T'= X B as in (2.13) since one only has

By C B.
Thus, it becomes natural to restrict B to By in the following extension of Sebestyén

theorem.

Theorem 2.7. Let T,B : § — R be closed densely defined linear operators such
that T* B is a selfadjoint operator and let By = B | domT*B. Then the following
assertions are equivalent for some 0 < X (= || X]|) :

(i) T*T < \T*B;

(i) XBo C T has a solution X € BT(8).
In this case
(2.21) (Bo)*XBo = T*By = (Bo)'T
and, moreover, X can be chosen such that kerT* C ker X with || X|| < A. In
particular,
(2.22) T*T < MT*By and domT C dom By < T = X By for some X € B*(8).
In this case ker X = ker T*.

Proof. Assume (i). Then a direct application of Lemma 2.6 to T and (T*B)z
leads to the existence of Gy € B($), R) such that Tan Gy C tan T, ker T* B C ker Gy
and

(2.23) Go(\T*B)? CT.
Hence
(2.24) T* C (AT*B)?(Gy)*
and
(2.25) AT*B C (AT*B)7 A(Go)*B.
Multiplying (2.25) from the left by (AT*B)(~2), one obtains
(2.26)
Peer(r )Ly e g3 O B)% C Pz~ )Ly (- gy MG0) B € MGo)* B

This implies that
(Pker(T*B)J_Idom (T*B)% ()\T*B)§) [ domT*B = )\(GO)*B [ domT*B = )\(GO)*BO,
and hence

(2.27) (AT*B)% | dom T*B = A(Go)" By.
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Since dom T*B is a core for (T*B)z2, i.e. (I*B)z = (T*B)z | domT*B, one con-
cludes that

(2.28) (AT*B)? = (AT*B)? | dom T*B = A(Go)* By 2 A(Go)"Bo.
Together with (2.23) this implies that )\GO(GO)*BiO C T and therefore
XByCT

with X = AGo(Go)* € BT(R) so that || X|| < .
The reverse implication as well as the equalities in (2.21) follow immediately
from Lemma 2.6.

The inclusion ker T* C ker X follows easily from the construction of Gg, the
identity (2.24) and from the fact that ker(Go)* = ker X.

Now assume that domT C dom By and T*T < AT*By. Then, the implication
"(i) = (ii)” immediately yields that XBy = T for some X € BT (£). For the
converse, observe that XBy = T is closed, so X %E is closed by Lemma 2.1.
Consequently,

T*By = (Bo)*X*X*By = (X*B,)" X% B,
is a nonnegative selfadjoint operator with dom (T*Bp)2 = dom X 2 By = dom By =
dom T. Moreover, T*T = T* X By < || X||T* By, which completes the argument. On
the other hand, one has T* = By* X, so ker X C ker T*. Consequently, ker T* =

ker X by the first part of the proof. O

Remark 2.8. (i) The inequality in item (i) of Theorem 2.7 induces the fol-
lowing new inequality

(2.29) T By < 1u(Bo) T,

where g = ||X||. This follows from Lemma 2.6, (2.14). Notice that the
inclusion By C B implies that B*B < By* By, and hence (2.29) does not
necessarily imply the inequality T*B < vB*B, v > 0.

(if) The inequality (2.29) is not sufficient to prove item (i) of Theorem 2.7.
However, one can always obtain the following equivalence

T*T < AT*By < Au(By)*Bo
(2.30) 3
X By C T has a solution X € B*(8).

(iii) By construction, A = 0 if and only if the solution X = 0, in which case
T=0.

Although Theorem 2.7 establishes the equivalence (2.18) only for By, its proof
reveals that an additional condition would allow the desired equivalence to hold for
B, more generally. This can be seen in the following remark.

Remark 2.9. Following Remark 2.8, a particular case of Theorem 2.7 where
dom T*B is a core for B leads to the following statements for A > 0 :

(1) XB C T for some X € BY(R) & T*T < \XT*B.

(2) T =XB for some X € BY(R) & T*T < \XT*B and domT C dom B.

In the absence of the additional core conditions stated in Remark 2.9, the ques-
tion arises about the most appropriate generalization of (2.13) to the unbounded
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setting. Motivated by (2.30), this question naturally leads to consider whether the
converse of (2.14) in Lemma 2.6 is true. Since the latter implies that

dom B C dom (T*B)? and B*T = T*B,
it becomes natural also to impose these conditions in the following result, which in

fact constitutes the final step towards the objective of this subsection.

Proposition 2.10. Let T, B : $ — R be closed densely defined linear operators
such that T*B = B*T is selfadjoint and dom (T*B)% =domT. Then the following
assertions are equivalent for some 0 < X\ (= || X]|) :
(i) T*T < XT*B and dom B C dom (T*B)z;
(i) XB C T has a solution X € B*(R);
(iii) XB =T has a solution X € BT (R).

In this case
(2.31) B*XB=T*B =BT
and, moreover, X can be chosen such that ker T* = ker X with || X|| < A.

Proof. Assume (i). Then, following the same reasoning as in the proof of Theorem
2.7, (2.23) together with the fact that domT = dom (T*B)z gives

(2.32) T = Go(AT*B)?,
and hence
(2.33) B*T = B*Go(\T*B)>.

As B*T = T*B is nonnegative and selfadjoint, multiplying (2.33) from the right
by (B*T)(~2) implies that

(2.34) (B*T)% (PkerB*TL | (B*T)% (dom B*T)) C B*G,.

Since dom T* B is a core for (B*T)2, the set Py, g-po | (B*T)2 (dom B*T) is dense
in $ and, therefore, dom B*Gy = §) by (2.34). Hence, Go* B is a closable operator
which satisfies

(A\T*B)? = X\Go" By C \Go' B;
see (2.28). Therefore, dom B C dom (T*B)? implies that
AGo*B =AGy B | dom B C A\Go*B | dom (T*B)? = (A\T*B)?* C AG," B.
Consequently A\Go*B = (A\T*B)z, which by (2.32) gives

T = AGoGo B = \GoGo™ B = \GoGo B 2 GoGo*B.

This completes the proof of the implication (i) = (iii) = (ii) for X = Go(Gp)* €
B*(8). The implication (ii) = (i) together with the identity (2.31) is immediate
from Lemma 2.6.

To see that ker T* = ker(Gp)*, observe from (2.32) that T* = (ANT*B)z (Go)*
and hence ker X = ker(Go)* C ker T*. On the other hand, the inclusion XB C T
together with Lemma 2.6 shows that Tan X C ran T or, equivalently, ker T* C ker X.
Consequently, ker X = ker T*. O
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Observe that, under the assumptions of Proposition 2.10, items (i) — (iii) are
equivalent to the following statement for some A > 0:

(2.35) T*T < AT*B < A’B*B  and dom (T*B)? =domT.

Moreover, some further necessary and sufficient conditions for (2.35) may be derived
through the study of forms, as investigated in [1].

Corollary 2.11. Let T, B : $ — R be closed densely defined linear operators. Then
the following assertions are equivalent for some 0 < X\ (= || X||) :
(i) T*B is a selfadjoint operator such that domT C dom B C dom (T*B)z
and T*T < XT*B = A\B*T}
(ii) XB =T has a solution X € BT(R).

Proof. If (i) holds then dom (T*B)z C domT, and hence item (i) easily follows
from the implication (i) = (ii) of Proposition 2.10. Conversely, if T = X B has
a solution X € Bt($) then X2B is closed, by Lemma 2.1 and therefore T*B =
B*XB = B*T = (X%B)*X%B is a nonnegative selfadjoint operator. Hence, one
concludes the result from Lemma 2.6, (2.14) and from the fact that domT =
dom B. O

A consequence of Corollary 2.11 leads to the characterization of the class £;2(£)
by means of Sebestyén inequality described in the following theorem, thereby gen-
eralizing [7, Theorem 4.5].

Theorem 2.12. Let T € CO($) be a densely defined operator. Then, T € L;($)
if and only if T*T < T*Y = YT admits a solution Y = Y™ > 0 such that T*Y 1is
selfadjoint and domT C domY C dom (T*Y)%.

Proof. The proof follows immediately by applying Corollary 2.11 to B=Y. O

2.2. Efz () and quasi-affinity to S = S* > 0. In this subsection, for the conve-
nience of the reader, G-quasi-affinity refers to quasi-affinity already mentioned in
the introduction. The following lemma provides a link between the G-quasi-affinity
and the |G|-quasi-affinity to a nonnegative selfadjoint operator, which will be useful
in Subsection 4.3.

Lemma 2.13. Let T € LO($)) be a densely defined operator. Then the following
assertions are equivalent:

(i) GTG-1 = G=Y"T*G* > 0 for a quasi-affinity G € B($);

(ii) X2TX 3 =X"3T*X2 >0 is selfadjoint for a quasi-affinity X € BT($).
Proof. Assume (i) and let G = U|G| be the polar decomposition of G. Since G is
a quasi-affinity, U is unitary. Setting X := G*G, one sees that X € BT () is a
quasi-affinity and
(2.36) GG = U|GIT T |GIU* = U(X 2 T* X =) UL
As U is unitary, one concludes from (2.36) and (i) that X ~2T*X = > 0 is selfadjoint
and hence X~37T*X2 = (X 2T*X2)* = X 2T7*X2 > 0. The reverse implication
is immediate. O

The following theorem establishes a connection between the class £;($) and
the quasi-affinity to nonnegative selfadjoint operators.
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Proposition 2.14. Let T € CO($)) be densely defined. Then the following asser-
tions are equivalent:

(i) T* is quasi-affine to some S = S* > 0;

(i) T 2 AB € L£;*(9) with Tan A = §;

(iii) there exists a quasi-affinity X € BT($) such that

0<T'X 'CX ' Teo< XT*CTX.

Proof. (i) = (ii) Assume that T* is G-quasi-affine to S = S* > 0. Then the
inclusion GT* C SG implies that

(2.37) T*(G*G) ' C GG :==By >0

and hence dom By = 1an G*G = $). Now, let Bp be the Friedrichs extension of By
(cf. [14]) and let A = G*G € BT (). Then (2.37) shows that T*A~! C By C Bp,
and therefore ABr C T.

(ii) = (iii) Since AB C T € £;"*($)) and Tan A = §, it follows that ker A = {0}
and one has 0 < B C A~'T. Hence,

(2.38) 0<T*A'C (AT CBC AT =(T*A ).

By taking X = A, one concludes that 0 < T*X~' C X~!'T or, equivalently,
XT* C TX. Moreover, it follows from (2.38) that XT* C XBX > 0, which
completes the proof of (iii).

(iii) = (i) Since Tan X = § = dom T* it follows that T*X 1 > 0 is a densely
defined operator whose Friedrichs extension is again denoted by Br. Then T*X ~! C
Bpr and one has

1

XIT* C (XBpX$)X? C (X%BFz(X%BF%)*> X3,

1

This proves that T™* is X%-quasi-afﬁne to S := X2Bp? (X%BF%)* >0. O

Remark 2.15. In the proof of Proposition 2.14 the operator By in (2.37) is non-
negative and densely defined. Hence the form generated by By is closable and its
closure has Bp, the Friedrichs extension, as the unique representing operator given
by

(2.39) Bp = (G7'82)83 (G-,
cf. [14]. The proof also shows that if B is any nonnegative selfadjoint extension of
By then (ii) holds and (iii) follows by taking X = A.

The rest of this section is devoted to describe close relations between Sebestyén
inequality and quasi-affinity to a nonnegative selfadjoint operator.

Corollary 2.16. Let T € CO($) be a densely defined operator and let S = S* > 0.
If T* is G-quasi-affine to S such that p(T*Br) # 0, then there exists A\ > 0 such
that

T < \T*Bp,
where B is defined in (2.39).

Proof. Since T™* is G-quasi-affine to some S = S* > 0, it follows from Proposition
2.14 and Remark 2.15 that ABp C T with Bp = (G=157)52 (G~1)*. Hence

T*Br C BpABp = (A* Bp)* A B C (A2 Bp)* A2 By =: M > 0.

31
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Since M is selfadjoint, T*Bp is symmetric. On the other hand, p(T*Bp) # 0
by assumption and therefore T* B is selfadjoint, too. Together with the fact that
ABp [ domT*Br C ABr C T this yields T*T < AT*B for some A > 0 by Theorem
2.7. O

Note that a small adjustment to item (i) of Proposition 2.14 allows T to be
written as the product of two nonnegative, in general, unbounded linear operators
motivating the following result.

Proposition 2.17. Let T € CO($)) be densely defined. Then the following asser-
tions are equivalent:

(i) T* is G-quasi-affine to S = S* >0 with dom T C dom G182 82 (G-1)*;
(i) T = AB € L;*($) with Tan A = $;
(iii) there exists a quasi-affinity X € B*($) such that

X T =T+X-1>0,
where dom X 1T = dom T

Proof. (i) = (ii) Using the same arguments as in the proof of Proposition 2.14,
one obtains ABp C T. On the other hand, Bp = G~15252(G~1)* by Remark 2.15
and hence the assumption dom 7' C dom By yields T = ABr € £;(9).

(ii) = (iii) For X = A one has X 'T = B = B* = (X" 'T)* =T*X~1 > 0.
Moreover, domT = dom B = dom X ~'T.

(iii) = (i) Set B = X ~!T. Then XB = XX 'T C T and, since dom T = dom B
it follows that T = XB € CO($). Thus X2 B is a closed densely defined operator
by Lemma 2.1 and hence

(2.40) S:=X"3TX?=X?"BX?=X?B3(X?B2)* >0,

is a selfadjoint operator. Moreover, it follows from (2.40) that

S=(X"ITX?)" D XiT"X3,
and therefore X2T* C SX2. This proves that T* is X %-quasi-afﬁne to S. On the
other hand, multiplying (2.40) from the left by X ~2 and from the right by X 3

shows that X~ 25X2 = BX =T*. Thus T* X~} C X~2SX % > 0, which implies
that By:= X" 25X 2 is a densely defined operator such that
T*X-1 CByC By* CT*X—1.

Consequently, T*X~! = B, = By, where Bp = X~38252 X% is the Friedrichs
extension of By and dom By = domT*X ! = dom X 'T = dom 7. O

The reversed implication for Corollary 2.16 is established in the next result where
a subclass of E;rz(f)) is characterized not only by Sebestyén inequality but also by
quasi-affinity to a nonnegative selfadjoint operator.

Theorem 2.18. Let T € CO($)) be a densely defined operator with tanT = §) and
let S = 5% > 0. Then the following statements are equivalent:

(i) T*T < AT*B with dom B C domT C dom B [ T*B for some A\ > 0 and
B =B*>0;
(i) T=AB[T*B € L (%) with Tan A = §;
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(iii) T* is G-quasi-affine to S = S* > 0 with domT C dom B | dom (T*Bp),

where Bp = G™182 §3(G-1)".
Proof. (i) < (ii) Observe from (2.22) in Theorem 2.7 that T = AB, C AB,
where A € BY($)) and By = B | domT*B. Since dom B C dom T it follows that
T = ABy = AB, and hence dom B = dom By. This implies that By = B = B* > 0,
and hence T € CZJFQ(ST)) with TanT = tan A = §. The reverse implication follows
immediately from Theorem 2.7 by choosing B = B [ domT*B.

(ii) < (iii) Assume (ii). Then, it is clear from Proposition 2.17 that T* is
quasi-affine to some S = S§* > 0 with dom 7T C dom Bp. Moreover, the proof of
Proposition 2.17 shows that B = B [ dom T*B, which completes the argument
of the direct implication. To see the reverse implication, observe from the Propo-
sition 2.17 that T = ABf € L?'z(f)) with Tan A = ). Hence dom 7T = dom Br C
dom By | dom (T*Bp), and thus Bp = By | dom (T*Bp) satisfies (ii). O

The next remark contains a variant of Theorem 2.18 and gives necessary and
sufficient conditions for an operator 7' with Tan T = §) to be in £;?(£).

Remark 2.19. Let T € CO($) be a densely defined operator with tTanT = $ and
let S = 5% > 0. Then the following statements are equivalent:
(i) T*T < MT*B < A\ B*B for some A\, \1 > 0 with domT C dom B, T*B =
B*T and B = B* > 0;
(ii) T = AB € L£*(9);
(iii) T* is G-quasi-affine to S = S* > 0 with domT C dom Bp, where Bp =
G182 52 (G-1)*.

Note that once Corollary 2.18 or Corollary 2.16 is applied to T, one would expect
that the quasi-affinity of T to selfadjoint operators is connected to the Sebestyén
inequality involving TT*. However, it will be seen in Section 4 that the reversed in-
equality is more appropriate for such an approach and this will be achieved through
a further study of linear relations, which will be discussed in the next section.

3. GENERALIZATION TO LINEAR RELATIONS

In this section an analog of Theorem 2.7 is established for the case where the
operator inequality therein is reversed. For this purpose it is helpful to first prove
Theorem 2.7 in a bit more general context where 7" and B are not assumed to be
densely defined and, in fact, they will also be allowed to be multivalued linear rela-
tions. This needs some basic facts concerning ordering of semibounded selfadjoint
relations; see [0, Section 5.2] and e.g. [20, 12].

Before stating the result, some key notions on linear relations in Hilbert spaces
are recalled; for further details, the reader is referred to [8, 6, 1]. A linear relation
(relation) T from $ to R is a linear subspace of the Cartesian product $ x K. It is
uniquely determined by its graph G(T) = {(z,y) € H x K: z € domT,y € Tx}.
Unless otherwise specified, the same notations, familiar for linear operators, will
be used for linear relations. The inverse and the adjoint of T are respectively
given by G(T~1) = {(y,2) (a,y) € G(T)} and G(T") = {(z,a") € & x ; (&) =
(z,y’) for all (y,y') € G(T')}. For a closed operator T, the operator part is given by
T, = P,T, where P, stands for the orthogonal projection onto (mul7")* = dom T*.
Moreover, T is closed and T' decomposes as T = Ty & Tiul , where Tou = ({0} x
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mul 7).

Iff)i =9 and (z/,z) € Rfor all (x,2’) € G(T) then T is said to be symmetric or,
equivalently, T C T*. If (z',z) € RT then T is nonnegative and one writes T' > 0.
Moreover, T is selfadjoint if T = T*. Note that, if T = T* > 0 then T,? := (T,)% =
(T%) s. For a closed linear relation T' the product T*T is a nonnegative selfadjoint
relation; see [6, Lemma 1.5.8]. In particular, Ts C T and T* C (Ts)*, so that
(3.1) T*T C (T,)*T = T*P,T = T*T, C (T,)*T}

and here all inclusions prevail as equalities, since T*T and (Ts)*Ts both are selfad-
joint. Notice that if T" is a closed operator, which is not densely defined, then T*T
is a selfadjoint relation with mul 7*T = (dom T')*.

3.1. Sebestyén inequality for linear relations. The next result allows T and
B to be closed linear relations such that the case of densely defined operators in
Theorem 2.7 is explicitly included in it. It should be pointed out that, exactly as
in the case of linear operators; cf. (2.19), one has

(3.2) T*B=T"B|domT*B=T"B | domT*B,

where B [ D := BN (D x &) denotes the restriction of the relation B : ) — & to a
linear subspace D C ).

Theorem 3.1. Let T, B : $ — R be closed linear relations such that mul B C
ker(Ts)* and T*B is selfadjoint. Then, the following statements are equivalent for
By := B [ domT*B and for some A > 0:

(i) T*T < A\T*B;

(ii) XBo C T has a solution X € BT (K).
In this case, X can be chosen such that XBy C T, and ker(Ts)* C ker X with
IX|I < A. Moreover, in this case
(3.3) T*By = B{XBy = BiT.
In particular, the following assertions are equivalent for some A > 0 :
(iii) T*T < A" By and dom T C dom By;
(iv) T = X By + T has a solution X € BT(R).
In this case, X can be chosen such that Ty = X B, and ker X = ker(T})*.
Proof. Observe that item (7) is equivalent to (Ts)*Ts < )\(T*B)S%(T*B)S%, and
hence the formula

1
G:ran(T*B)? — ranT;
(AT*B). f +— T.f, fe€dom(T*B)z,

1
2 into ran Ty, since

defines a contractive operator from ran (T*B)
IGAT*B), fII? = ITofI? < AT B), fII?

1
for all f € dom (T*B)2. Moreover, G can be extended to an operator Go € B(), &)
such that

ker(Go) 2 (ran (T*B)2 )t = ker(T*B)f S mulT*B
(3.4) = kerT*Bé&mulT*B
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and Tan Gy C tan 7T, which is equivalent to ran (Gg)* C tan (T*B); and

(3.5) ker G D ker (T)* =ker T* & mul 7.
Thus,
(3.6) Go(A\T*B): C Ts.

As T is closed, T is also closed and T, C T. Hence,
T* C(T.)* € (\T*B): G},

which implies that

(3.7) AT*B C (A\T*B)?\G}B.

By assumption mul B C ker(7s)*, and hence mul7*B = mul7*T = mul7*. On
the other hand, mul B C ker(T;)* C ker G (see (3.5)), so

(3.8) GiB = Gi(Bs + But) = GiB,.
This yields by (3.7) that
1
(3.9) (\T*B), C (\T*B)> G} B,.
Multiplying (3.9) from the left by the Moore-Penrose inverse (T*B)gié) gives

1 1
Qs(I [ dom (T*B);YAT*B): C QI | dom (T*B) \G§B;
C AQsG{Bs = AG{ Bs,
where @ is the orthogonal projection onto Tan (T*B)s. Consequently,
(AT*B); | domT*B C \G} B,

1
and hence (A\T*B)? |domT*B = AG§Bs | domT*B. Since domT*B is a core for
1
(T*B)Z, one gets

(A\T*B): = AGB, [ domT*B 2 AG§B, | dom T*B.
Together with (3.6) and (3.8) this implies that

(3.10) AGoGiBo = \GoGiBs [ domT*B C Go(A\T*B). C T,
and, in particular, o
AGoG§By C T.

This proves (ii) for X = AGoG, € BT (&).

The inclusion kerT* C ker(7s)* C ker X follows from (3.5) by fact that
ker(Go)* = ker X.

For the reverse implication (ii) = (i), observe that
T*Bo € ByX By C (X% Bo)* X2 B,

and since T*By = T* B is selfadjoint also By X By is selfadjoint. Thus,
(3.11) T*By = B: X B.
Now, X2X3By C XBy C T and the same argument that was used in the proof of
Lemma 2.6 shows that for A = || X|| one has

T*T < M(X?B)*X3By = AB;XBy = A\T"B,,
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and (i) is proved.
To complete the proof of (3.3) observe that
B{T C (T*By)* =T*By = B X By C BiT,
and hence B3T = B; X By = T* By.
For the proof of the equivalence (iii) < (iv), it suffices to observe that item (iv)
is equivalent to X By C T and dom T = dom By, and conclude the result from the

first part of the proof. In this particular case, one easily sees that T, = X By and
hence (Ts)* = B X, which leads to ker X C ker(7Ts)* C ker X. O

As seen in Remark 2.8, one obtains from (3.3) the following inequality
T*B < u(Bo)*Bo, 1= |X],

which implies that dom By C dom (T*B)% C domT. Some further properties of T'
and B are collected in the next remark.

Remark 3.2. Under the assumptions of Theorem 3.1 the following further state-
ments hold:
(1) (Ts)*B = (T5)" Bs. . -
(2) mulT*B = mulT* (equivalently, domT*B = dom T');
) if Bop = B then mulT N dom B* C ker B* C ker(Bs)*;
) As noted above T*T = (Ty)*Ty; cf. (3.1). Likewise, if By = B then

(Ts)*Bs = (BS)*Tsy
which implies that
(3.13) T*B = (Ts)*B = (Ts)*Bs = (Bs)* X Bs,

where X € B ().
(5) If By = B then the first item of Theorem 3.1 can be written with the
operator part of T":

(Ts)*Ts < X\ (Ts)*Bo.

Indeed, the identity (1) follows easily from the inclusion mul B C ker(Ts)* =
ker T* @& mul T" which implies that

(Ts)*B = T* Py (Bs @ By ) = T*P,B, = (T)*Bs.
To see (2), apply (1) to get
mul 7" Cmul7*B C mul (T5)*B = mul (T)*Bs = mul T™.

Hence mul T* = mul T* B or, equivalently, dom T' = dom T* B.

For the proof of (3), observe that mul B* C mul B*T C mul (T*B)* = mulT*B*.
On the other hand, mul7*B C mul B*, by Remark 2.8 (i). Hence, mul B* =
mul B*T, which means that

mul 7' Ndom B* C ker B* C ker(B;)*.

For the proof of (4), observe that X B = X B, C T, together with (3.3) and item
(1) yields

(3.14) (T5)*Bs = (T5)"BC (XB)*B=B"XB=T"B C (Ts)*B;.
This means that (Ts)*B; is selfadjoint and, moreover,

(315)  (T.)"B, C (B,)*XB, C (B)'Ts C ((T.)* B,)* = (T.)" B.
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A combination of (3.14) and (3.15) shows (3.12) and (3.13).
To see (5), observe from (3.13) and (3.2) that

which implies that T* B = (T,)* By. Together with (3.1), this implies that
T*T <AT*B & (Ts)*Ts < A (Ts)* Bo.

3.2. Characterization of the reversed inequality. The following result shows
that reversing Sebestyén inequality yields a new nonnegative, in general, unbounded
solution X with X! € B+(5§) rather than a bounded one as seen in Theorem
2.7 and Theorem 3.1. This motivates the study of a new unbounded product of
nonnegative operators; see Section 4.

Theorem 3.3. Let K be a complex Hilbert space and T,B : § — R be closed
linear relations such that B*T is selfadjoint and let By := B* N (& X ran B*T).
If ker B* C kerT* ® mulT then the following assertions are equivalent for some
n>0:

(i) T*T > n BT > 0;

(ii) T C Y B has a solution Y ! € B*(R).
In this case, Y can be chosen such that ker T* @ mulT C mulY and
(3.16) B*T = BoT = BoY By* = T"By*
In particular, the following statements are equivalent for some n > 0 :
(iii) T*T > n BoT with ran T* C ran Bo;
(iv) T* = BoY + (ker T* x {0}) has a solution Y~ € BT (R).
In this case, mulT @ ker T* = mul Y.
Proof. First observe that
(3.17) B*T = ByT = BT
is selfadjoint. Now, let S := 7% ! and A := (B*)~!. Then, S and A are two closed
linear relations such that (S*A)* = (T-1(B*)~Y)* = (B*T)*)"! = (B*T)"! =
S*A and the assumption ker B* C ker T* @ mul T is equivalent to mul A C mul S &

ker S* = ker(S;)*. Now, using Remark 2.8 (iii), one can apply Theorem 3.1 to S
and A which yields the following equivalences for A > 0 and Ag := A | dom S* A:

(1) §°8 < A8y
(2) XAy C S has a solution X € BT(R), X # 0,
where X can be chosen such that ker(S,)* C ker X and
(3.18) S*Ag = A5 X Ay = AjS.
Equivalently, mul T@ker T* C mulY for Y = X ~!. By taking inverses the equalities
(3.18) can be rewritten as
BoT = ByYBy* = T*B,*

using the fact that By = (Ag) . Combining this with (3.17) proves (3.16). Next,
using [13, Lemma 3.3], or [6, Corollary 5.2.8] one has the following equivalence for
some 7 = % >0:

(1) (8*8)~1 = n(S*Ag) ™1

(2) (XAp) ! = Ao 'X~1 C S! has a solution X € Bt (R), X #£0.
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By taking adjoints in (2) this equivalence can be rewritten as

(1) T*T > 1 BoT;

(2) T C Y B has a solution Y~ € B¥(8).
Next, to see the equivalence (iii) < (iv), observe that (iii) is equivalent to S*S <
A S*Ay and dom S C dom Ay, which is equivalent to S = X Ay + Smul , by Theorem
3.1. This last identity can be rewritten in the form

(T =Y 'By '+ ({0} x ker T%) & T* = BoY + (ker T* x {0}).

Furthermore, it follows from Theorem 3.1 that ker S* @mul S = ker X, which means
that mulT @ ker T* = mul Y. O

The following result is analogous to the first items of Remark 2.8 and Remark
2.9.

Remark 3.4. Under the assumptions of Theorem 3.3, one obtains from (3.16) the
following implication

T C Y B{ has a solution Y ! € B (&)
(3.19) I
B*T > uBoBy*, = “y7£1”
In particular, if (the graph of) By is a core of B*, i.e. By = B*, then the converse
implication in (3.19) holds, i.e.,
T C Y B has a solution Y1 € B*(8)
(3.20) (3
B*T > uB*B, p= ﬁ

Remark 3.5. The equivalence stated in (3.20) can also be established under con-
ditions different from those given in Theorem 3.3, in particular, when B*T > 0 is
selfadjoint, mulT" C ker(B,)* and dom B*T is a core for the operator part Bs. To
see this, it suffices reverse the roles of B and T in Remark 2.9 and observe that
TCYB& Y 'TCBforany Y™ ! € BN (R).

The following corollary treats a particular case of Theorem 3.3, the case of
densely defined operators with dense ranges.

Corollary 3.6. Let 8 be a complex Hilbert space and T, B : $ — R be closed densely
defined linear operators such that B*T is selfadjoint and By = B*. If tanT =
Tan B = $ then the following assertions are equivalent for some n > 0 :

(i) T*T > nB*T > 0 with ranT* C ran B*;

(ii) T* = B*Y has a solution Y ' € BT (&).

4. THE CLASS Lﬁ ($)) AND THE REVERSED INEQUALITY
In this section, the emphasis will be on the following class
(4.1) L2(H):={T =AB; A™' € B"(%), B=B* >0}

as a modification of the class £%($)). In (4.1), A is invertible, i.e., belongs to the
class GI(9) of closed densely defined injective and onto operators on ). Denote by

GL(9) the set of all bounded everywhere defined invertible operators and, moreover,
one has GLT () := GL(H) N BT(H) and GI*(H) := {S € GI(H); S = S* > 0}.
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Note that S € GIT($) if and only if S is a nonnegative selfadjoint operator with
ranS = .

The simpler case where T belongs to £l+_2 (%) N L;7($H) will be treated in Sec-
tion 4.1 and involves weak similarity as well as similarity to nonnegative selfadjoint
operators, while the general case, treated in Section 4.2, is rather connected to
quasi-affinity and quasi-similarity to nonnegative selfadjoint operators. These no-
tions will appear to be significantly related to the reversed inequality treated in
Section 3.2.

4.1. Similarity and W-similarity to S = S* > 0. An operator T' € LO(9) is
said to be W-similar to S € LO($)) if there exists G € GL($) such that

GT C SG.

If TG = GS then T is similar to S. In particular, if T is similar to a normal
operator then it is said to be scalar; see [3, 10, 15] for general background on
scalar operators. The next proposition characterizes W-similarity to nonnegative
selfadjoint operators with non-empty resolvent set.

Proposition 4.1. Let T € CO($) be a densely defined linear operator. Then, the
following assertions are equivalent:
(i) T is W-similar to a nonnegative selfadjoint operator S with p(T) # 0;
(i) XT =T*X, where X € GL*($) and o(T) C R,
(iii) T = X1 By with X1 € GLT($) and By = B} > 0 (respectively, T* = X2 B
with Xo € GLT(9) and By = B} > 0);
(iv) T = BX, where B = B* > 0 and X € GL*($) (respectively, T* = B'Y
with B' = (B')* >0 and Y € GL*(9));
(v) There exist W, Z € GL*($) such that TW = (TW)* > 0 (respectively,
ZT = (ZT)* > 0);
(vi) T is a scalar operator and o(T) C RT.

If one of the above conditions holds, then
(4.2) fanT + ker T = 6.

Proof. (i) = (ii) Since T is W-similar to a nonnegative operator S, there exists
G € GL($) such that GT C SG. Hence,

GTG™' C S =" C (GTG™),

which shows that GTG ™! is symmetric. As G € GL($), one then has p(GTG™1) =
p(T) # 0, and therefore
(4.3) GTG™' =8 = (GTG Y =G V' G*.
This yields that
G*GT =T"G"G,

and the statement follows by taking X = G*G € B*($). Furthermore, (4.3) shows
that o(T) = o(GTG™) = 0(S) C R*.

(ii) = (iii) Let T = X 'T*X, X € GL* (), and assume that o(T) C R*. Then,
X:TX % = X_%T*X%, and hence

(X3TX™3) = X 3T*X* = X3TX 2.
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Since X € GL($) and o(T) C R*, it follows that o(X2TX2) = o(T) C RT, and
therefore

(4.4) S:=X3TX 3 =X 3T"X7 =5 >0.
Thus,
By :=X38X? =X3(X:TX 2)X?=XT=B">0

and T = X~'B; = X; B;, where X; = X! is invertible.
To prove the remaining statement, observe from (4.4) that

By=X 38X % =X 3(X *T"X#)X #=X"'T" =B} >0

and T* = X By with X invertible.

The equivalence (iii) < (iv) is direct.

(iii) = (v) Assume that T = X, By with X; € GLt($). Then, for Z := X; ' €
GLT(9) one has ZT = By = By" = (ZT)* > 0.

Similarly, 7% = X2 By € £%() with Xo € GLT($) and W := X; ' € GL* (%)
yield that T'= BaXs and TW = By = B = (TW)* > 0.

(v) = (vi) Assume that there exists W € GL*($) such that Sg = TW = Sy* >
0. Then, W_%SOW_% >0, W3 e GL(%), and one has

W2(W35,W~2) =TW?:.

Similarly if Z € GLt($) such that S, = ZT = S, > 0, then Z~2 € GL(%),
7728777 =(Z"28,Z72)* > 0 and
TZ % =7"3(27382%).

In both cases, one concludes that T is similar to a nonnegative selfadjoint operator
and o(T) = 0(Sp) = ¢(S1) C RT. By definition T is a scalar operator.

(vi) = (i) If T is a scalar operator with o(7T") C RY then it is easily seen that it
is similar, and hence W-similar to a nonnegative selfadjoint operator.

If one of the above conditions holds, then T is similar to S = S* and (4.2)
follows directly from tan .S +kerS =$. O

Remark 4.2. Note that in Proposition 4.1, the similarity and the W-similarity to
a nonnegative selfadjoint operator are the same, cf. (4.3).

4.2. £l+,2(fj) and quasi-affinity to S = S* > 0. Recall that in Section 2.2, the
quasi-affinity of T* to a nonnegative selfadjoint operator S is described through
elements T in £l+2(5§). Unlike in the case of bounded operators, the quasi-affinity
of T* to S does not imply the one of T. The latter will rather be described by
elements of Eﬁ ($) in the following theorem.

Theorem 4.3. Let T € CO($) be densely defined. Then the following statements
are equivalent:
(i) T is quasi-affine to some S = S* > 0;
(i) T C BA€ L;P*(%);
(iii) there exists a quasi-affinity X € BT($) such that

0<XTCT*X.
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Proof. (i) = (ii) Assume that T is G-quasi-affine to S = S* > 0 and fix Ay :=
G*SG and B := (G*G)~!. Then B~! € BT () and the inclusion GT C SG implies
that B~'T = G*GT C G*SG = Ay > 0 with dom Ag = §. Let now Ap = Ap* >0
be the Friedrichs extension of Ag. Then

(4.5) BT C Ay C Ap,

and, therefore, T'C BAp € L£;7%(9).

(i) = (ili) Since T C BA € £;7*($) it follows that B~'T C A C (B~'T)* =
T*B~!. Hence, for X = B~! € BT($) one has 0 < XT C T*X.

(iii) = (i) Let Ag := XT > 0. Then Ay is densely defined. Let A = A* > 0 be
a selfadjoint extension of Ag. Then clearly

(4.6) XT CAC (XT)" =T*X.

Now let Sy := X"2AX~2 > 0. Then by multiplying (4.6) from the left and right
by X =2 and one obtains

(4.7) 0<X3TX 7 CS,

Since domTX % = ran X = £ one concludes that Sy is densely defined operator

with the Friedrichs extension Sp = (X2 A2)A2 X~ 2. Multiplying (4.7) from the
right by X 2 one gets

(4.8) X3T C SoX? C SpX73,

which proves the quasi-affinity of T to Sp. O

Remark 4.4. In the proof of Theorem 4.3, (i), Ay = G*SG = (G*S2)S2G with
dom Ay = $. Hence dom S3G = $ and one has

(4.9) 0<Ay=G"SG C (57G)*S?G = G*S257G = Ap,

where A is the Friedrichs extension of Ag. The proof also works for any nonnegative
selfadjoint extension of Ay, respectively, Sy (see (4.8)).

The following result is the analog of Corollary 2.16. It shows a connection
between the reversed inequality and quasi-affinity to a nonnegative selfadjoint op-
erator.

Corollary 4.5. Let T € CO($) be a densely defined operator let S = S* > 0. If
T is G-quasi-affine to S such that p(ApT) # 0, then

T°T > +ArT >0
for some A > 0, where Ap is given in (4.9).

Proof. Since T is G-quasi-affine to S one obtains from Theorem 4.3 that T C BAp
where Ap = A% > 0 and B™! = G*G € BT (). Hence B™'T C Ap and Ar C
(B~1T)* = T*B~!. Consequently,

ApT CT*B T =T*B 3B 3T CT*B 3(T*B %)* = F > 0.
Since F = F*, it follows that ApT is symmetric. On the other hand, p(ArT) # ()
by assumption, and therefore

ApT =T*B7'T < |B YT*T =TT > +ApT with A= | B~ O
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Note that a small adjustment to item (i) of Theorem 4.3 allows T to be written as
the product of two nonnegative, in general, unbounded linear operators motivating
the following result.

Proposition 4.6. Let T € CO($) be densely defined. Then, the following are
equivalent:

(i) T is G-quasi affine to some S = S* > 0 such that dom G*S%S3G C dom T
(i) T = BA € £;*($) and dom T = dom 4;
(iii) there exists a quasi-affinity X € BT($) such that
(4.10) XT =T"X > 0.
Proof. (i) = (ii) Using the same argument as in the proof of Theorem 4.3 combined

with Remark 4.4 one obtains that B~'T C Ap = G*S252G, cf. (4.9). Now the
assumption dom Ar C dom T shows that

BT = Ap.

Hence T = BAp € £*($) and dom T = dom Ap.
(ii) = (iii) Observe that B~!T C A and since dom T = dom A one obtains

A=B'T=A"=T*B™"
Now take X = B~ € BT($) to get (4.10).

(iii) = (i) By assumption A = XT > 0 is selfadjoint. Now proceed as in the proof
of Theorem 4.3. Then the operator

(4.11) So=X"2AX"?=X3TX % >0
is densely defined where its Friedrichs extension Sp satisfies (4.8) and T is quasi-
affine to Sp. Multiplying (4.8) from the left by X 3 gives

XT=X28,X2 C X2SpX2 C Ep,

where Ep = X%SF%SF%X% denotes the Friedrichs extension of X%SFX%. Conse-
quently, XT = Er and dom Fr = dom T, as required. O

It is worth noticing that the quasi-affinity of T' together with that of T™* gives
raise to a new notion defined below, which will be characterized in Lemma 4.8.

Definition 4.7. [17, Definition 2.1] T € LO($)) is said to be quasi-similar to
S € LO(9) if there exist two quasi-affinities G1, G2 € B($)) such that

G1T Q SG1 and GQS g TGQ.

The next lemma contains a duality property of the quasi-affinity and character-
izes the quasi-similarity to a nonnegative selfadjoint operator.

Lemma 4.8. Let T, S € CO(9) be a densely defined operators. Then the following
statements are equivalent:

(i) T is G-quasi-affine to S < S* is G*-quasi-affine to T*;

(ii) T is quasi-similar to S = S* < T and T* are quasi-affine to S = S*.

Proof. (i) Let S € CO($). Then T is G-quasi-affine to S < GT C SG &
G*S* C T*G*, i.e. S* is G*-quasi-affine to T™*.
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(ii) If T is quasi-similar to S, then there are two quasi-affinities G1,G2 € B(9)
such that G1T C SG1 and G4S C T'G5. This shows that T is G1-quasi affine
to S and, by (i), T* is Gj-quasi-affine to S. Conversely, if T and T* are
quasi-affine to S, then it follows from (i) that there are two quasi-affinities
G1,G4 € B($) with the property that GiT C SG; and G5S C SG3. As G}
is a quasi-affinity, one concludes that T is quasi-similar to S.

O

The next result is now a consequence of Lemma 4.8, Theorem 4.3 and Proposition
4.6.

Corollary 4.9. Let T € CO($)) be a densely defined operator and let S = S* > 0.
If T is quasi-similar to S then there exist T} € 572(5’)) and Ty € /Jth ($) such that
T\ CTCTs.

In particular, if T and T* are respectively G1 and G3-quasi-affine to S such that

dom (G3S252G4) C dom T C dom (Go* ™' 8252G,* ), then

(4.12) T € £;P(H) N L2(9).

Proof. Assume that T is quasi-similar to S = S* > 0. Then, by Lemma 4.8, there
exist two quasi-affinities G1,Go € B($)) such that T and T* are respectively G
and G, quasi-affine to S. A direct application of Proposition 2.14 and Theorem

4.3 implies the existence of A1 € BT(§), By = B;* > 0, B{l € BT($) and
Ay = Ay™ > 0 such that

(4.13) L2(9) 2 A1B) C T C ByAy € L2(9).

Now, assume that dom (GTS%S%Gl) C domT C dom (GQ*_lséséGQ*_l). Then
equalities hold in (4.13) by Propositions 2.17 and 4.6, which proves (4.12). O

4.3. Quasi-affinity and quasi-similarity to S € BT (). It is worth noticing
that if T is W-similar or similar to a bounded nonnegative operator S € BT (£),
then also T itself is bounded. In this case, its similarity to S is already dealt with
in [7, Theorem 3.1]. The focus is therefore on quasi-affinity and quasi-similarity.

Proposition 4.10. Let T € LO($) be a densely defined operator. Then the fol-
lowing statements are equivalent:

(i) T is G-quasi-affine to S € BT ($);

(ii) GTG-! = G~Y'T*G* € BT($) for a quasi-affinity G € B($);

(i) X2TX "2 = X 2T*X2 € BY(9) for a quasi-affinity X € BT ().
In this case, T C BA, where A,B~' € BT(§). Moreover, there exists a quasi-
affinity X € BT($) such that
(4.14) T*X = XT € BT (%).
Proof. (i) = (i) Observe that the inclusion GT C SG implies that GTG™! C S.
Since S € B($) and dom GTG™! = §) one concludes that
(4.15) S =(GTG™ ) = (G )'T*G* = GTG~! € B (#€).

(ii) = (i) Fix Sp := GTG~1. Then, Sy € BT(9) and GT = GTG 'G C GTG'G C
SoG, as required.
The equivalence (ii) < (iii) follows directly from Lemma 2.13.
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Now, assume that T is G-quasi-affine to S € B*(§)). Then G*GT C G*SG =:
A € BT(9), and hence T C BA with B~ := G*G € BT ($). To see (4.14), observe
from (iii) that for M := X~ 2T*Xz € B*($) one has X2 MX2 C T*X, which
yields that

XT = (T*X)* = (X*MX3)* = X:MX? € BY($). O
The following theorem is the optimal analogue of Corollary 4.5 in the context of
the reversed inequality.

Theorem 4.11. Let T € CO($) be a densely defined operator. If T is G-quasi-
affine to some S € BT($) then exists A € BY(9) such that

* 1 A
(4.16) T°T > AT
for some A > 0.

Proof. Observe from the inclusion GT C SG that T € G~1SG and G*GT C
G*SG =: A€ B%($). Hence A = (G*GT)* = T*G*G and one has

AT C (G*SG)G™'SG C G*S*G = G*S(G*S)* € BT (%).

This implies that G*S?G = (AT)* = AT € B*($) and for all # € domT =
dom AT = dom T*G*GT C dom AT one has

NI

S S
(AT? 2z, AT z) = (ATx,2) = (T*G*GTx,z) = (G*GTx,Tx)
< ||G*GI(Tz, Tx)
* wrm L wrm L
= |G"GI(T*T) 2z, (T"T) > z).
This completes the argument. O

Note that in the particular case where AT = AT, Theorem 4.11 ultimately
reduces to the bounded operator setting since dom7T = dom AT = §), thereby
justifying the inequality (4.16). This section is ended with a recapitalization joining
the classes £l+_2 ($) and E;“Q(ﬁ) together with quasi-similarity, and quasi-affinity to
a bounded nonnegative operator.

Proposition 4.12. Let T' € CO($)) be densely defined. Then the following asser-
tions are equivalent:
(i) T is quasi-similar to S € BT ($).
(i) T and T* are quasi-affine to S € B*($).
(i) XPT*X; ? = X; °TX? € BH(H) and X;TX, * = X, *T*X; € BH() for
some quasi-affinities X1, Xo € BT($).

In this case, there exist A;, B;~' € BT($), i = 1,2 such that Ty = A\ By, Ty =
BQAQ and

T CT CTs.
Moreover, XoT, X1T* € BT(9).

Proof. The proof follows immediately from a combination of Lemma 4.8 and
Proposition 4.10. O
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Abstract The spectral decomposability of a closed linear relation 7 on a complex Banach space is demon-
strated through three new characterisations: The first two are expressed in terms of the extended Bishop and
decomposition properties while the third one is given by means of the coinduced operator of 7 and its local
spectral subspaces. This has been achieved through the intensive study of the properties of the last mentioned
subspaces as well as the ER-SVEP.
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1 Introduction

The concept of decomposability plays a crucial role in the local spectral theory of linear operators on complex
Banach spaces. It was defined for the first time for bounded linear operators by C.Foiag [9] in 1963. Then, in 1968
it was generalized for closed linear operators by F.- H. Vasilescu [15] to become "S-residual decomposability"
where S is a subset of Co := C U {o0}. It was only in 2022 that this concept was extended to include a more
general case, the case of multi-valued linear operators or linear relations, and was then defined as the concept
of "extended spectral decomposability" in [3].

Of special interest are the different characterisations of decomposability. For example, in 2000, K.B.Laursen
and M.M.Neumann [12] managed to characterise this concept for a bounded linear operator 7p on a complex
Banach space X in Theorem 1.2.29 as follows:

Tp is decomposable < Tp has (8) and (C) < Tp has (8) and (), (1.1)

where (§), (C), and (B) stand for the properties of decomposition, Dunford and Bishop, respectively. They
also established the following equivalence in Theorem 1.2.23:

Ty is decomposable < Tp has (C) and o (To/ X7, (F)) € o (Tp) \ F for every
closed subset F of C, (1.2)

where X7, (F) and Ty/ X1, (F) denote the local spectral subspace of T with respect to F and the induced
operator by Ty on the quotient space X/ X7, (F), respectively.
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Our aim in this paper is to set the latest equivalences in a more general framework, the framework of
linear relations. In other words, we are going to reformulate the equations (1.1) and (1.2) for a closed linear
relation 7' and obtain the following new equivalences:

T is extended spectral decomposable < T has the properties (Ec¢) and (£5)
& T has the properties (£g) and (£5) (1.3)

and,
T is extended spectral decomposable

¢ (1.4)
T has the property (£¢) and E(T/}?/T(F)) C o (T)\ F for all closed subsets F of Cw.

Having such multiple equivalent descriptions ensures flexibility in choosing the most convenient framework
or approach when describing the decomposability of a linear relation. This leads to a deeper understanding of
the relation’s structure and properties.

Regarding (1.3), it is worth mentioning that the properties (£¢) and (€g) stand for the extended Dunford
and Bishop properties, respectively, and they have actually been proven to be two necessary conditions for the
extended spectral decomposability of 7'; See [3]. However, the property (£5) is new and it will be introduced
as the extended decomposition property and proven as a necessary condition for the extended spectral decom-
posability as well. In this way, the two direct implications of (3) will be guaranteed, and it only remains to deal
with the indirect ones. " .

As for equivalence (1.4), X7 (F), T/Xr(F) as well as 6 (T) denote the extended local spectral subspace
of T at F, the coinduced operator by 7" on X7 (F) as well as the extended spectrum of T, respectively. Here,
it is very important to note that the converse direction of (1.4) was the purpose of [4]. So, our task will be to
focus on how far we can solve the remaining direction.

Our paper is organized as follows. In Sect.2, we will first recall some results related to the theory of
linear relations already studied in [5,7,8]. Next, we are going to develop several properties of one of the
necessary conditions of extended spectral decomposability, called the ER-SVEP, which will be quite useful
for the proof of our main theorems. Finally, we will present several new results on the extended local spectral
subspaces of T, which will be further intensified once connected with the ER-SVEP. As for Sect. 3, it will
be the core of our work. We will divide it into two sub-parts: the purpose of Sect.3.1 is to settle the first two
characterizations of the extended spectral decomposability mentioned in (1.3), while Sect.3.2 aims to reach
the second characterization in (1.4).

All this illustrates how perfectly the concept of spectral decomposability has been generalized and well-
developed for the field of linear relations.

2 Preliminaries

In this section, we shall start with some general notions on linear relations by referring to the works of R.Cross
[8] and A.Baskakov [7]. Then, we will refer to [3] and focus on the local spectral theory of a closed linear relation
T which is fundamental for the understanding of the concept of the extended spectral decomposability. More
importantly, we will study different several properties of 7" involving the extended local spectral subspaces as
well as the ER-SVEP.

Let X be a complex Banach space. According to R.Cross [8], a mapping T from X to the collection of
nonempty subsets of X, whose domain is D(T) := {x € X; Tx # @}, is called a linear relation if it satisfies
aTx+ BTy =T (ax + By) forallx,y € D(T) and «, B € C )\ {0}. Note that T is entirely determined by its
graph given by

G(T)={(u,v) e XxY ueD(T)andv € Tx}.

Throughout this paper, the class of all linear relations and all bounded linear operators from X to X is denoted
by LR(X) and End(X), respectively. Let us notice that 7 € End(X) whenever T (0) = {0} and D(T) = X.

The inverse of T is the relation T~! defined by G(I'™!) = {(y,x) € ¥ x X (x,y) € G(I)}. We
denote by Ker(T) := T71(0) the Kernel of T. If Ker(T) = {0}, we say that T is injective. By T(Xp) =

Txopand Im(T) := T (X), we denote the range of aset Xg € X and the range of 7', respectively.
xo€D(T)NXg

If Im(T) = X, then T is called surjective.

@ Springer
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T is said to be continuous if |T| := ||QrT| < oo, where Qr : X —> X/T(0) denotes the natural
quotient map with domain X and kernel Ker(Qr) := T(0). If G(T) is closed, we say that T is closed and we
write T € CR(X). We also write T € CR.(X) if T is closed and continuous. When 7 € C R(X) is surjective
and injective, it is called invertible.

The product and the sum of T and U € LR(X) are given by G(TU) = {(x,z) € X x X; (x,u) €
GU) and (1, z) € G(T) forsomeu € X} and G(T + U) := {(x, t+u) (x,t) € G(T), (x,u) € G(U)},
respectively.

Let T € CR(X). Recall from [7] that the resolvent set of T is denoted by p(T') and defined as the set of
all n € C for which T — 51 is invertible. For n € p(T), the resolvent function of T is the function R(, T) such
that R(n, T) = (T — nI)~'. The spectrum of T is the set o (T) := C\ p(T).

A linear operator Tp on X is called a selection of T if D(To) = D(T) and T = Top + T — T. In the next
proposition, we will show that the spectrum of a linear relation may coincide with that of its selection in a
particular case.

Proposition 2.1 Let T € CR.(X) be such that X = D(T) ® T (0) and let P be the bounded linear projection
with the property that Ker(P) = T (0) and Im(P) = D(T). Then, PT € End(D(T)) is a continuous linear
selection of T. Moreover, we have o (T) = o (PT).

Proof LetA = PT Then, D(A) = D(T') and, forall x € D(T), wehave Tx = Tx+T(0) = Tx+P- Loy =
P'P(Tx) = l(PP)(Tx) lP(PT(x)) = PT(x) + P~'(0) = Ax + T(0). Hence, A is a selection
of T. Moreover since T is contmuous it follows from [8, Corollary I1.3.13] that ||A|| = || PT|| < [|P|IIIT| <
+o00. This proves the continuity of A. On the other hand, since 7 € CR.(X), it follows from the closed graph
theorem [8, Theorem I11.4.2] that D(T') is closed, and therefore A € End(D(T)).

Proving o(T) = o(PT) is equivalent to prove that o(T) = p(PT). For doing so, let © € p(T) and
consider x € Ker(PT — ul). Since PT is aselection of T, it then follows that 0 = (PT — p)x € (T — ul)x,
sox € Ker(T — ul) = {0}. Now, consider t € D(T)_C X. Then, there exists 7o € D(T) such that
t € (T —uhty = (PT — pul)to+T(0), and therefore t — (PT — )ty € T(0) ND(T) = {0}. Consequently,
t = (PT — ul)ty € Im(PT — pul), which means that PT — wl is surjective. We then conclude that
JTRS p(PT) To see the other inclusion, let u eAp(PT) and consider y € X. Then, y = yg + y1, where
(39, ¥1) € D(T) x T(0), and hence yo € Im(PT — pl). Thus, there exists xo € D(T) such that yo =
(PT — pl)xp. This implies that

y = (PT — uDxo+ y1 € (PT — uI)xo + T () = (T — uDxo € Im(T — ul).

Consequently, (7' — w 1) is surjective. Since Ker(T — ul) C Ker(ﬁT — ul) = {0}, we then conclude that
T — wl is injective, and hence invertible. This means that © € p(T). O

Givenarelation T € CR(X) and aclosed linear subspace Y of X, we refer to [7] and define Y (respectively,
Y1) as a T-strongly invariant subspace (respectively, T-weakly invariant subspace) if R(n, T)Yy C Yy for
all n € p(T) (respectively, Typ N Yy # @ for all yo € D(T) N Yy). The strong restriction of T to Yy is the
relation T'|gY € CR(Y) whose resolventis R(., T|sY) : p(T) —> End(Y) which satisfies R(., T|;Yo)(n) :=
R(n, T)|Y forall n € p(T). In general, a subspace M C X is said to be T -invariant if 7 (M) C M.

Lemma 2.2 Let T € CR(X) and let M be a linear subspace of X. Then, M is a T-weakly invariant linear
subspace if and only if T(M) € M + T (0).

Let T € CR(X). Then, we notice from [5] that whenever 7 (0) # {0} or, equivalently, T is not a linear
operator, the point co always belongs to the extended spectrum of 7. Hence, it becomes very important to deal
with the topology of the Riemann sphere C, := C U {oo} in order to study the spectral theory of 7. Let us
recall that the extended spectrum of T is a subset of C, defined as

e if T € End(X)
o(T) = { o(T) U {oo} otherwise.

Following [10], the neighborhoods in Cs, correspond exactly to the usual definitions of neighborhoods in C
adding the neighborhoods of oo which are of the form Voo, = {v € C |v] > ro} U {o0}, where rg > 0. In
addition, according to [11], the open sets in C, are the usual open sets in C and those of the form V U {oo},
where C\V is a compact set in C. For an open set Us, C Coo, we denote by H*(Uso, X) the space of all
analytic functions f : Usx, — X and we define P(Uso, X) :={f € HY(Uso, X) | f(o0) =0 if oo € Uso}.

@ Springer
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Now, being rather interested in the local spectral theory of 7', we will turn to [3] and define the extended
local resolvent set of T at a point wg, denoted by ,6‘}(%)), as the set of all A € C for which there are an open
neighborhood U;, in C, of A and an analytic function f,, 5 € P(U;, D(T)) suchthat wg € (ul —T) fug,1 (1)
for all u € U, N C. The extended local spectrum of T at wo € C is given by

ot (wo) 1= Coo\Pr (W0).
For a set F C Cu, the extended local spectral subspace of T at F is defined by
X7(F) == {w e X &7(w) C F}.

If we suppose in addition that F is closed, then we define the extended glocal spectral subspace of T at F as
the set X7 (F) of all x € X for which there exists U e P(Coo\F, D(T)) such that x € (T — ,u,I)\I/(y,) for all
n € (Coo\F)NC.

Lemma 2.3 Let T € CR(X) and X¢ be a T-strongly invariant linear subspace of X. If T|;Xo € End(Xo)
and o (T|sXg) C F, then Xg C X7 (F).

Proof Let xg € X and consider A € Co\F. By hypothesis, we obtain that A € 5(T|sXo), and therefore there
exists a function fy, given by

fro 1 P(T15X0) — D(T|;Xo)
_ I R, T1sXo)xo if p # oo,
H 0 if 1 = oo € P(TsXo)

and verifies xo = (T|sXo — MI)J:";O(,LL) forall u € p(T|sXo) N C. Since X is a T-strongly invariant linear
subspace, it follows from [3, Proposition 2.2] that xg € (T — ul)f;co (n) forall u € p(T|sXo) NC.

On the other hand, T|;Xo € End(Xy), so o(T|sXo) = o(T|sXo). As o(T|sXo) is compact in
C, we deduce that 0(T|sXo) is open in Cs. Hence, p(T|sXo) becomes an open neighborhood of A
and fy, € P (p(T|sXo), D(T|sXo)). Moreover, we have D(T|;Xo) € D(T), which entails that fy, €
P (p(T|sX0), D(T)). We then conclude that A € pr(xp), and therefore x¢ € X7(F). O

Remark 2.4 Let T € CR(X) and let F € Cq be such that T(X7(F)) € X7 (F). Then,
(T — A)(X7(F)) = Xr(F) forall A € (Co\F) N C.

It is worth pointing out that the subsets mentioned above have already been well studied using the topology
of C by M. Mnif [13], which can be seen in the following definition.

Definition 2.5 Let 7 € CR(X) and let wg € X.

(i) The local resolvent set of T at wy is the set of all ny € C for which there exist an open neighborhood Uy,
of no in C and a function fy 5, € H(Uy,, D(T)) verifying

wo € (T — ) fayo(u)  forall u € Uy,

where H (U, Y) denotes the space of all analytic functions from an open set U  C to a complex Banach
space Y. The set C\or (wp) is denoted by o7 (wp) and called the local spectrum of T at wy.

(i1) The local spectral subspace of T ata subset F of Cis givenby X7 (F) := {x € X or(x) € F}. The glocal
spectral subspace of T at a closed set S C C is the set of all x € X for which there exists » € H(U, X)
such that

x € (T — ul)h(un) forall u € CS.

There exists a very strong connection between the glocal spectral subspaces of 7 € CR(X) at a closed
subset F of C and the extended glocal ones at F' U {oo}. This can be translated in the following lemma.

Lemma 2.6 Let T € CR(X) and let F C C be a closed set. Then,

X7 (F U {00}) = X7 (F).
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Proof For Fy, := F U {00}, we have the following equivalences:

xe€Xr(F) 3 fe HQOF, D)) ;x € (T —pl) f(n) YVu e OF
3 f e HCo\ oo, D(T)) s x € (T — ul) f (1) Vi € (Coo\Feo) NC
<3 fePCo\Foo, D(T)) ;x € (T — ) f() Vi € (Co\Fo) NC
& x € Xr(Fa).

O

It is worth mentioning that the result of the previous lemma also remains true for local spectral subspaces.
In fact, this stems from the important link existing between the local spectral theory of T and its extended one,
which will be expressed in the remaining part of this section.

Definition 2.7 [3, Definition3.4] A relation 7 € C R(X) is said to have the extended relatively single-valued
extension property, abbreviated ER-SVEP, at 19 € C, if for every open connected neighborhood Uy, € Cq,
of ng and for all functions ¢ € P(U,,, D(T)) which satisfy

0 € (T — pul)o(u) forall u € Uy, NC, @.1)

we have o(u) € T(0) N Ker(T) for all u € U,,,. The relation T is said to have the ER-SVEP if T has the
ER-SVEP at every n € C.

In the following, we will present further important results helpful for the characterization of extended
spectral decomposability (see Theorem 3.10). We will in fact show that Proposition 1.2.20 of [12] can be
generalized even for a linear relation 7 € CR.(X). To this end, we shall start by studying the connection
between the ER-SVEP and the extended spectrum of a strong restriction of 7' on an extended local spectral
subspace.

Proposition 2.8 Let T € CR.(X) be such that p(T) # ¥ and let S be a closed subset of C, such that )?}(S)
is a T -invariant closed linear subspace. If T has the ER-SVEP, then

F(T|,X1(S)) € SU{o0). 2.2)

Proof Let § © Cu. Proving (2.2) is equivalent to proving that O‘(T|S}?}(S)) € SN C or, equivalently,
QS NEC) € p(T)s X7 (S)). To see this, let L € CO(SNC) = (Co\S) N C and consider an arbitrary y € X7 (S).
Then, in light of Remark 2.4, there exists an element x € D(T) N X7(S) such that y € (T — AI)x. On the
other hand, it follows from [4, Proposition 3.3] that X7 (S) is a T'-strongly invariant linear subspace, so, by [3,
Proposition 2.2], we have " .

D(T) N Xr(S) =D(T|sX7(S)). (2.3)

Furthermore, [4, Proposition 3.1] implies that 7(0) < )?;-(S), which yields, by [3, Proposition 2.2], that
T|sX7(S)(x) = T(x) and also .
(T —ADx = (T X7 (S) — AD)x. 2.4)

This means that y € (T[sX7(S) — Al)x € Im(T|;X7(S) — AI), and hence T|;X7(S) — A is surjective.
In view of [4, Lemma 3.1], proving the invertibility of 7'|; X7(S) — A/ then requires proving that this map
belongs to CR.(X7(S)), has the ER-SVEP and that Q|5XT(S) — A1) (0) NKer (T|sX7(S) — AI) = {0}

To this end, we first observe from the fact that T'|; X 7 (S) is closed and from [1, Lemma 1] that 7’| f} S)—
Al € CR(X7(S)). Moreover, since X7(S) is closed, a combination of (2.3) and [8, Theorem II1.4.2] yields
that T X7(S) — Al € CR.(X7(S)). On the other hand, as p(T) # @, it follows from [14, Lemma 6.1] that
Ker(T) N T(0) = {0}. This entails, by (2.4), that

Ker (T1sX7(S) — A1) N (TIsX7(S) — A1) (0) = Ker (T|;X7(S) — A1) N T(0)
C Ker(T —AI)NT(0) C Ker(T) N T(0)
= {0}.
As T has the ER-SVEP and )?/T(SDS a T-strongly invariant linear subspace, we infer from assertions (i) and

(ii7) of [4, Lemma 3.1] that T'|;X7(S) — Al has the ER-SVEP. We then conclude that T'|; X7 (S) — A1 is
invertible, as desired. Consequently, C\(S N C) C p(T|s X7 (S)). O
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Let us note that in [12, Proposition 1.2.20], the authors have also given a property that connects the SVEP
with the operator Ty/ X 7, (F) where Ty € End(X) and F € C. In order to generalize this property for a closed
linear relation 7 € CR(X), let us recall from [3] that, for a T-invariant closed linear subspace M C X, the
coinduced linear operator T/M : X/M — X /M induced by T on the quotient space X/M is defined by:

T/MX :=Ta = OuT(x) forall¥ e D(T/M) := Z)(T)T+M,

where x = o +m, (o,m) € D(T) x M and Qp : X — X /M is the natural quotient map. In the remaining
work, we denote by CR?(X) the space of all relations 7' € CR.(X) for which X = D(T) & T (0).

Corollary 2.9 Let T € CR®(X). If T has the ER-SVEP then, for every closed set S € Co for which )’(VT(S)
is closed, we have

(i) F(TLX7(S) € SU foo);
(ii) T/X7(S) has the ER-SVEP.

Proof (i) Let § € Cxo be such that }E(S) is closed. Then, it follows from [4, Proposition 3.4], assertion
(2), that X7(S) is a T-invariant linear subspace. On the other hand, we remark from Proposition 2.1 that
p(T) # @. Applying Proposition 2.8, we then conclude the desired result.

(ii) Since X = D(T)@T (0), itfollows from assertion (i) of [4, Lemma 4.1] that T/Xr S) € End(X/XT(S))
In addition, there is a bounded linear projection P such that / m(P) = D(T) and Ker(P) = T(0). To
prove that T/ X T(S) has the ER-SVEP, let 1o € Cw, U,,, be an open neighborhood of A in Co, and let
f e P(U,, X/XT(S)) be such that

0= (T/X7(S) —pl) f(u)  forall u € Uy, NC. (2.5)

Thus, f|U‘A0 nc € H{U,,NC, X/)F(‘}(S)). This ensures, by the surjectivity of the operator Q}T,(S) X —
X/ )?;- (S) and by [12, Proposition 2.1.4], the existence of a function ¥ € H (U, NC, X) with the property

that fiv, nc(10) = Qs 5V (W) = Qi) (PUr() + (I = PYyy(w)) = Qg7 (5)(P¥) (1) = Py () for
every u € Uy, N C. We then infer from (2.5) that

0= (T/X7(S) — uI) (PY) (1) = Qg (5)(T — W) Py () forall € U, NC.

Consequently,
(T —w)PY(u) € Xr(S) forall u € Uy, NC. (2.6)

Next, we claim that P () € )F(\}(S) for all u € Uy, N C. To verify this, let us separate two cases.
IfveU,NCNS,] then we know from assertion (2) of [4, Proposition 3.4] that (2.6) implies
immediately that PW(V) € XT(S)

Ifv e Uy, NC N (Cao\S).] then it follows from (2.2) that v € ,o(T|SXT(S)) Hence, thanks to (2.6),
the function

Bi: U, NCN(CooS) — X7(S)
w > R(w, T, X7 ()T — wl) Pyr(w)

is well defined and belongs to P (U, NCN(Cxo\S), )’(VT (S)). On the other hand, as noted before, )’(VT S)
is a T-strongly invariant linear subspace containing 7' (0), so, by [3, Proposition 2.3], we obtain that
(T —vDhw) = (T =vI) [R, T|s X7 ()T = vI) Py (v)]
= (T X7(S) = vI) R, T|s X7 (S))(T —vI) Py (v)
= (T —vD) Py ().
Consequently,0 € (T —vI)g(v), where g := H— ﬁl/lex ACn(Canys) - Since v is arbitrary, Uy, N(Coo\S)NC
( o0

is an open subset of Coo and 7" has the ER-SVEP, we conclude that g = 0 locally in U;, N (Co0\S) NC.
Thus, P¢(v) = h(v) € XT(S)
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We then conclude that ﬁw(u) € )f(VT(S) for all u € U,, N C, as claimed. This entails that f(u) =

131//(;1,) =0forall u € Uy, NC. As f € P(Uy,, X/)?}(S)), we obtain that f = 0, so T/)f(VT(S) has the
ER-SVEP. O

It was proved in [3, Lemma 3.4] that, once T has the ER-SVEP, the local and the glocal spectral subspaces
coincide under the condition p(7") # . But even if we weaken that condition, we can also obtain the same
result, which will be expressed in the following lemma.

Lemma 2.10 Let T € CR(X) be a relation with ER-SVEP such that Ker(T) N T (0) = {0}. Then, for every
closed subset F of C, we have

X7 (F) = X7 (F).

3 Equivalent conditions for extended spectral decomposable linear relations

The remainder of this paper is devoted to the characterisation of the spectral decomposability for closed linear
relations. More precisely, we are going to establish the equivalences (1.3) together with the equivalences (1.4).
It is important to mention that the direct sense of (1.3) (respectively the indirect sense of (1.4)) has already
been studied in [3] (respectively in [4]). Let us recall from [3, Definition 3.1] that a relation 7 € C R.(X) with
the property that p(T') # @ is called extended spectral decomposable if for every open cover {U, V} of the
extended complex plane Co, by an open bounded subset U of C and an open subset V of C, there exist two
T -strongly invariant closed linear subspaces M and N of X with the following properties:

() o(T|sM) =0 (T|sM) C U, 5(T|sN) S V;
(i) T(N) € N and P(N) € N for some bounded linear projection P : X —> X verifying Im(P) = D(T);
(iii)) X =M+ N.

3.1 Proof of the first two equivalent conditions (1.3)

To achieve the equivalences (1.3), we shall start by introducing the extended decomposition property (Es) for
closed linear relations. Note that this property has already been defined in the framework of bounded linear
operators by means of glocal spectral subspaces; see for instance [12, Definition 1.2.28]. In our case, we will
introduce it using the tools of the extended local spectral theory of linear relations, more precisely, by means
of the extended glocal spectral subspaces.

Definition 3.1 A linear relation 7 € C R(X) has the extended decomposition property (Es) if for every open
cover {U, V} of C, where U is an open bounded subset of C and V is an open subset of Co,, we have

X = xr(U) + Xr (V).

Thanks to Lemma 2.6, one can reformulate the above definition using only closed subsets of Co, that
contain the point co or by using only closed subsets of C. This can be translated in the following corollary.

Corollary 3.2 Let T € CR(X). Then, T has the decomposition property () if and only if for every open
cover {U, V} of Coo, where U is an open bounded subset of C and V is an open subset of Cso, we have

X = Xr (U U {oo)) + X7 (V) = Xr(U) + Xr (VN C).

Now, we are close to showing that the property (€s) is a necessary condition for extended spectral decom-
posability. To do this, we will first give a useful result linking the extended local spectral subspace of a relation
T at an arbitrary subset of Co, with the spectrum of its strong restriction 7| X¢ on a strongly invariant linear
subspace X(. More precisely, we are going to extend assertion (e) of [12, Proposition 1.2.16] from the case of
bounded linear operators to that of multi-valued linear ones in order to obtain the following lemma.

Lemma3.3 Let T € CR(X) and let S C C. If X¢ is a T-strongly invariant linear subspace of X such that
o(T|sX0)) € S, then Xo € X1 (S U {o0}).
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Proof Let xo € X and let A € Coo\(S U {00}). Then, A € p(T'|;Xo) and, for U;, := p(T|sXo) and f3 », ==
R(., T|sX0)x0, we have

x0 € (TIsXo — W) frxe()  forall € Uj.
In light of [3, Proposition 2.3], this yields that

%0 € (T = i) frg(p)  forall p € U,

As U, = p(T|sXo) is an open neighborhood ofﬂ):lin Cand fy x, € H(U,, D(T)), we conclude, by [4, Remark
3.1.], that A € pr(x0) C pr(xo). Hence, xo € X7(S U {00}), which implies the desired inclusion. O
Let us recall that we have already proved in [3] that the ER-SVEP as well as the extended Bishop’s property
and the extended Dunford’s property are three necessary conditions for arelation 7 € CR.(X) to be extended

spectral decomposable. In the next theorem, we will prove that even the extended decomposition property is
a necessary condition for 7' to become extended spectral decomposable.

Theorem 3.4 Let T € CR(X) be such that p(T) has an unbounded connected component. If T is an extended
spectral decomposable linear relation, then T has the property (Es).

Proof Suppose that T € CR.(X) is an extended spectral decomposable linear relation, and let Uy be an open
bounded subset of C and U, be an open subset of C, such that Coo = Uy U U,. Then, the extended spectral
decomposability of 7" implies the existence of two T'-strongly invariant linear subspaces X and X of X
verifying the following:

) X=Xo+X1; __ o
(i) o(T]sXo) € Ui S Urando(T|sX1) € U,NC.

Combining this with Lemma 3.3, we obtain that X = X7 (U; U {oo}) + X7(U).

» Oi the other hal}g, we know from [SLT@rem 3~.3] Eat T has the ER-SVEP, so [3, Lemma 3.4] yields that
Xr(Up U{oo}) = X7(Uy U {oo}) and X7 (Us) = X7 (Uz). Thus, we have

X = X7(Uy U {oo)) + X7 (02).
We then conclude from Corollary 3.2 that 7' has the property (Es). O

Remark 3.5 In the framework of bounded linear operators, we only have to add the Dunford’s property or the
Bishop’s property in order to obtain the converse of Theorem 3.4. Yet, this is not that obvious in the general
framework of closed linear relations. For this reason, we opted for a specific type of linear relations, belonging
to the space C R? (X). This will enable us to successfully extend the equivalences (a) < (c) of [12, Theorem
2.5.19] to the case of linear relations (see Theorem 3.10 for more details). Before doing so, we first have to go
through some steps that can be expressed in Lemma 3.6, Lemma 3.7 and Lemma 3.8.

Recall from [3] that a relation T € C R.(X) is said to have extended Dunford’s property, shortly property
(Ec), if X7 (F) is closed for every closed subset F C Co. Throughout the rest of this paper, whenever
T € C REB(X), we denote by Pr the bounded linear projection on X for which Ker(Pr) = T(0) and
Im(Pr) = D(T).

Lemma 3.6 If T € CR®(X), then the following properties hold:

(i) or(x) =op,7(Prx) forall x € X;

(ii) If T has the property (Ec) then T has the ER-SVEP.

Proof We first observe from by Proposition 2.1 that Py T is a bounded linear selection of 7 on D(T').

(i) Let x € X. Then, we have the following equivalences:

Ao € pr(x) < 3 an open neighborhood Vj of 1¢ in C and a function fo € H(Vy, D(T))

such that x € (T — ul) fo(w) forall u € Vy

< 3 an open neighborhood Vj of 4¢ in C and a function fy € H(Vy, D(T))
such that x = Prx + (x — Prx) € (PrT — ul) fo(n) + T(0) forall n € Vy

< 3 an open neighborhood Vj of A in C and a function fo € H (Vp, D(T))
such that Prx = (PrT — ul) fo(w) forall u € Vy

& Ao € ppr7(Prx).

This establishes that o7 (x) = op, 7 (PrX).
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(ii) We first claim that Pz T has the property (C), i.e. X p, 7 is closed for every closed set F' C C. To see this,

let S be a closed subset of C and (x,),env € Xp,7(S) be a sequence for which x, —+> x in X. This
n——+0o0

means, by (i) that
or(x,) = op,7(Prx,) =op,r(x,) €S foralln € IN.

Hence, (x;)new S X7(S). On the other hand, we infer from [2, Remark 5.2] that X7(S) = )’(VT (SU{o0}),
which yields that (x,),e;y S X7(S U {o0}). Since T has the property (£¢) and x,, —+> X, we obtain
n——+0oo

that x € )?T(S U {o0}) = X7(S). Using (i), we then conclude that Prx € Xp,7(S). Furthermore, as
T € CR:(X), (xp)new € D(T) and x,, —> x, the closed graph theorem [8, Theorem I11.4.2] implies

n—+00
that x € D(T). Thus, x = Prx € Xp,7(S), and therefore PrT has the property (C), as claimed.
Consequently, PrT has the SVEP, by [12, Proposition 1.2.19].  Now, to prove that 7" has the ER-SVEP,
consider 19 € C, and let Uy, be an open connected neighborhood of 79 in C and f;,, € P(Uy,, D(T))
be such that
0e(T =\l f(A)  foralli e Uy, NC. 3.1

Then, f"0|u,,ontc € H(U,, NC,D(T)) and, for all A € Uy, N C, we have 0 = (PrT — AI) fy,(1). Since

PrT has the SVEP, it follows that fy, = 0. Moreover, as f;, € P(Uy,, D(T)), we conclude that
o

Jfno = 0, and therefore T has the ER-SVEP. O

The following lemma demonstrates the first sufficient condition of the extended spectral decomposability
quoted in (1.3).

Lemma 3.7 IfT € C REB (X) has the properties (Es) and (Ec), then T is an extended spectral decomposable
linear relation.

Proof We first observe from Proposition 2.1 that p(T) = p(PrT) # #. Now, let {U;, U>} be an open cover
gf Cyo such t@t U, is a bounded subset of C. Then, there exists an other open cover {U, V} of C4, such that
U C Ujand V C U,. Since T has the property (£s), it follows from Corollary 3.2 that

X = Xr(U U {oo)) + X7 (V).

In addition, as 7" has the property (€¢), it then follows from Lemma 3.6 that 7" has the ER-SVEP. Combining
this with Lemma 2.10 and with the fact that Ker (T)NT (0) = {0}, we obtain that X = X7(UU{oco})+ X7 (V).
On the other hand, Corollary 2.9 leads to the following inclusions

&(T);X7(U U{oo))) €U U oo} CU U oo} and &(T|sX7 (V) SV C Us. (3.2)

Next,setY := D(T)ﬂﬁ(ﬁu{w}) and Z := )F(\} (V), and claim that ¥ and Z verify assertions (i), (i) and
(iii) of the definition of the spectral decomposability mentioned in the beginning of Sect.3 with P = Pr. To
do this, we first observe from the property (¢), [4, Proposition 3.3] and [4, Proposition 3.4] that )F(VT (UU{oo})
and )?T(V) are both T -invariant and 7 -strongly invariant linear subspaces of X. This easily implies that ¥
and Z are two T'-strongly invariant linear subspaces with the property that 7(Z) € Z. Furthermore, we have

X=Z+Xr(WU{co) N(TO)+D(T)=Z+TO)+Y =2Z+Y.

In view of (3.2), what remains to be shown are the following statements:

0 P(2) € Z;
D) &(T|sY) =o(T|Y) € Us.

In order to prove assertion (1), we notice that Z = T(0) + ZND(T), so P(Z) € P(T(0))+ P(ZND(T)) =
Z ND(T) C Z. To establish assertion (/1), we first observe, by [3, Proposition 2.3], that

T|;Y(0) S TO)NY CTO)ND(T) = {0}.
On the other hand, we have

T(Y) S T(X7(U U {oo}) € Xr(U U {oo}) N (D(T) + T(0)) C Y + T(0),
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so, by Lemma 2.2, Y is a T-weakly invariant linear subspace. Applying [3, Proposition 2.2], we then obtain that
D(T|;Y) =YND(T) =Y, and hence T|;Y € End(Y). This means, by definition, that 5 (T'|;Y) = o (T|Y).
It remains to be shown that o (T'|;Y) C Uj.

Claim. o (T|,Y) € o(T | X7(U U {o0})).

To do so, let A € p(Tl‘Y)’(VT(ﬁ U {oo})) and consider y € ¥ C )?T(U U {00}). Then, there exists x €
D (T X7(U U{oo})) such that y € (T|;X7(U U{o0}) — Al)x. In view of [3, Proposition 2.3], we obtain
that

y € (TIsX7(U U{oo}) — Al)x C (T — Al)x. (3.3)

Moreover, since JE(U U {oo}) is a T-strongly and weakly invariant linear subspace, it follows from [3,
Proposition 2.2] that D (T|XXT(U U {oo})) =D(T)N X7 (U U{oc}) =Y. This implies, by a combination of
(3.3) and [3, Proposition 2.2], that

y e (T —AxDx = (T|;Y — AD)x + T(0).

Consequently, y — (T'|;Y —AX)x e T(0O)NY < T(0) ND(T) = {0}, which proves that y € Im(T|;Y — AI).
Hence T'|sY — Al is surjective.

On the other hand, T has the ER-SVEP, Ker(T) N T(0) = {0} and Y is a T-strongly invariant linear
subspace, so, by assertion (iii) of [4, Lemma 3.1], we deduce that T'|;Y has the ER-SVEP too. As T'|;Y €
End(Y), we then conclude that T'|;Y — L[ has the ER-SVEP, again from [4, Lemma 3.1]. In addition, we
have

Ker(T|sY — A1) N (T|sY — A1)(0) = Ker(T|Y — AI) N {0} = {0}.

Hence, we obtain from part (i7) of [4, Lemma 3.1] that T'|;Y — X[ is invertible, and therefore A € p(T'|Y),
as claimed. -

A simple combination of the previous claim and (3.2) leads to the inclusion o (T'|sY) € o (T | X7 (U U
{oo})) € Uy, which completes the proof of (/7). O

Now, we are very close to reach the characterisation of the extended spectral decomposability of linear
relations and establish the equivalence (1.3). Before getting into the details, we will start by establishing the
link between the extended Bishop and Dunford properties in Lemma 3.8. For doing so, some terminology is
recalled from [3]. Let U € Co, be anopensetandlet 7 € CR(X). Then, the relation T is defined as follows:

Ty : P(U,D(T)) — H*(U, X)
f — Ty(f) =g € H*(U, X) ¢(u) € (T — pl)f(u) ¥ € UNC}.
If T e CR:(X), thenitis said to have the extended Bishop’s property, shortly the property (£g), if, for every

openset O € Cooandevery (ty)new S P(U, D(T)), (hp)nen S H*(U, X) satisfying b, () € (T —nl) f,(n).
for all A € U N C, following implication holds

hy — 0 inH*(U,X)=1, —> 0 in P(U,D(T)).
n——+00 n—+oo

Lemma 3.8 Let T € CR(X) be a relation such that Ker(T) N T (0) = {0} and Im(Ty) is closed for every
open subset U of Coo. If T has the property (Eg), then T has the property (Ec).

Proof Since T has (Ep), it then follows from [3, Theorem 3.1] that Ty is injective. Thus, T has the ER-SVEP.
Combining this with the fact that Ker(7T) N T(0) = {0} and Lemma 2.10, we deduce that )?}(F) = )?}(F)
for every closed set F' € Co,. As a consequence, one may proceed exactly as in the proof of [3, Theorem 3.3]
and use the fact that /m(Ty) is closed to complete the argument. O

A simple combination of Lemma 3.8 and assertion (ii) of [3, Theorem 3.1] leads to the following result.

Corollary 3.9 [f € CR®(X) has the property (Ep), then T has the property (Ec).
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We are finally in a position to present the main theorem of this section and solve (1.3). This is actually a gen-
eralization of the equivalences (a) < (¢) < (d) of [12, Theorem 2.5.19] that described the decomposability
of bounded linear operators.

Theorem 3.10 For every relation T € CR®(X), the following statements are equivalent:

(1) T is extended spectral decomposable;
(ii) T has the properties (£g) and (Es);
(iii) T has the properties (Ec) and (Es).

Proof In light of Proposition 2.1, we deduce that Py T is a continuous linear selection of T verifying PrT €
End(D(T)) and p(T) = p(PrT), which implies that p(7) contains an unbounded connected component.
Hence, the implication (i) = (ii) is immediate from [3, Theorem 3.2] and Theorem 3.4. The implication
(i1) = (iii) is clear from Lemma 3.8 and the remaining implication (iii) = (i) follows directly from Lemma
3.7. O

The following example illustrates how, although a linear relation has both the extended Bishop and Dunford
properties, it lacks the extended spectral decomposability property through the lack of (&s).

Example 3.11 Let X = [2(Z), S, be the unilateral right shift operator on / 2(IN),and let T € LR(X) given by
G(T) = G(S;) + ({0} x P(N)™).

Then, T has the properties (£g) and (£c). Moreover, T is not extended spectral decomposable and does not
have (&s).

Indeed, we first observe that /2(IN) is a closed subspace of [2(Z) since I2(IN) = {(x,)neN C (2(Z); X, =
0 for all n < 0}. Moreover, from the construction of T one has D(T) = D(S,) = 12(IN) = T(0)%, and since
S, € End(I*(IN)), it follows that T is closed. Hence, T € CR?(X). Now, to establish the property (£4), let
U C Coo be an open set, (f)pew S P(U, D(T)), and (gy)neny S HF(U, X) be such that g, n_)—+>oo 0 in

HYU, X) and
gn(w) € (T — ) fu(u) forallp e UNC. (34

Then, g, |~ 0in HUNC, D(T)) and Prguy, o (W) = Pr(T =1l fpy o (W) = (S = D) fayc (W)

foralln € INand u € U NC. On the other hand, S, is an isometry, so it has the Bishop’s property in the sense
of [12, Definition 1.2.5] by [12, Proposition 1.6.7], and therefore f"lumc — 0in H(U NC, D(T)). Since

n——+oo

f € P(U,D(T)), we then conclude that f;, —+> 0in P(U,D(T)) and hence T has the property (£g). A
n—+00

direct application of Corollary 3.9 yields that T has the property (Ec).
Next, suppose on the contrary that 7 has (E5). Then, for all open cover {U, V} of C,, one has

C

X =X () + X (V) = Xr(U) + X7 (V).
Combining this with item (i) of Lemma 3.6, we conclude by Corollary 3.2 that
I2(N) = PrX = X5, (U) + X5, (VN C) (3.5)

for all open cover {U, V} of Co. But S, has the Bishop’s property as mentioned above, so [12, Propositions
1.2.19], [12, Proposition 3.3.2] together with (3.5) implies that

P(N) = X5, (U) + X5, (VN C)

all open cover {U, V} of C. As a consequence, S, has the decomposition property in the sense of [12,
Definition 1.2.28]. Using again [12, Proposition 1.6.7], one concludes that S, is invertible, contradiction.
Finally, the fact that S, is an isometry together with Proposition 2.1 shows that

p(T) = p(S;) = Q\Bc(0, 1),

which means that p(7) has an unbounded connected component. Applying Theorem 3.4, we then conclude
that T is not an extended spectral decomposable linear relation.
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3.2 The proof of the third equivalent condition (1.4)

As we have already done in the previous section, we will devote this part to giving a different characterization
of the extended spectral decomposability, using this time coinduced linear operators. To better see things, we
are going to seek the best way to extend the equivalence (a) < (b) described in [12, Theorem 1.2.23] from the
case of bounded linear operators to that of multi-valued linear ones in order to reach the equivalences (1.4). It
is worth recalling that the opposite implication of (1.4) was the purpose of [4], so all we have to do is to prove
the other implication.

Lemma 3.12 [f T € CR®(X) is extended spectral decomposable then E(T/)’(;(F)) C o (T\F for every
closed subset F of Cwo.

Proof We first observe from Theorem 3.10 that 7' has the property (€c), so, by [4, Lemma 4.1], T/ )F(VT (F) €
End(X/Xr(F)). This ensures that o(T/X7(F)) = o(T/Xr(F)). Hence, we only need to prove that
E(T/)?}(F)) C o (T)\F NC. Todo this, let & € (Coo\o (T)\F) N C and choose an open cover Coo = {U, Voo}
where U is an open bounded subset of C and V4, is an open subset of Cy, such that A € Cyo\V and
G(T)\F C Coo\U. From the extended spectral decomposability of T, we obtain T-strongly invariant linear
subspaces X¢ and X », for which

X =Xo+ Xoo, 6(T|sX0) =0(T|sX0) CU and (T |sX0) S Vio-
It then follows from [6, Remark 2.7] that o (T |sXo) < U No(T) € F, so, by Lemma 2.3, we obtain
XoC X T(F ). Moreover, Lemma 3.3 ensures that X| C X T(Voo) and therefore

X/XT(F) = Q}?}(F)(XO + X)) = Q}?;-(F)XT(VOO)- (3.6)

On the other hand, we have € Coco\Woo = (Coo\Vao) N C. We then obtain from [4, Proposition 3.4]that
(T — A1) X71(Vso) = X1(Vso). This entails, by (3.6) that

X/X7(F) = Qg (T = A X7 (Vo) = (T/X7(F) = M) Qg (1, X1 (Voo)
= (T/X7(F) = A)(X/X7(F)).

Hence, (T/XT(F) — AI) is surjective. In view of [4, Lemma 3.1], it suffices to prove that (T/XT(F) M)
has the ER-SVEP, since (T /X7 (F) — A1)(0) N Ker(T/XT(F) AI) = {0}. To do this, we first observe from
Proposition 2.1 that p(T') = p(PrT), so p(T) has an unbounded connected component. Since 7 is extended
spectral decomposable, it then follows from [3, Tneorem3.3] that 7' has the ER-SVEP. Moreover, as T has the
property (€c), we infer from Corollary 2.9 that 7/ X7 (F) has the ER-SVEP. Assertion (i) of [4, Lemma 3.1]
then yields that (T /X7 (F) — Al) has the ER-SVEP, as desired. Consequently, A € p(T /X1 (F)). O

We end this section by stating the third equivalent condition for the extended spectral decomposability of
a closed linear relation in the following theorem.

Theorem 3.13 Let T € CR®(X). Then, the following assertions are equivalent:

() T has the property (Ec) and 5(T /X7 (F)) € G(T\F for all closed subsets F of Coo;
(1) T is an extended decomposable linear relation.

Proof One may conclude the proof by combining [4, Theorem 4.1] with Lemma 3.6 and Lemma 3.12. O

Remark 3.14 For the relation 1 € 12(Z) described in Example 3.11, Theorem 3.13 shows that there exists a
set Fy in Co for which 5 (T /X7 (Fp)) € o(T)\Fo.
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Abstract

An unbounded product T = AB of two nonnegative selfadjoint operators A and B,
where p(T) # ¥ and A is bounded, is proved to have the single valued extension
property (SVEP) and, more significantly, to be a C-generalized scalar operator. This
property plays a central role as, it not only implies the Dunford’s property for the
product AB, but it also allows any operator T that is quasi-affine to a nonnegative
selfadjoint operator § to satisfy o (T) = o (S). These results have required a deeper
study of the spectral connection between operators S having SVEP and Dunford
properties and operators 7' that are quasi-affine to S.

Keywords Selfadjoint operator - Nonnegative operator - Quasi-affinity -
Quasi-similarity - Single valued extension property - Dunford’s property

Mathematics Subject Classification 47B65 - 47B25 - 47A05 - 47A11

1 Introduction
The study of operator products of nonnegative selfadjoint operators on a complex

Hilbert space §) has always been a source of motivation for many mathematicians [9,
15]. In particular, the class

O+2(5§):{T:AB; A:A*anndB:B*zO} (1.1)
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has been considered by P.Y.Wu [32], in 1988, in the finite-dimensional setting where
the following equivalence holds for a matrix M :

M € O*2($)) < M is similar to a positive matrix. (1.2)

In 2020, M. Contino, M. A. Dritschel, A. Maestripieri, and S. Marcantognini [8]
considered this problem for infinite-dimensional spaces, notably, when the elements
A, B of (1.1) belong to the class BT (§)) of bounded nonnegative operators on §J.
Based on the following observation

T is similarto S € BT () < o(T) C R* and T is a scalar operator, (1.3)

they proved that, although o(T) € R* for any T e O1?(§)), similarity to a
bounded nonnegative operator is no longer sufficient to cover the class O12(§), as
in (1.2). Even weaker conditions than similarity such as quasi-affinity to nonnegative
operators are also shown to be insufficient to characterize that class. However, one has
the following implication:

T € O?(§H) and T is quasi-affine to S € BT () = o(T) = o (S), (1.4)

which shows that quasi-affinity behaves like similarity in O+2 (). Motivated by (1.3),
instead of scalar operators, a larger class would be considered and shown to include the
class O12($)), which is the class of generalized scalar operators. These operators play
a crucial role, specially in the unbounded case, since they will give rise to different
spectral properties of O72(§)), already proved in [8].

On the other hand, the latter class was characterized via Sebestyén theorem [23] as
follows:

T e OF? ($) & T*T < XT has a bounded nonnegative solution X (1.5)
< T has an optimal pair, (1.6)

where a pair (A, B) € BT($) x BT () is called optimal for T = AB, if
kerT = ker B andran T = ran A. (1.7)

In the present paper, the above results will be extended to the general setting of
closed unbounded operators. In particular, the emphasis will be on the following
subclass of closed operators of O072(H)

L2(®) = {T — AB: A e B*(f)and B = B* > 0}, (1.8)

where B is in general a closed unbounded operator on $). Note that this class has
already been introduced in [3] and characterized through an inequality similar to (1.5).
However, unlike (1.6), a further condition is needed to characterize the optimality as
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shown in the equivalence below:

T € L‘jpz(.ﬁ) & T*T < T*Y has asolution Y = Y* > 0 such that
dom 7T C dom Y C dom (T*Y)% and ker T =kerY.

Here £0+pz ($) is the class of operators in £l+2 ($) with optimal pairs, which will be
considered in detail in Section 2.1. These operators are in fact needed to conclude
properties shared by normal operators, such as having finite ascent and possessing the
following description of the analytic spectral subspace of T € L;;z ®H)atany L € C:

ker(T* — AI) = H7+({A)).

This will be seen in Section 3.1, where an operator T € L;rz(.ﬁ) with p(T) #£ @
is shown to satisfy o (T) € R, and this gives rise to the first local spectral property:
the single valued extension property (SVEP). More significantly, such an operator
is proved to be a C-generalized scalar operator, exactly as in the bounded case. The
latter property is the core of Section 3.2 and constitutes a useful key for the study of
further local spectral properties of 7 namely property (k) which is, by definition, a
combination of the SVEP and Dunford properties; cf [25]. This property appears to be
very important in the last part of this paper, which will be devoted to the quasi-affinity
to nonnegative selfadjoint operators.

Recall from [21, 22] that a linear operator 77 is said to be G-quasi-affine, shortly
quasi-affine, to some linear operator 7> if there exists a quasi-affinity G € B($)) such
that GT1 C T>G. Here B($))denotes the class of bounded operators from $) to $ and
a quasi-affinity is a bounded injective operator with dense range. In Section 3.3, the
implication in (1.4) is improved and generalized not only for unbounded operators but
also for operators that are not necessarily in £l+2 (9). For this, one first establishes that
once a closed operator 7T is quasi-affine to an operator S with property (k) then

o(S) S o(T);

see Lemma 3.16. Note that this result is a generalization of [8, Lemma 3.7], where a
stronger condition than property (k) condition was considered for S, i.e. S € B1(8).
This is a useful tool to finally conclude that any operator 7" such that 7" and 7* have
property (k) satisfies the following implication

T is quasi-affineto S = $* > 0 = o(T) = o (S) € RT;

see Corollary 3.17. In this case, the Hilbert space §) can even be described via the local
analytic spectral subspace of both § and 7* as follows:

H=Hs(0(T)) = Hr+(0(S%)). (1.9)

Note that in the general case where T is quasi-affine to a closed operator 7>, only the
first equality in (1.9) is proved to hold for § = 73; see Lemma 3.16.
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2 Preliminaries

In this section T € LO (%, K) stands for a linear operator from §) to a complex
Hilbert space & with domain dom 7" and range ran 7. If ) = K then LO($H, R) =
LO($). In addition, one writes T € CO($H, R) if T isclosed and T € CO($) if
K = 9. In this case, the resolvent set p(T) of T is the set of all © € C for which
R(u, T):=(T — ul)~" € B($). The set o (T) = C \ p(T) is called the spectrum of
T. The surjective spectrum of T € CO($)) is 04, (T):=C \ psur(T), where pg,,(T)
is the set of all ;& € C for which ran (T — ul) = 9.

An operator T € LO($) is said to be symmetric if (Tx,y) = (x, Ty) for all
x,yedomT.If (Tx,x) > Oforallx € dom T,then T is nonnegative. Itis selfadjoint
when dom T = §) and T* = T. Note that if T is nonnegative and selfadjoint, then it

admits a unique nonnegative selfadjoint square root which will be denoted by T> ; cf.
[24,31].If0 < T = T* € B($)) then one writes T € B1(§).

Similar to the bounded case, the class £l+2 ($) has been treated and characterized
in [3, Theorem 2.12] through Sebestyén inequality involving unbounded operators as
follows.

Theorem 2.1 Let T be a closed densely defined operator. Then, T € £l+2 (H) if and
only if T*T < T*Y = YT admits a solution Y = Y* > 0 such that domT C

dom Y C dom (T*Y)7.

The following result appears in [3, Proposition 2.5] and shows that, exactly as in the
finite-dimensional case, any element 7' € £l+2 ($) has positive spectrum.It is revisited
here for its relevance and applicability.

Corollary2.2 If T € £l+2 (9) then there exists a nonnegative selfadjoint operator S
such that T is pre-similar to S, i.e., TG = GS for some G € B($)). Moreover, if
o(T) #@, then

o(T) C R™.

Lemma2.3 ([3],Lemma2.1)LetA € BT (R)and B € CO($, R), andleta € [0, 1].
If AB** is closed (closable), then A* B** is closed (closable) and

(B*AY)* = A% B**, 2.1)
Analogously, ifker A = {0} and B** A~ is closed, then B**A™% is closed and
(AT“B*)* = B*™*A™“. (2.2)
2.1 Optimal pair

Recall that in the bounded case, an operator T € EIH ($) canbe factorizedas T = AB,
where A, B € BT($)), ker B =ker T andtan T = tan A. Such apair (A, B) is called
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optimal; see [8]. In the case of bounded operators, T and 7™ play a symmetric role
since A and B both are bounded. Hence one can conclude the following equivalences:

T has an optimal pair < T*T < T X admits a solution X € B+(5’J)
& T e L5 (2.3)

see [8, Theorem 4.5]. The objective of this section is to develop suitable approaches
for extending the equivalence (2.3) for unbounded operators; see Theorem 2.8.

Definition2.4 If T = AB ¢ L;Lz(ﬁ), then the pair (A, B) is called optimal if
ranT =ran A and ker T = ker B. (2.4)

The subclass of operators T = AB € £l+2 () consisting of optimal pairs (A, B),
where A € BT ($)) and B = B* > 0, is denoted by Ej,}(ﬁ).

Example 2.5 Let

T : >(N*) — [2(N%)
x = (x1,x2,...) = (0,2x2,0,4x4,...,20x2,,...).

Then, for A(x,):=(0, x2,0, x4, ..., x2,,...) and B(x,) := (nx,),eN*, One observes
that T = AB € ﬁ;“z(lz(N*)) although (A, B) is not an optimal pair for T, since
ker7 ¢ ker B = {0}. However, T = AT and T itself is also nonnegative and
selfadjoint, so (A, T) can be chosen to be an optimal pair for T. Here, o (T) =
0(AB) =0 (BA) =2N C R™.

The first step towards the construction of an optimal pair in (2.4) relies on the
following theorem, where Sebestyén’s inequality is characterized in the framework
of unbounded operators. Note that the proof is already established in [3, Proposition
2.10] under the additional condition dom 7 = dom (T*B)% . Here, the latter condition
is omitted and one still get the same result. For a completeness, the proof of (i) = (ii)
is given.

Theorem 2.6 Let T, B : $ — R be closed densely defined linear operators such that
T*B = B*T is selfadjoint. Then the following assertions are equivalent for some
0<A(=1XID:

(i) T*T < AT*B and dom B C dom (T*B)?;
(i) XB C T has a solution X € BT (R).

In this case B*XB = T*B = B*T
and, moreover, X can be chosen such that ker T* = ker X with | X| < A.

Proof Assume that (i) holds and rewrite the operator inequality in terms of forms as
follows:

(TF,Tf) < M(T*B)2 f,(T*B)> f) forall f € dom (T*B)>.  (2.5)
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On the other hand, since
dom T*B C dom B € dom (T*B)% CdomT, (2.6)
(2.5) implies that

(Tf, Tf) < MT*Bf, f) =ABf,Tf) forall. (2.7)

Hence the form (T*Bf, g), f,g € dom T*B, is a restriction of the closable form
(Bf,Tg), f,g € dom B; see [2, Theorem 2.2]. In fact, (2.6) shows that dom B is
a core for the closed form on the righthand side on (2.5) as well as for the closure

(H%f, H%g), f,g € domH% of the form (Bf,Tg), f, g € dom B, so that these
two closed forms coincide and, in particular, 7*B = H. The statement (ii) is now
clear from [2, Theorem 2.1]. O

A consequence of Theorem 2.6 yields immediately the first condition in (2.4). The
next proposition treats this even in a more general case, where 7 = AB ¢ £l+2 ).

Proposition2.7 Let T = AB be such that A € BT () and B € CO($). Then,
T*B = B*T is a nonnegative selfadjoint operator such that

dom (T*B)? = dom T = dom B. (2.8)

Moreover, there exists Ag € BT ($)) such that T = AgB and tan Ag = tan T. For this
pair, ran Ag N ker B* = {0}.

Proof Let T = AB, where A € BT($)) and B € CO($). Since AB = T is closed
1
and A € BT (9), it follows from Lemma 2.3 that A2 B is closed, and hence T*B =
1 1
B*AB = B*T = (A2 B)*(A2 B) is a nonnegative selfadjoint operator such that

dom (T*B)% — dom A2 B = dom B = dom T,
which completes the proof of (2.8). Now clearly
T*T = (AB)*(AB) < |A||B*AB = ||A||T*B.

Together with Theorem 2.6 this leads to the existence of Ag € BT ($)) with the
property that T = Ao B and ker T* = ker Ag. Thus,

fan T = (ker T*)* = (ker Ag)™ = 1an Ao.
Now, let x € ran Ag N ker B*. Then, there exists y € § such that x = Agpy and

0 = B*x = B*Agy = T*y. Thus, y € kerT* = kerAp and x = Agy = 0.
Consequently, ran Ag N ker B* = {0}. O
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For the next step related to the second condition in (2.4), it is important to note that
Theorem 2.1 yields the following implication

T € E;;z(ﬁ) = T*T < T*Y = YT has asolution Y = Y* > 0 such that

dom7T € domY C dom (T*Y)%.

Contrary to the bounded case, the reversed implication is not true in the unbounded
case. This is illustrated in the following theorem where the class Ej}f ($) is character-
ized.

Theorem 2.8 Let T € C O (%)) be adensely defined linear operator. Then, the following
statements are equivalent:

(i) T € LI2(H):
(ii) T*T < T*Y has a solution Y = Y* > 0 such that domT C domY C
dom (T*Y)% andkerT =ker?.

Proof The implication (i) = (ii) follows from Theorem 2.1. Now, assume (ii). Then,
using Theorem 2.6, one constructs X € B1($) such that T = XY andan7 =
ran X. Since ker Y = ker T, one concludes that (X, Y) is an optimal pair for 7" and
T € LI2(9). O

A different approach to construct optimal pairs is treated in the next proposition.
It addresses the general setting in which a closed product of closed operators Ag By
where Ag € B($) gives rise to a new product A B which satisfies the second condition
of optimality stated in (2.4).

Proposition 2.9 Let T = AB be a closed densely defined linear operator on §) such
that A € B($) and B € CO($)). Then, there exist Ay € B($)) and B| = B1* > 0
such that

T =A1By and kerT = ker B;.

In this case dom By = dom B. In particular, if A € El+2 ($) and ker By = ker T then
B1 = Band Ay = A. In this case, T € E;;,z(ﬁ).

Proof Set Lo:=ker T € dom 7' = dom B. Then the closed subspace Ly decomposes
domB = domB N Lo~ & Lo, where & stands for the orthogonal sum of the
involved linear subspaces. Define B:=B i LOL. Then, dom B =dom BN LoL and
B = (§; B | Lg). Moreover, B and B | Lo are closed and since Lg is closed,
B | Lo is bounded by the closed graph theorem. Now, let B :=(§ ;0 [ Lo). Then,
dom B = dom B & Ly = dom B and the following equalities hold:

)T = AB and ii) ker B = ker T.

Toseei), one observes that R R R
T = AB;B | Lyp) = (AB;AB | Lyp) = (AB;T | kerT) = (AB;0) =

~

A(B:0 | Lg) = AB.
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For the proof of ii), one concludes from i) that ker B CkerT,

and other inclusion follows immediately from the construction of B.

On the other hand, B is closed and dom B = dom B = $). Hence, there exists a
partial isometry U : ) — ra_ng, where U | ker B =0and U : ker EL — ran B is
an isometry, such that B=U IE |, which corresponds to the polar decomposition of
B; cf.[16]. Asaresult, T = A B with

Ay = AU € B(f5) and B; = |B| > 0.

Furthermore, ker B; = ker B =kerT. O

Corollary 2.10 Let T = A1 By € CO($)), where A| € B($)) and By = By*™ > 0 with
ker T = ker Bg. Then, T € L',j'pz (9) if and only if

dom T C dom By € dom (T*Bo)? and T*T < ).T*Bo for some A > 0,

in which case T = AyBy for some Ay € BT ($) and one can assume that Tan Ay =
ranT.
In this case, ker Ag Nran By = ker By Nran Ag = {0}, and hence

kerT NranT =ker T* Nran T* = {0}. (2.9)

3 Local Spectral Theory in LZ;"z(ﬁ) and Quasi-AffinitytoS = S* > 0

In the framework of bounded operators, it is shown in [8, Proposition 7.2] that if
T € L;rz(ﬁ) is quasi-affine to a bounded nonnegative operator, then their spectra
coincide. The objective of this section is to extend such a result not only to the general
case of unbounded operators 7 but also for 7 ¢ ,Cl+2 ($). This will be treated in
Section 3.3 which requires the study of some local spectral properties for T’ € E;Lz 9),
carried out in Section 3.1. A key idea in this approach is to deal with the class of
unbounded generalized scalar operators which will be proved to lie in £l+2 ($) and
provide an important connection to local spectral theory; see Sect. 3.2.

3.1 Local Spectral Theory in LZ;"Z )

The single valued extension property (SVEP) will be the first local spectral property
established for 7' € £l+2 (9). This property was first introduced by J.Finch [13] in
the case of bounded operators and, in the present unbounded setting, the definition is
recalled from [1].

Definition 3.1 An operator T € CO($)) is said to have the single valued extension
property (abbreviated SVEP) at «¢ € C if, for every neighborhood Uy, of «, the only
analytic fy, : Uy, — dom T', which satisfies

0=(T —ul)foo,(n) forall u € Uy,
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is the function fy, = 0. The operator T is said to have the SVEP if it has the SVEP
atevery ag € C.

Proposition3.2 Ler T € ,C;rz(ﬁ) be such that p(T) # @. Then T and T* have the
SVEP.

Proof Let T € EIH ($) be such that p(T) # # and, suppose to the contrary that T
does not have the SVEP. Then there exist Ao € C, an open neighborhood Uy of ¢ in
C and a nonzero analytic function f : Uy — dom T such that

(T —ul)f(u) =0  forall u e Up. 3.1)

Hence there exists (1 € Up and an open set U; € Uy such that f(u1) # 0 and (3.1)
holds for all u € Uy. This implies that 11 € o, (T). Without loss of generality, one
may assume that Uy C 0,(T'), which shows that 1 € int(0,(T)), whereint(o p(T))
denotes the interior of o p(T).

On the other hand, by Corollary 2.2 o(T) € R™ and thus int(op(T)) = 0,
contradiction. A similar argument show that T* has the SVEP, since o (T*) C RT. O

The upcoming results are devoted to outline the main substeps required to prove
the second local spectral property of an operator in L‘l+2 ($), which concerns the local
spectral subspaces defined below; cf. [1, 11].

Definition 3.3 Let 7 € CO(9).

(i) The local resolvent set of T at a point x € §) is the set pr(x) of all Ay €
C for which there exist an open neighborhood U;,, of Ap in C and fy 3, €
$H(Uy,,dom T), i.e., an analytic function f j, : Uy, — dom T which satisfies

x = (T — ) fapo(n) forall u € Uy,.

The set C \ pr(x) is called the local spectrum of T at the point x and denoted
by o7 (x).
(i) The analytic spectral subspace of T at a subset F of C is given by

Hr(F)={xeH; or(x) C F}.

If H7(F) is closed for all closed F C C, then T has the Dunford’s property,
shortly property (C).

(iii) H7 (F) stands for the glocal spectral subspace of T at a closed set FF C C and
it is defined as the set of all x € $) for which there exists an analytic function
£ :C\ — dom T such that

x = (T —ul)l(u) forallu € C\F.

It is easily seen that Hr (F) € $H7(F) for all closed sets FF € C. Moreover, the
converse inclusion holds when 7 has the SVEP.
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Definition 3.4 ([25], Definition 2.2) The operator T is said to have property (k) if it
has both SVEP and (C).

Recall from [19] that the quasi-nilpotent part of an operator 7 € C O ($)) is defined
by:
. 1
90(T):={x € dom*T ; lim ||T"x|» =0},
n—oo

+00
where dom T = ﬂn_l dom T". In particular, ker T" C $o(T) for all n > 0.
The following lemma is a collection of some properties related to SVEP and local
spectrum and will be a quite useful key for the remaining parts. Item (i) and (ii) are
already studied in the general case of linear relations respectively in [20, Proposition
3.1] and [4] and, the proof of item (iv) follows immediately from [1, Corollary 4.9].

Lemma3.5 Let T € CO($). Then, the following properties hold:

() or—n1(x) S {0} if and only if o1 (x) < {Ao} for every Ao € C.

(1) If T has the SVEP, then T — Aol has the SVEP for every Ay € C.
(iii) If T has the SVEP, then 7 ({A}) = $Ho(T — A1) for every A € C.
(iv) If T — M has a finite ascent for every A € C, then T has the SVEP.
(v) If T is normal, in particular selfadjoint, then T has the SVEP.

Proof To see (iii), assume that T has the SVEP and let A € C. Then T — Al

has the SVEP, by (ii) and [19, Proposition 1.3] ensures that Ho(T — AI) = {x €

dom *°T; lim |(T — )»I)"xlli =0} ={x € H; or_y1(x) < {0}}. A direct appli-
n—oo

cation of (i) yields
Ho(T — Al) = {x € H; or(x) C {A}} = Hr({A)).

For the proof of (v), assume that 7 is normal. Then 7 — A is normal for all A € C,
and hence it has finite ascent by [14, Theorem 2.1]. One then concludes the result
using item (iv). O

Lemma3.6 Let T € CO($). Then the following statements hold:

G) Ifxen FSCand (T —A)x € H7(F) for some ) € F, then x € H7(F).
(i1) ker(T — XI) € H7({1}) forall » € C.

Proof The statement in (i) is proved by the same arguments as in the proof of [17,
Proposition 1.2.16] in the context of bounded operators. To see (ii), let x € ker(T —
Al). Then (T — Al)x = 0 € $H7({A}) and a direct application of item (i) yields that
x € Hr{A). O

A particular case, where the reverse inclusion in item (ii) of Lemma 3.6 holds, is
the case of bounded normal operators; see [8, Lemma 5.1]. In order to extend such a
result to the unbounded setting, some notions of local spectral theory in the extended
complex plane C, are required. For more details see [11, 29, 30] for the unbounded
setting of operators and [5] for the multivalued one.

Definition 3.7 Let T € CO($)). Then,
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(i) The extended local resolvent set of T at a point x € §) is the set pr(x) of all
A € Cq for which there exist an open neighborhood Wy, € Cq, of A and analytic
function f ; : Woeo — dom T such that

(T — ) fea(n) =x forallp e Woo NC.

The extended local spectrum of T is 67 (x):=Cqo\ pr(X). _

(ii) The extended local spectral subspace of T at a set F C Cy is H7(F):={x €
$; or(x) C Fl.

(iii) The extended glocal spectral subspace of T at a closed set F' C Co is the set
Hr (F) of all x € $ for which there exists an analytic function f : Coo\F —
dom T such that f(oco0) = 0 and

x=(T—-pul)f(u) forallu e (Cx \ F)NC.

Lemma3.8 Let T € CO($) be an operator with p(T) # @ and let U be an open
neighborhood of & (T). Then, for o € p(T), the function

fo:U— C
1

—u

Z =

is non-constant in any connected component of U, belongs to Ar [11, 30] and admits
the following analytic functional calculus

1
Ja(T) =fo(00) + i / Ja(2)R(z, T)dz = R(a, T). (3.2)
124 Y

Here, y is a rectifiable curve surrounding o (T) in C and Ar is the class of complex
analytic functions on a neighborhood of o (T).

Corollary3.9 If T € CO($) is a normal operator then
Hr(\) =ker(T —Al) forall A € C. (3.3)
Proof The direct inclusion in (3.3) is immediate from Lemma 3.6. For the converse,

fix @ € p(T) and observe from [8, Lemma 5.1] that

1 1
g)R(avT) <{m}) Ndom 7T = ker(R(O!, T) — ml) Ndom T

= ker(T — A1) (3.4)
for all . € o(T). On the other hand, [30, Theorem 2.1] yields that

Ja (o7 (X)) = 0, (1) (%), (3.5)
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which implies that ]
AR (Zgh Ndom T = {x € H; ore,)(X) S {m}}

— 1
=1x€9; falor(x)) C {m}}

N

1
. - —1 -
x €N G C S, ({k_a}}
Clxeh: orx) S {A}U{oo}}
= Hr ({1} U {oo}).
On the other hand, one obtains from a combination of [6, Lemma 2.6] and [6, Lemma

2.10] that B
Hr({rU{oo}) = Hr (A},

and therefore ﬁR(a,T)({ﬁ}) Ndom T C H7({A}), as desired. O

The second local spectral property of T € Efz ($) is described in the following
result, which also shows properties similar to normal operators.

Proposition3.10 Let T = AB € £;;,2(5§) be an operator such that p(T) # @. Then,
forall » € C, one has
ker(T* — A1) = Hr=({1)). (3.6)

In this case,
(\fan(T —zI)? =tan (T —zI) forallz € C. (3.7)
peN

Proof The inclusionker(7*—AI) € $H7+({A}) holds by Lemma 3.6. To see the reverse
inclusion, fix x € $7+({A}), and observe from Proposition 3.2 that 7* has the SVEP.
Then, item (iii) of Lemma 3.5 ensures that

Hr-(IA) = Ho(T* = A1) = {y € dom ®T*; lim |(T* — 21)"y||# = 0}.
n—oo
This implies that x € dom *°7T* and

. 1
lim ||(T* — AD)"x||» = 0. (3.8)
n—oo
Next, fix
1 1
C = A2BA2.Then, C = C* > 0, by [3, Proposition 2.5]. Furthermore,
(C— A)A> = (ATBA? —AI)A? = (A2BA — AA7) = A2 (BA — Al)
— AX(T* — Al).
By induction, one concludes that (C — )J)”A% — A2 (T* — A" forall n > 0. As
x € dom *°T*, it follows that x € dom A%(T* — A" and

I(C =AD" AZx|[n = |AZ(T* — AI)"x|| < [|AZ | % ||(T* — A1)"x|/#
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for all n > 0. Using (3.8), one obtains

1(C =AD" AT x|[n | —>_ 0. and hence A3x € $)(C — AT). Combining this with
the fact that C = C™* and with assertions (v) and (iii) of Lemma 3.5, one concludes
that A%x € Hc({A}). But Hc({A}) = ker(C — A1), in view of Lemma 3.9, so

0= (C—ArlATx = A2(T* — Al)x.

One then distinguishes the following two cases:
Case 1 : x € ker(T* — AI). This completes the proof of the desired inclusion.

Case2 : (T*—AIl)x € ker A% .Inthis case, x € ker A = ker T*, by Proposition 2.7.
Consequently,

0=T*T*—A)x = (T* — A + AI)(T* — A)x = (T* — AI)?x + M(T* — AD)x,
which shows that (T*—AI1)2x = —A(T*—A1)x. Proceeding by induction, one obtains
(T* = AD)"x = (=)' "W (T* = xD)x foralln > 0.
Using (3.8), one then concludes that
. 1 . n—1 1
lim |(T* —AD"x||» = lim |A| = |(T* —ADx]|» = 0.
n—oo n—oo

Again, two cases appear:
Case 2.1: Tf |(T* — AD)x|| # 0, then lim [A|"% |[(T* — ADx||s —> [|A], s0
n—oo n—400
A = 0. Thus,

T*x = (T* — X)x €ran (T*) Nker T* = {0},

in view of Corollary 2.10. As a consequence, x € ker T* = ker(T* — 1I).
Case 2.2 : If ||(T* — ADx|| =0, then x € ker(T* — 1I).

Hence, the proof of (3.6) is completed.
To see (3.7), let t € C. Then, a combination of Proposition 3.2 with item (iii) of
Lemma 3.5 implies that 7* has the SVEP and

S7+(7) = [x € dom ®T*; Tim |[(T* = 71)"x || = 0} = H0(T* — 1),

This shows, by (3.6) that ker(T* —71)? C ker(T* —t1I) for all p € N. Hence for all
p € None has ker(T* — t1)? = ker(T* — tI) or, equivalently,

ran (T —t1)? =tan (T —t1).
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It will be shown that the Dunford’s property is also a necessary condition for an
operator to belong to the class /Ll+2 ($). This will be achieved throughout the study of
generalized scalar operators in the next subsection, which forms the core of this paper.

3.2 Unbounded Generalized Scalar Operators

Throughout this part, we refer to [27] and denote by £(€2) the set of all complex-valued
functions f defined on Co,:=C U {oo} that satisfy:

(1) fis C*® on Cy;
(ii) f is analytic on a neighbourhood of C, \ 2.

In particular, $H(p(T)) is the set of all C* functions on C,, which are analytic in
a neighbourhood of o (7). Note that there exists a continuous homomorphism from
H(p(T)) to B($H) defined by Dunford and Schwartz [10] and which will be denoted
by Dr.

Definition 3.11 Let T € CO($) be a densely defined linear operator and let 2 be
an open subset of Co, such that p(7) < . Then, a continuous homomorphism
® : H(Q) — B(®) for which ® g,(r)) = Pr is called an Q@ — C* operational
calculus. Moreover, T is said to be

(i) an Q-generalized scalar operator, if T has an Q2 — C° operational calculus;
(ii) a generalized scalar operator, if it is a C-generalized scalar operator.

The following Lemma is a particular case of [27, Theorem 12].

Lemma3.12 Let T € CO($9) be a densely defined operator such that o (T) C R.
Then, T is C-generalized scalar if and only if, for every no € R one has

[R(w, T)|| = Od(u, R)™), p— poand u e C\R

for some n > 0. Here, d(jt, R) denotes the distance from p to R.

A general result of Lemma 2.3 for @ = 1 is worth mentioning separately and it will
be a useful tool for the proof of Theorem 3.14. A proof is given for completeness.

Lemma3.13 Let B € LO($) and S € B($)). If SS*B is closed, then S*B is closed.
Moreover, if domB = $) then (B*S)* = S*B.

Proof Let (x,,, yn)nen € G(S*B) be such that (x,, y,) —+> (x,y) in $. Then,
n—-—+0oo

y € ran $* and (x,, SS*Bx,) —+> (x, Sy), since S is bounded. As SS*B is closed,
n—+0o0

it then follows that (x, Sy) € G(SS*B), and therefore S(S*Bx — y) = 0. Thus,
(S*Bx —y) € ker SNran $* = {0}. Consequently, y = S* Bx, which shows that S* B
is closed. O

Theorem3.14 Let T = AB € L’;rz(ﬁ) be a linear operator such that p(T) # (.
Then T is a C-generalized scalar linear operator.
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Proof Without loss of generality, one can assume that || A|| < k < 1 for a nonnegative
constant k and let .6 H D H. The proof w111 be glven 1n three steps. First it will
be established that o(T) - R+ where T := AB and A B : 33 — 55 are given by

A— A A2(I—A) and B = (B 0).In the second step, it will be
(I—A)2A2 I—A 00

shown that 7 is a C- -generalized scalar operator in $ and in the last one, it will be
proved that 7 is a C-generalized scalar operator in $).

Step 1. By Lemma 2.3 AZB is closed, since A € B (§)) and both B and AB are
closed. Moreover, as ||A|| < 1, it follows that (I — A)% is invertible, and
therefore (1 — A)%A% B is closed. This shows by [28, Corollary 2.2.11] that

the operator
~ T 0
T = L1
(I —A)2A2BO0

1s closed. Now, it will be established that 0(/T\) C RT. For this, consider
x € C\RT.As p(T) # @, one then obtains from Corollary 2.2 that A € p(T),
which yields to the following factorization:

~ 1 0 T—Xx0
foa= <(1 — A)TABR(L, T) 1) (0 —M)’ G2

where the block operator on the right-hand side of (3.9) is invertible. On the
other hand, T»:=(I — A)%A% BR(X, T) isclosed and dom 75 = $), so by the
graph theorem, one concludes that 7> € B($)). This means, by (3.9), that

p(T) = p(T) \ {0},

and therefore

o(T) C RT. (3.10)
In this case, foralln € C\ R, one has n € p(T) N ,o(?) and it is claimed
that
= - R(n,T)0 )
T—oh'=(" 1 ):==Rom). 3.11
) (n Uy _y1 ) =Ro) (3.11)

In fact, Ro(n) € B(ﬁ) by construction and one has
(T —nDRo(n) =I5 and Ro())(T —nl) =I5 [ domT,

so R(n, T) Ro(n) as claimed.
Step 2. To show that T is a C- generalized scalar operator, observe first that T e

L+2(5). Indeed, one can see that A= SS* , where § = ((I A;)1> is
— 2

an isometry on 9, and this implies that A =: Puns is a linear projector in
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B+(§§\). Furthermorg, it follows from [18] that B = (E)*, and since B > 0,
one concludes that B > 0.
On the other hand, one has

S*TS = S*ABS = S*(SS*B)S = S*BS,

and hence (S*T S)* = (S*BS)* = (BS)*S = S*BS.But SS*B=AB =T
is closed, so using Lemma 3.13, one obtains S*B = S*B. Consequently,

(S*TS)* = S*BS = S*T'S. (3.12)

As B > 0, this implies that S*T'S > 0 and o/(§*T'S) = 0(S*BS) € R*.In
addition, (3.12) proves that S*T'S is a scalar linear operator, so a generalized
scalar one. Applying Lemma 3.12, one concludes that

IR(u, S TS)|| = O (1, R)™), 1 — poand p € C\R (3.13)
for every o € R and for some n > 0.

(I — A)?

—A2

Denote R = ) . Then R is an isometry, R* R = I and, moreover,

the block operator

1 1
A2 I —A)2
(I —A)2 —Az
is unitary on 3‘5 . Furthermore, observe that
. * . *PQ xR
U*TU = <f€*) SS*B(SR) = (S (])BS S §R> (3.14)

and, for . € C \ R arbitrarily given, one has

R e oo

UTU — Al = (g BS =2l iABR> (3.15)
S*BS — A1 0 IX

=(0 _A) (0 1)’ (3.16)

where X = (S*BS — A1)~ 1S*BR. Itis claimed that X € B(§). Indeed,
X* = (S*BR)*(S*BS — AI)"' D R*BS(S*BS — A1)~ (3.17)
and since rarL(S*§S — A0~ =dom S*BS = dom BS, one concludes that

dom X* = ﬁ.AOn the other hand, ihe block operator in (3.14) is densely
defined since 7' and thus also U*T U is densely defined, so that also the
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blocks S*BS and S*BR in (3.14) are densely defined operators. As S* BR
is a densely defined operator, its adjoint (S*BR)* is a closed and densely
defined operator since (S*BR)* D R*¥ BS This implies, by (3.17), that X *
is also a closed operator with dom X* 55. Therefore, X* and X belong to
B($), which proves the claim.

Consequently, the block operator <I X) is invertible on §. This implies

0 I
that
emr oo (1 =X\ ((S*BS—AD7'0
(U*TU — A1) _(0 1><0 1
= U*RO, TU. (3.18)

Combining this formula with (3.13), one can conclude that
IR(w, DIl = 0@, R)™), p— poandpe C\R  (3.19)

for every o € R and for some n > 0. Hence, one concludes by Lemma 3.12
that 7 is a C-generalized scalar operator.

Step 3. To demonstrate that 7 is a C-generalized scalar operator, let 79 € R and
n € C\ R be such that n — 1g. Then, one obtains from (3.11) that

(o Al >( -m “\ L - A)'PTR@m. T) —1 A3
a3
= 1
I =AW —1AT 1

N I 0\ (R(n,T) 0
(I—-—AY2 T 0o 1)
which implies that

(T —n)~'o0 1 0 I 0
( 0 I) ((1—A>21)[(0A)R("’T)
0 0
EACIEVVL Ve }

Combining this with (3.19) one obtains the desired estimate

IR, DIl = 0d(n, R)™),

which means that 7 is a C-generalized scalar operator by Lemma 3.12.

The third local spectral property of T € L'l+2 (%) is stated below.



78

Acta Wasaensia

205 Page 18 0f 22 Y. Barkaoui, S. Hassi

Proposition3.15 If T € CO($) is a C-generalized scalar operator with o (T) € R
then T, respectively T*, has property (k). In particular, every operator in E;rz(.?))
with p(T) # O has property (k).

Proof Since o (T) C R, itis clear from the proof of Proposition 3.2 that 7 the SVEP.
On the other hand, R(u, T) is a generalized scalar operator for all u € p(T), so it
has the property (C) by [17]. This means by [17, Proposition 3.3.4] that R(u, T) has
property (C). Itis claimed that also T has (C). To see this, let F € C, be a closed set
and let (x,),eny € H7(F)suchthatx, — xin$.Then,foralln € N,or(x,) C F

n——+00o

and hence f, (67 (x,)) € fo(o7(x,) U {o0}) € fo(F U {c0}). Combining this with
(3.2) and (3.5), one concludes that

OR(.T)(Xn) € fu(FU{oo}) foralln € N,

and hence (x,)neN € R, 7)(foa (F U {00})). Since f,(F U {o0}) is closed, also
the set Hg(,7)(fo(F U {o0})) is closed and x, — x, it then follows that x €

n——+0o

Ar@,1)(fa (F U{0oc})) and therefore f, (o7 (x)) = 0Rr(a,7)(x) € fo(FU{oo}). Thus
or(x) € 67(x) € fo~ ! fu(Gr(x)) C F. This proves that x € $7(F) and hence T
has (C), as claimed.

Now, assume that T € £l+2 ($) such that p(T) # (. Then, o (T) < R by Corol-
lary 2.2 and for all A € C \ R, one has

IRG., THII = R, T (3.20)

Moreover, Theorem 3.14 shows that T is a C-generalized scalar operator, so a com-
bination of (3.20) and Lemma 3.12 yields that 7* is a C-generalized scalar operator.
Hence, the same reasoning as above shows that 7* has property (k). O

3.3 Quasi-Affinity to Nonnegative Selfadjoint Operators

Recall that in the bounded case, if T is quasi-affine to S € BT ($) theno(S) C o(T);
see [8, Lemma 3.7] (see also [12, 26]). The next result extends this result not only to
the unbounded setting but also to operators satisfying property (k), which is a weaker
condition than the selfadjointness.

Lemma3.16 Let T € CO($) and let S be a an operator with the property (k). If T

is quasi-affine to S then
o(S) Co(T), (3.21)

In this case, $ = Hs(o (T)).

Proof Since T is quasi-affine to S, there exists a quasi-affinity G € B($)) such that
GT < SG. The proof is splitted in four steps.

Step 1. 05(Gx) Co(T) forall x € 5.
To see this, let x € H and A € p(T) C pr(x). Then, there exists an open
neighborhood U, of A and an analytic function f : U, — dom T such that
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x = (T — ul) f(un) forall u € Uy, and hence
Gx=G(T —ul)f(wx = —ul)Gf(u)x forall u € U,.

As G € B(%), it follows that & +— Gf(u) in an analytic function on U,

which implies that A € ps(Gx). One then concludes that p(7T) C ps(Gx).
Step 2. $H = Hs(o(T)). For this, fix x € . Astan G = §, there exists (x,) € § for

which Gx, —> x.Onthe other hand, Step 1 ensures that os(Gx,) C o (T)

n——+0o

or, equivalently, Gx,, € $s(o(T)). Since S has property (C) one concludes
that x € H5(o(T)) and H = Hs(o (T)).
Step 3. o4, (T) C U or(x). Let x € $ be arbitrary and let A € pr(x). Then,

XEN
there exists an open neighborhood U, of A in C and analytic function f :

U, —> dom T such that x = (T — ul) f(ur) for all © € U, in particular
x = (T —AI)f(}) € ran (T — X). This proves that § = ran (T — A), and
hence x € pg,(T).

Step 4. o (S) € o (T). First observe from Step 2 that gy, (x) € o(T) for all x € 5.
On the other hand, S has SVEP, so by [11, Corollary 2.5], 0 (S) = o,,(S).
Applying Step 3 , one then concludes that o (S) € |J o7 (x) € o (T).

XEN

O

In the bounded settings, equality holds in (3.21) for S € BT () and T € E;LZ (9);
see [8, Proposition 7.2]. This result has been ameliorated to cover the general case
where T ¢ £l+2 ($), which will be seen in the next corollary.

Corollary3.17 Let T € CO($) be an operator such that T and T* have (k). If T is
quasi-affine to S = S* then

o(S)=0(T)=0(T" (3.22)

and, in this case ) = Hs(o(T)) = Hr+(0(S)).

Proof Observe from Lemma 3.5 (vi) that S has the SVEP. Moreover, it is clear that S
is a scalar operator, and hence generalized scalar. This implies by Proposition 3.15 that
S has property (C), and hence property (k). Since T is quasi-affine to S, Lemma 3.16
shows that

o(S) Co(T). (3.23)

On the other hand, 7* has property (k) and since S is quasi-affine to 7* one concludes
from Lemma 3.16 that
o(T*) Co(S) CR. (3.24)

Hence, (3.22) is obtained a combinations of (3.23) and (3.24). The last equalities
follow from (3.22) and from the fact that oy (x) € o (M) for every x € $ and
M e CO(H). O
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Recall from [22] that a linear operator T is said to be guasi-similar to a linear
operator § if there exist two quasi-affinities G1, G2 € B($) such that

GiT C€CSG; and GS C TGy.

Corollary3.18 Let T € E;rz(ﬁ) be an operator such that p(T) # . If T is quasi-
affine, in particular, quasi-similar to a nonnegative selfadjoint operator S € C O (%))
then

o(S)=0o(T).

Proof The proof immediately follows from a combination of Theorem 3.14, Proposi-
tion 3.15 and Corollary 3.17 and, by definition. O

Itis important to note that, in the particular case whereran 7 = $), the quasi-affinity
of T* to a nonnegative selfadjoint operator is enough to prove all the above results.
This is based on the following remark stated in [3]:

Remark 3.19 Let T € CO($) be a densely defined operator with tan 7 = §. Then
the following statements are equivalent:

(i) T = AB € L(9);

(i) T* is G-quasi-affine to S = §* > 0 with dom 7' C dom S% (G—1H*.
Theorem 3.20 Let T € CO($) be an operator withtan T = $) and p(T) = @. If T*
is quasi-affine to S = §* > 0 so that dom T C dom S%(G_l)* then

o(T) =o(S).

Proof The results follows immediately from Remark 3.19 and Corollary 3.18. O

Author Contributions Y.Barkaoui developed sometheoretical results under the supervision of S.Hassi who
reviewed the results, revised the manuscript and contributes in addiotinal results. All authors read and
approved the final manuscript.

Funding Open Access funding provided by University of Vaasa. Not applicable.

Data Availability No datasets were generated or analysed during the current study.

Declarations

Competing interests The authors declare no competing interests.

OpenAccess This articleis licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.



Acta Wasaensia

Local Spectral Theory for Unbounded Product... Page210f22 205

References

10.
11.

12.
13.
14.
15.

16.
17.

18.

19.

20.

21.
22.

23.
24.

25.

26.

27.

28.
29.

30.

31.
32.

. Aiena, P, Trapani, C., Triolo, S.: SVEP and local spectral radius formula for unbounded operators.

Filomat 28(2), 26-273 (2014)
Barkaoui, Y., Hassi,S.: An extension and refinement of the theorems of Douglas and Sebestyén for
unbounded operators, Proc. Amer. Math. Soc., to appear

. Barkaoui, Y., Hassi, S.: Product of nonnegative selfadjoint operators in unbounded setting, (2025).

arXiv:2507.14404
Barkaoui, Y., Mnif, M.: Sufficient conditions for extended spectral decomposable multi-valued linear
operators. Mediterr. J. Math. 20(4), 235 (2023)

. Barkaoui, Y., Mnif, M.: Necessary conditions for extended spectral decomposable multi-valued linear

operators. Turk. J. Math. 46, 864—883 (2022)
Barkaoui, Y., Mnif, M.: Three equivalent conditions for spectral decomposable linear relations. Arab.
J. Math. 14(1), 15-27 (2025)

. Behrndt, J., Hassi, S., De Snoo, H.: Boundary value problems, Weyl functions, and differential opera-

tors, Springer Nature, (2020). https://doi.org/10.1007/978-3-030-36714-5

. Contino, M., Dritschel, M.A., Maestripieri, A., Marcantognini, S.: Products of positive operators.

Complex Anal. Oper. Theory 15, 1-36 (2021)

. Cui, J., Li, C.-K., Sze, N.-S.: Products of positive semi-definite matrices. Linear Algebra Appl. 528,

17-24 (2017)

Dunford, N., Schwartz, J.T.: Linear operators part I: general theory. John Wiley & Sons (1957)
Erdelyi, 1., Wang, S.: A local Spectral Theory for Closed Operators. Cambridge University Press 105,
(1985)

Fialkow, L.: A note on quasisimilarity of operators. Acta Sci. Math.(Szeged) 39(1-2), 67-85 (1977)
Finch, J.: The single valued extension property on a Banach space. Pac. J. Math. 58, 61-69 (1975)
Gupta, A., Mamtani, K.: Weyl type theorems for unbounded hyponormal operators. Kyungpook Math.
J. 55, 531-540 (2015)

Hassi, S., Sebestyén, Z., de Snoo, H.: On the nonnegativity of operator products. Acta Math. Hungar.
109, 1-14 (2005)

Kato, T.: Perturbation Theory for Linear Operators. Springer Science & Business Media 132, (1980)
Laursen, K. B., Neumann, M.: An Introduction to Local Spectral Theory. Oxford University Press 20,
(2000)

Moller, M., Szafraniec, F.: Adjoints and formal adjoints of matrices of unbounded oper- ators. Proc.
Amer. Math. Soc. 136(6), 2165-2176 (2008)

Mbekhta, M.: Sur la theorie spectrale locale et limite des nilpotents. Proc. Am. Math. Soc. 110, 621-631
(1990)

Mnif, M., Ouled-Hmed, A.-A.: Local spectral theory and surjective spectrum of linear relations. Ukr.
Math. J. 73, 255-275 (2021)

Ota, S.: A quasi affine transform for an unbounded operator. Stud. Math. 112, 279-284 (1995)

Ota, S., Schmiidgen, K.: On some classes of unbounded operators. Integr. Equations Oper. Theory 12,
211-226 (1989)

Sebestyén, Z.: Restrictions of positive operators. Acta Sci. Math. (Szeged) 46, 299-301 (1983)
Sebestyén, Z., Tarcsay, Z.: On the square root of a positive selfadjoint operator. Period. Math. Hungarica
75, 268-272 (2017)

Shengwang, W., Erdelyi, I.: On spectral decomposition of closed operators on Banach spaces. Illinois
J. Math. 30, 676-688 (1986)

Stampfli, J. G.: Quasisimilarity of operators. Proceedings of the Royal Irish Academy. Section A:
Mathematical and Physical Sciences. Royal Irish Academy, 109-119 (1981)

Sussmann, H.J.: Generalized spectral theory and second order ordinary differential operators. Can. J.
Math. 25(1), 178-193 (1973)

Tretter, C.: Spectral theory of block operator matrices and applications, World Scientific, 2008
Vasilescu, F.-H.: Residually decomposable operators in banach spaces. Tohoku Math. Journal. Second
Series. 21, 509-522 (1969)

Vasilescu, F.-H.: Spectral mapping theorem for the local spectrum. Czechoslov. Math. J. 30, 28-35
(1980)

Wouk, A.: A note on square roots of positive operators. SIAM Rev. 8, 100-102 (1966)

Wau, P.Y.: Products of positive semidefinite matrices. Linear Algebra Appl. 111, 53-61 (1988)

81



82  Acta Wasaensia

205 Page22of22 Y. Barkaoui, S. Hassi

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.



	INTRODUCTION
	Linear relations
	Nonnegative selfadjoint single-valued and multivalued operators 
	Nonnegative selfadjoint forms

	Local spectral theory in Ll+2(H)
	Conclusion
	Summary of articles

	References
	 Publications

