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CLOSED LINEAR RELATIONS AND THEIR REGULAR POINTS

J.-PH. LABROUSSE, A. SANDOVICI, H.S.V. DE SNOO AND H. WINKLER

(Communicated by A. C. M. Ran)

Abstract. For a closed linear relation A in a Hilbert space $) the notions of resolvent set and
set of points of regular type are extended to the set of regular points. Such points are defined
in terms of quasi-Fredholm relations of degree 0. The set of regular points is open and for
A € C in this set the spaces ker (A—A) and ran(A — A) are continuous in the gap metric.
Several characterizations of regular points are presented, in terms of the gap metric between
corresponding null spaces, and in terms of generalized resolvents of the linear relation A.

1. Introduction

Let A be a closed linear relation in a Hilbert space $). A point A € C is said to
belong to the resolvent set p(A) of A if

(R1) ran(A—1) =9;
(R2) ker (A— 1) = {0}.

The set p(A) is open and (A—2)~!, 1 € p(A), is a holomorphic family of bounded
everywhere defined linear operators on ). Furthermore, A € C is said to belong to the
set of points of regular type y(A) of A if

(T1) ran(A— A1) isclosed in 9;
(T2) ker (A—A)={0}.

The set y(A) is openand (A—A)~!, 2 € y(A), is a family of bounded linear operators
on ran(A — A); see for instance [7].

The purpose of the present paper is to extend the notion of points of regular type.
A point A € C is said to belong to the set reg (A) of regular points of A if

(F1) ran(A—A) is closed in $;
(F2) ker(A—A) Cran(A—A4)", n € N.
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Here N stands for the positive natural numbers. It wil be shown that the set reg(A)
is open and that for A € reg(A) the mapping A — ker (A — A) is continous in the gap
metric (for closed linear subspaces of ). Moreover, it will be shown that A € reg(A)
if and only if ran(A — A) is closed and there exists a neighborhood % of A such
that ker (A — {) is close to ker (A —A) in the gap metric for all { € %/ . Finally, a
characterization of reg(A) is given in terms of generalized resolvents of A. For the
case where A is an operator, these results can be found in Labrousse’s paper [10], and
it turns out that the results in [10] remain valid in the context of relations. However, all
the previous arguments require an interpretation and an adaptation to make them work
for relations.

The present paper can be seen as a natural continuation of [10] and [11]. The
notations introduced in [11] will be used here as well. Recall that for a closed linear
relation A with ranA closed the following statements are equivalent:

(i) kerA CranA", neN;
(ii)) kerA™ C ranA, m € N;
(iii) kerA™ C ranA", m,n € N,

cf. [11, Lemma 2.7]. A closed linear relation A is said to be a quasi-Fredholm relation
of degree 0, if ranA is closed and one of these equivalent conditions is satisfied. Hence,
A €reg(A) if and only if the closed linear relation A — A is quasi-Fredholm of degree
0. In [11] it has been shown that A is quasi-Fredholm of degree O if and only if the
adjoint A* is quasi-Fredholm of degree 0. Hence, if A is a nondensely defined quasi-
Fredholm operator of degree 0, then A* is a multivalued quasi-Fredholm relation of
degree 0; this provides already examples of quasi-Fredholm relations which are not
operators.

The paper is organized as follows. Section 2 contains a short introduction to linear
relations in Hilbert spaces. In particular, the notions of operator part and minimum
modulus are introduced. Furthermore, there is a brief review of the opening and gap
between closed linear subspaces of a Hilbert space, which play a fundamental role in
the later arguments. Section 3 presents the definition of regular points for a closed
linear relation. Various estimates are presented in a neighborhood of a regular point.
Section 4 contains the characterization of points in reg (A) in terms of a gap estimate.
The regular points of the adjoint relation A* are studied in Section 5, which leads to
another characterization of reg(A). In Section 6 it is shown that the set reg (A) is open
and that various spaces are continuous on reg (A) in terms of the gap metric. In Section
7 there is a characterization of reg(A) in terms of generalized resolvents of A. For
the convenience of the reader Section 8 returns to the notions of the opening and gap
between closed linear subspaces of a Hilbert space. The various connections for gaps
are illustrated.

The authors are grateful to a referee for constructive criticism, which gave rise to
an improved presentation.
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2. Preliminaries

In this section some basic material is presented concerning closed linear relations
in Hilbert spaces, their orthogonal operator parts, and their minimum modulus. For
general facts concerning relations in linear spaces and in Hilbert spaces, see for instance
(71, [14].

2.1. Relations, minimum moduli, and operator parts

Let A be a closed linear relation from a Hilbert space $ to a Hilbert space R;
i.e., A is a closed linear subspace of the product space ) x R (in case R = § one
speaks of A as arelation in §)). Then A is the graph of a linear operator if and only if
mulA = {0}. Here mulA stands for the multivalued part of A; since A is closed, it is
automatically closed. The orthogonal operator part Ag of A is defined by

As={{f.g}: {f.g} €A, (I-Q)g=0} =AN(H® (mulA)>),

where Q be the orthogonal projection from £ onto (mulA)™*. In the sense of relations
one then has A, = QA. Clearly Ag is a closed operator contained in A. Note that it
follows from the closed graph theorem that

domA closed < Ag bounded.
The adjoint A* of A is a closed linear relation from £ to §), defined by
A = {{f,f’} €ERxH: (f,h)=(f,N), {h,h’} €A}

The orthogonal operator part (A*)s of A* is defined as above. Then A is a densely
defined operator from the Hilbert space domA to the Hilbert space domA*. Likewise
(A*)s is a densely defined operator from domA* to domA. It is clear that

(AS)X = (A*)S,

where A* denotes the adjoint of the densely defined operator A (as defined between
domA and domA*). It is obvious that Ag is bounded if and only if (A*)s is bounded,
and in this case

[[As[F = 11 (A")s]l, 2.1
which follows from the usual identity ||As|| = ||(As)*||. Equivalently one has
domA closed < domA* closed. (2.2)

For different proofs of this equivalence, see [7].
Let A be a closed linear relation from $ to K. Then the minimum modulus of A
is defined by

h/
r(A) = inf{ T :{h,h'} €A, h L kerA }
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This number belongs to [0,]. Note that r(A) > 0 if and only if (A~!), is bounded, in

which case |
rA) = T
1A=

cf. [5]. Moreover, it is clear from (2.1) that r(A) = r(A*), and that

ranA closed < ranA® closed,

which of course is also clear from (2.2) by going over to inverses.
The multivalued part mulA is a closed linear subspace of $ which induces the
following closed restriction of A:

Amu = {0} x mulA.
An operator part B of A is a linear operator from ) to £ which satisfies
A=B%F Amui, direct sum,

where F stands for a componentwise sum. The orthogonal operator part A of A is
an example of an operator part. Recall that A and A are related by A = QA, where
the product is in the sense of relations. The orthogonal operator part is based on the
orthogonal decomposition & = (mulA)* @ mulA. For a different approach to operator
parts, see [7]. Now consider a closed linear subspace X of K, such that

KA=X+mulA, directsum, (2.3)
and let Qx be the projection onto X parallel to mulA.
LEMMA 2.1. The relation Ax defined by
Ax={{fg}: {fg} €A, geX}=AN(HOX) (2.4)
is a closed operator part of A and Ax = QxA, so that
A=Ax ¥ Anu, direct sum. (2.5)

Moreover, Ax is bounded if and only if domA is closed.

Proof. The identity (2.4) shows that Ay is closed. Furthermore Ay C A and
Amul C A show that Ax + Ay C A. For the converse inclusion take {h,h'} € A. Then
according to (2.3) i’ = k+ ¢ with k € X and ¢ € mulA, so that

{h’h/} - {h7k} + {Oa (P}

This shows that {h,k} € A, since {0,0} € Ay C A. Hence {h,k} € Ax and thus
A CAx F Amu. To see that Ay is an operator, let {0,k} € Ax, so that k € X NmulA
and k£ = 0; cf. (2.3). The representation Ay = QxA is straightforward. Finally, the last
statement follows from the closed graph theorem. [l
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2.2. Projections associated with relations

Let A be a closed relation in a Hilbert space $) and let A € C. Then the formal
inverse (A —24)~! is a closed relation in § defined by

(A=A)"'={{W —Ah,h}: {h,i'} €A}

Clearly mul (A —A)~! =ker (A— 1) and the orthogonal operator part ((A—A)~!); of
(A—2)"!is given by

(A=) Y ={{W —Ah,h}: {h,W'} €Ah L ker (A—21)}.
The minimum modulus of A — A is given by

rA—A) = inf{ h”_Tﬁlh” K}y €A h Lker (A—2),h# 0}. (2.6)

Hence, ran(A — 1) is closed if and only if 7(A —A) > 0, and in this case
1
1((A=2)=1)slI

In order to associate an everywhere defined closed operator with (A —A)~! some direct
sum decompositions of the Hilbert space $) will be introduced.
Let X(A) be a closed linear subspace of $) such that

rlA—A4)=

H=%X(A)+ker (A—A), directsum. (2.7

Note that the special choice X(A) =Tan(A* — 1) corresponds to an orthogonal de-
composition. Let Q, be the projection onto X(A) parallel to ker (A — A). Clearly,
ker Q; =ker (A— 1) and Q; maps domA into itself. The relation Q; (A —24)~! cor-
responding to the decomposition (2.7) is a closed operator and it satisfies

0 (A=2)""(k—Ah)=Quh, {hk}€A. (2.8)
Moreover, parallel to (2.5) one has the direct sum decomposition
A-A)"'=0,(A—=2)"" F ({0} xker (A— 1)), direct sum. (2.9)

Hence if 7(A— 1) > 0 or, equivalently, if ran(A — 1) is closed, then Q; (A—21) ! isa
bounded operator; cf. Lemma 2.1.

Now assume that #(A—A) > 0 or, equivalently, that ran(A —A) is closed. Let
(L) be a closed linear subspace of §) for which

H=P(A)+ran(A— A1), directsum. (2.10)

Note that the special choice 2)(4) = ker (A* — 1) corresponds to an orthogonal de-
composition. Let P be the projection onto ran(A — A) parallel to Y(A). Clearly
kerP)y =(A).
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Corresponding to the direct sum decompositions (2.7) and (2.10) the operator
(M) is defined by
R(A) =0, (A—21)"'Py. (2.11)

Clearly, it belongs to B($)), the Hilbert space of all bounded linear operators defined
on all of §). Note thatif L € p(A), then ran(A — A1) = § and ker (A — 1) = {0}, and
(M) coincides with the usual resolvent of A. For A € C the following notation is
useful:

N (A) =ker (A—A), M (A) = {{h,Ah}: he M, (A)}.

LEMMA 2.2. Let A be a closed relation in a Hilbert space $) and let A € C.
Assume that ran(A — L) is closed and that there are direct sum decompositions as in
(2.7) and (2.10). Let Py be the projection onto ran(A — A ) parallel to (L), let Q) be
the projection onto X(A) parallel to ker (A— L), and let Z#(A) be defined by (2.11).
Then

A={{ZN)0,PLo+AZM)}: 9 €5} TN, (A), direct sum, (2.12)
and
R(A)(k—Ah) = Qzh, {h,k}€A. (2.13)
Moreover,
mulA={Py¢: Z(A)p cker (A—21)}. (2.14)

Proof. First it will be shown that the righthand side of (2.12) belongs to A or,
equivalently, it will be shown that

{ZAN)p,PLo+AZ(L)p} €A, @E€H. (2.15)
Clearly, Py ¢ = k— Ah for some {h,k} € A. With the projection P, (2.8) reads as
03 (A= L) 'Py(k—Ah) = Q3h, {h,k}€A.
Next observe that ker Q; = ker (A — A) implies
{0.(1-0)h} e (A-2)"".
Together with {k — Ah,h} € (A—2)~!, this gives
{k—2Ah,Q3h} € (A—2)"!
But with (2.8) this shows
{k—2Ah,03(A—=2)"'Py(k—Ah} € (A—A)"!

or, equivalently,
(P, ZA)pte(A=2)"", ped,
which is equivalent to (2.15).
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Next it will be shown that
AC{{ZL)0.PLo+AZ(A)p}: 9 €H} +M(A). (2.16)
Let {h,k} € A. Then ker Q; = ker (A — 1) implies that
{h.k} = {(I=Qa)h,A(I— Qy)h} ={Qah.k— Ah+AQsh} € A,
and observe that with ¢ =k — Ah
{3k~ Rh+ 2031} = {2(2) 0, P+ AZ(A)p}.

Hence (2.15) and (2.16) show that (2.12) has been established.
The identity (2.13) follows immediately from (2.8).
Finally, write (2.12) as

A={{Z L)+ hA(ZL)p+h)+Po}: pcH hcker(A-A)}.
Then it is clear that Py ¢ € mulA if and only Z (A )¢ +h = 0. This completes the proof
of 2.14). O

2.3. Special properties of the corresponding projections

Assume that there is an open set % C C, such that for all A € % the subspace
ran(A — A) is closed. Furthermore, assume that there exist closed linear subspaces X
and 2) of $), such that the following decompositions hold for all A € % :

H=ker(A—A)+X, directsum, (2.17)

and
H=ran(A—A)+9), directsum. (2.18)

In other words, it is assumed that the closed linear subspaces X(A) and P(A) in (2.7)
and (2.10) are independent of A . The projection Q; onto X parallel to ker (A—A) and
the projection P) onto ran(A — A) parallel to Q) then satisfy some special properties.

LEMMA 2.3. Let A be a closed relation in a Hilbert space ). Assume that for all
A inan open set % ran(A— L) is closed and that the direct sum decompositions (2.17)
and (2.18) hold. Then for all A, € % one has for the corresponding projections:

Q)LQu :QIJa P“P;L :Pu~
Proof. Let h € §, then

h=(I—Q3)h+Qyh=(I—Quh+Quh,

so that
(I— Qﬂ)h =({I—-Q3)h+[0)h— th] cker(A—A)+X.
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Hence
(1= 03I —Qu)=1-05,
which leads to Q) Q; = Qy . Similarly, for h € §,

h=Ph+(I—P)h= Pyh+ (I—P#)h,

so that
Pyh=Puh+[(I—Py)h— (I—Py)h] €ran(A—p)+9),

which leads to P,Py, = P,. [0

REMARK 2.4. Let P; be the projection onto ran(A — A) as in (2.10) and assume
that P,Py =Py, A,u € % . Then

DA)=D(), Aupe,

and (2.18) is satisfied. To see this, note that (I — Py)(I — P;) = I — P;. Now observe
that for any % € §) there exists k € § such that

(I—Py)h=Puk+ (I—Py)k €ran(A —u)+(u).

This implies that
(I~ P)h= (I~ P)(I—Py)h = (I Py)k.

Hence, (A1) C Y(u). Symmetry leads to equality.
There is a similar result for the other projections. Let O, be the projection onto
X(A) asin (2.7) and assume that Q3 Oy = Qu, A, € % . Then

XA)=X(un), Auez,
and (2.17) is satisfied. This follows in an analogous way.

COROLLARY 2.5. Let A be a closed relation in a Hilbert space §). Assume that
Sorall A inanopen set % ran(A— 1) is closed and that the direct sum decompositions
(2.17) and (2.18) hold. Then for all A, € % , A # W, one has

AN) = A W) = (A= )Z )% (). (2.19)

Proof. Let h € ), then {Z(u)h,Puh+ uZ(u)h} € A by (2.12). An application
of (2.13) gives

B(A) (Puh+ 128 (1)h — A (1)h) = Q3 2 (1),
or, equivalently,
(A=) ZA)Z (W) = Z(A)Pu— QpZ (1) = Z(A) — K (1),

which follows from Lemma 2.3. [
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2.4. Bounds in the graph norm

Let A be a closed linear relation in a Hilbert space $) with multivalued part mulA
and operator part Ag. Let P be the orthogonal projection from $ onto mulA. The
results in Lemma 2.2 can be rephrased as follows.

COROLLARY 2.6. Let A be a closed relation in a Hilbert space ), let A € C,
and assume that ran(A — A) is closed. Let P be the orthogonal projection onto mulA.
Then the orthogonal operator part A acts as follows:

(As— M) Z(A) = (I — P)P, — APR(L). (2.20)

and
A (A)(As—A)h=Q;h, hedomA. (2.21)

The orthogonal operator part As of a closed linear relation A induces a “’graph
norm” on domA:

18] = ||h]]%+[|Ask]|>, k€ domA,

so that the pair (domA, |- ||o) is a Hilbert space. An operator T € B($)), mapping $
into domA, is said to belong to D($) if

ITl|o = sup{ | Thllo : |2 =1} <o
Observe that T € D($)) satisfies
ITI<ITllo, [AT]<|To- (2.22)
In the situation of Corollary 2.5 the question arises about the continuity of the

family Z(A), A € % . Here this question is addressed under the assumption of a
uniform bound in the graph norm.

LEMMA 2.7. Let A be a closed linear relation in a Hilbert space §). Assume that
Sorall A inanopen set % ran(A— 1) is closed and that the direct sum decompositions
(2.17) and (2.18) hold. Let P, be the projection onto ran(A — L), let I — Q; be the
projection onto ker (A — L), and let Z (L) be defined as in (2.11). Assume that there
is a constant K > 0 such that for all A € %

|2 (2)h]|o < K|hll, heSH. (2.23)

Then Z(M) satisfies || Z(A)||o <K forall A € % and, moreover,
|2(A) —2(W)|o <K'|A—p|, Aue, (2.24)

so that Z(A) is continuous with respect to the || - ||o norm.
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Proof. Tt clearly follows from the assumption (2.23) that || Z(A)|l» < K. Further-

more (2.23) implies that
|2 (L)% (Wh|lo < K||Z (1A, heH,

so that, in particular,
% ()2 (1)|lo < K[| Z(u)]-

Since Z(A) satisfies the resolvent identity (cf. (2.19)), it follows that

|2 (2)h = Z(Whllo = [ — ul|Z(A)Z W)k, heSH.

Hence (2.25) gives the estimate
12(2) = Z(W)|o < K|A —u||Z ()],
which leads to (2.24). [

2.5. The opening between subspaces

(2.25)

This subsection contains a collection of results concerning the various openings
between closed linear subspaces of a Hilbert space. A further discussion and proofs

can be found in Section 6.

Let $ be a Hilbert space and let 2t and 91 be closed subspaces of §). Denote the
corresponding orthogonal projections by Py and Py . Define the opening 8(9,MN)

between 9t and 91 by
6(9M,N) = [|(I— Pn) P,

so that clearly 0 < §(91,91) < 1 and also
(M, mt) = §(m,M).
Moreover, observe that
SMMN) <1 < MM closed, MNNL = {0}.
The opening €(9M, ) between M and N is defined by
e(M,N) = [[(I — Pn)Pons (o ) -
This leads to £(9,N) = (M (MNNL), M) and also to
e(M,N) =M, M), ML, N) =e(M,N).
Due to the symmetry in (2.30) it follows that
MM <1 & M+Nclosed < M-+ N closed.
The gap g(M,N) between M and N is defined by

g, N) = ||Po; — P,

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

2.31)

(2.32)
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so that g(M,91) < 1. Moreover, it is clear that
g, M) =g(M, M), g(ML, M) =g(M,N). (2.33)

The gap in (2.32) provides a metric on the space S($)) of all closed linear subspaces of
9.

Recall that for any pair of not necessarily orthogonal projections Qgn and Qs in
B($) such that ran Qg = 9 and ran Qs = N one has

gOM,MN) < [[Qom — Omll- (2.34)

There is a chain of (in)equalities satisfied by the gap and the openings between the
subspaces 2 and :

(9, 9) < min(§(M,N), (N, M)) < max(5(M,N), 5(N,M)) = g(M,N). (2.35)
Observe that
gMMN) <1 & H=M+N" direct sum < H =M+ N, direct sum. ~ (2.36)
If MANE = {0} and M- NN = {0}, then
g(MM,MN) = §(M,N) = §(N, M) = (M, N). (2.37)

Hence, if §(9,M) < 1 and §(M*, M) < 1, and, in particular, if g(9,MN) < 1, then
the identities in(2.37) are satisfied.
Finally, note that if =9+, MNN+ = {0}, and P is the projection onto

9 parallel to N+, then
1

= =y

cf. Corollary 8.11. Furthermore, if g(9%,91) < 1, then

(2.38)

dim9M = dim "N,

see [6] or [8].

3. Minimum moduli, openings, gaps, and regular points

Let A be a closed linear relation in a Hilbert space $) and let A9 € C. Then
ran(A — Ap) is closed if and only if r(A — Ag) > 0. In this case Ap € C will be called
a regular point if A — Ay additionally satisfies (F2). The disk |A — Ag| < (A — o)
will play an important role in estimating openings and gaps of closed linear subspaces
associated with A. In this section some useful facts and estimates are collected.

LEMMA 3.1. Let A be a closed linear relation in a Hilbert space §). Assume that
r(A—2g) > 0 for some Ay € C. Then forall A € C:

A — ol

O(ker (A—A),ker (A—2p)) < A7)’

(3.1)
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Proof. Observe that forall A € C:

A = Aol
r(A—24o)

To see this, let & € ker (A—A), so that {h,Ah} € A. Decompose the element & as
follows:

1~ B a1 < k. e ker(A—A). (32)

h=hyo+hy, hocker(A—2Ay), hi Lker(A—2A).
Then {ho,Aoho} € A and clearly
{hl,lh — %ho} = {h,?Lh} — {ho,%ho} €A.
Since Al — Aphg — Aphy = (A — Ap)h, it follows from (2.6) (with Ay instead of A ) that

A~ Aol 1]

A T

Observe that i1y = (I — By (4—2,))t> Where Pier (43, is the orthogonal projection onto
ker (A — Ag). Hence (3.2) follows. Next apply (3.2) t0 & = Pier (a—2)9, @ € $), Where
Pier (A—2) stands for the orthogonal projection onto ker (A — A). This gives

A — 2ol
I_Perf Perf giperf
(T = Prer (A—20) ) Prer (a—2) @l A ) | Peer (4—2) @l

A — |
S A7) loll, €9

Therefore the definition in (2.26) implies (3.1). [

DEFINITION 3.2. Let A be a closed linear relation in a Hilbert space §. A point
Ao € C is said to be a regular point of A if

ran(A — Ag) is closed and ker (A — Ay) C ran(A — Ap)" forall n € N. (3.3)
The set of regular points of A is denoted by reg(A).
In other words, Ay € C is a regular point of A if and only if A — A is a quasi-

Fredholm relation of degree 0. Therefore, Ay € C is a regular point of A if and only
if

ran(A — Ap) is closed and ker (A — A¢)" C ran(A — Ap) foralln € N, (3.4)

or, equivalently,
ran(A — Ap) is closed and ker (A — Ap)" C ran(A — Ap)™ forall n,m € N,

cf. [11, Lemma 2.7].
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LEMMA 3.3. Let A be a closed linear relation in a Hilbert space $ and let Ay €
reg(A). Then r(A — Ay) > 0 and for all A € C for which |A — Ay| < r(A — Ap)

glker (A—A),ker (A—Ap)) < 1, (3.5)
or, equivalently,

9 =ker (A—2A)+ (ker (A—2A))*, direct sum. (3.6)

Proof. Assume that A € reg(A). Then A — Ay is quasi-Fredholm of degree 0; in
other words, ran(A — Ay) is closed and

ker (A—Ap)" Cran(A—Ap), neN; (3.7

see (3.4). Then the condition that ran(A — A) is closed is equivalent to the condition
r(A—2) > 0.

First it will be shown that for all A € C with |A — Ag| < r(A — Ap) the identity in
(3.6) holds or that for all L € C with |[A — | < (A — Ap) the inclusion

ker (A — Ag) C ker (A — 1) + (ker (A — Ao)) ™, (3.8)

holds. In order to show (3.8), let hg € ker (A — Ag) or, equivalently, {h,0} € A — Ao,
and assume |A — Ag| < r(A — A). Since by (3.7) ker (A — A9) C ran(A — Ay), there
exists an element /| € § such that {h;,hp} € A—Ap. In fact, one may choose A such
that h; | ker (A — Ag). Note that {h1,0} € (A —Ao)? or, equivalently, 7, € ker (A —
Ao)?. Thus

{hi,ho} €A— Do, hy € ker (A—Ag)2 N (ker (A — 2Ag))".
In fact, there exists a sequence of elements (%,), n € N, which satisfies
{Rus1,hn} €A— Lo, hyey € ker (A —20)" 20 (ker (A —Ap))F, (3.9)

for n € NU{0}. This claim will be verified. The existence of /; such that (3.9)
is satisfied for n = 0 has been shown above. Now assume that there are elements
hi,...,hpyy1 such that (3.9) is satisfied for n =0, 1,...,m. It follows from the assump-
tion (3.7) that h,,41 € ran(A — Ay), and hence there exists an element /17 € ) with
{hm+2,hm+1} € A— Ay. Note that one may choose Ay, such that f,, > 1 ker (A—2).
From £, 11 € ker (A — 49)"™*2 it follows that hy,,» € ker (A — Ao)"*3. Clearly, for the
elements hy,...,h,o the statements in (3.9) are satisfied for n =0,1,... ,mym+ 1.
Thus the claim has been verified.
It follows from (3.9) and (2.6) that r(A — Ag)||A,+1|| < ||hn]|, and therefore
7o

Hence it follows from (3.9) and (3.10) that for |4 — Ag| < r(A — Ap) the sequence in

3

m

{ (A—%)"hn,—Z(A—Whnl}eA—xo, (3.11)

1 n=1
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converges for m — oo to some element

{0, (A =2)(@+ho)} €Hx9,

where the element ¢ is defined by the convergent series

0= 3 (A~ 20)"hy L ker (A— ), (3.12)

n=1

cf. (3.9). Since A is closed, it follows that {@,(A — A)(@ +ho)} € A—Ay. Due to
{ho,0} € A — A it follows that

{@+ho,(A—2)(¢+ho)} €A— Ao,
or, in other words,
{9+ho,0}€A—A or @+hgecker(A—A).
Recall that ¢ L ker (A — Ap), so that
ho € ker (A — L) + (ker (A — Ag))™*.

This proves (3.8). Hence the identity in (3.6) has been established.
Next it will be shown that the sum in (3.6) is direct. Since r(A— Ag) > 0, it follows
from Lemma 3.1 that with |1 — Ag| < r(A — Ap):

8(ker (A—2),ker (A— L)) < 1. (3.13)
Hence (3.13) together with (2.28) lead to
ker (A — 1) N (ker (A — X))+ = {0}. (3.14)

Thus the sum in (3.6) is direct.

Therefore the direct sum decomposition in (3.6) has been established. The equiv-
alence between (3.5) and (3.6) follows from (2.36). [

LEMMA 3.4. Let A be a closed linear relation in a Hilbert space $ and assume
that Ay € reg(A). Then r(A — Ay) > 0 and for all A € C which satisfy |A — Ag| <
r(A—2):

r(A=A)=r(A—2X) —|A— A >0, (3.15)

so that, in particular, ran(A — 1) is closed, and

A — ol

O(ran(A — Ap),ran(A — 1)) < {A 7o)

(3.16)
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Proof. Since Ay € reg(A), it follows from Lemma 3.3 that (A — A9) > 0 and that
the equivalent statements (3.5) and (3.6) are valid.

First (3.15) will be shown. For this purpose, let {#,k} € A— A and assume that
h 1 ker (A—A). Then, according to the direct sum decomposition (3.6) one has

h=hy+hy, hye€ker(A—A), hy Lker(A—2N),
and since h L ker (A — 1) it follows for i, = h — h; that
2l = [1al|* + 1 |* > 171> (3.17)
Due to {h,k} € A—A and {h;,0} € A— A it follows that
{ha,k} € A=A or {hy,k+Ahy} €A.
Hence, one sees that
{ho,k+ (A —A)ha} €A—Ay, hy Lker (A—Ao),

so that from (2.6) (with A instead of A) it follows that

lk+ (A~ Ao)ha || = (A — Ao) 2] (3.18)
Therefore, via the triangle inequality, (3.17), and (3.18) one obtains

&Il = [k + (A = A0)ha|| = |4 — Aol |12l
> (r(A—=2) = A = o]} [| 2 (3.19)
> (r(A=20) = A = Al) [IA]],
where use has been made of |A — Ag| < r(A— o). Since the inequality (3.19) holds for
all {h,k} € A—A with h L ker (A— 1), it follows that (3.15) holds.
It follows from (3.15) that ran(A — ) is closed for |A — Ag| < r(A — Ap), so that
the lefthand side of (3.16) is well defined.

Next (3.16) will be shown. For this purpose, let k € ran(A — Ag). Then {h,k} €
A — Ay for some h € §) and one may choose / L ker (A — Ag). Hence

{h,k} € A—Ny, hLker(A—NL),
so that, by (2.6) (with Ay instead of A)

k
A= A) < T (3.20)

From k € ran(A — Ag) and {h,k+ (Ao —A)h} € A— A it follows that
(I = Pran(a—2)) Pran(a—10)k

= (1_ Pran(Afl))k
=A—2)I~ Pran(Afl))ha
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where Prna—z) and Prna—z,) are the orthogonal projections onto ran(A —4) and
ran(A — o), respectively. Therefore, with (3.20), one obtains

1(Z = Pran(a—2) Pran(a—20)kl| < |4 = Aol [|]
A (3.21)
S o KL
A7) [1&]

forall k € ran(A — Ag) and hence for all k € §. Therefore the definition in (2.26) shows
that (3.16) holds. [

4. A characterization of regular points

The following theorem is one of the basic results of this paper. It characterizes
regular points of a closed linear relation in a Hilbert space, as defined in Definition 3.2,
in terms of the gap metric between appropriate null spaces.

THEOREM 4.1. Let A be a closed linear relation in a Hilbert space $ and let
Ao € C. Then Ay € reg(A) if and only if r(A— Ao) > 0 and there exists a neighborhood
U (M) of Ao such that

glker (A—A),ker (A—Ao)) <1, A€ (h). 4.1
The neighborhood % (Ay) may be chosen so as to contain the disk
{AeC: | A—Al<r(A—2o)}, (4.2)

and on that disk
A — A

g(ker (A—2),ker (A—2)) < HA— o)

4.3)

Proof. (=) This implication has been shown in Lemma 3.3.

(<«=) For this implication assume that (A — Ag) > 0 and that (4.1) holds for all
A in a neighborhood % (Ag) of Ay. It is useful to observe that (2.36) and (2.37) then
imply that

g(ker (A—A),ker (A —2p)) = 8(ker (A—2),ker (A —Ap)). (4.4)
By assumption ran(A — Ag) is closed and it suffices to show that
ker (A —Ag) Cran(A—2A9)", neN, 4.5)

cf. (3.3).
First observe that if ran(A — Ag) is closed and (4.1) holds, then

ker (A — Ag) C ran(A — o). (4.6)
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To see this, let i € ker (A—2Ao). Then h = Pie (4—3,)h, Where Peer (4—z,) stands for the
orthogonal projection onto ker (A — Ag) . Furthermore, one has

Per (A*?L)h € ran(A - 2'0)7 A 7é 2'07 4.7

since ker (A —A) C ran(A — Ay), A # Ao, as is easily verified. Hence, it is clear from
(4.7) that

h = (Peer (A-2) — Brer (A-21)) = Prer (a-21) 1 € Tan(A — Ao). (4.8)

Let Pran(a—2,) be the orthogonal projection onto the closed subspace ran(A — A) . From
(4.8) it follows that

(I - Pran(Aflo))h - (I - Pran(Aflo))(Pker (A=Lp) — Pyer (Afl))h (4.9)

Hence, (4.1), (4.9), and (2.32) give

(T = Pran(a—20) )11l < 1| (Prer (A-20) = Prer (a-2)) 2l
|Prer (A-20) = Prer (a—) [l 122 (4.10)

= g(ker (A—24),ker (A —29)) [|A|.

<
< |

Therefore (4.10), (4.4), and Lemma 3.1 give

A =l
(A=)

for all A € % (A) with |A —Ag| < (A — Ap). Thus the lefthand side of inequality
(4.11) vanishes, and it follows that

h= Pran(Afl{))h S ran(A — %)

(1 = Pran(a—0) 1| < Il (4.11)

Hence (4.6) has been shown.
With (4.6) established, the following statement will be proved by induction:

ran(A — Ap)" is closed , ker (A —Ap) Cran(A—Ap)", neN. (4.12)

For n =1 this is clearly satisfied. Assume that (4.12) is valid for some n € N. The
statements in (4.12) will be shown with n replaced by n+ 1.
First it will be shown that

ran(A — 29)" ! is closed. (4.13)

Let k €tan (A—Ag)""!. Then there exist elements k; € ran(A — Ao)" ! such that k; — k
in §, and there are elements /; € § such that

{hj,kj} S (A — QL())"JFI.
Since (A —29)" ™ = (A—A9)(A — 2A9)", there are elements x; € § such that

{hj,xi} € (A=20)", {xj kj} €A— . (4.14)
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Decompose these elements ) ; by

Xi=0j+vy;, o@jcker(A—X), y;Lker(A—2N). (4.15)
Note that {¢;,0} € A — A, and it follows from (4.14) and (4.15) that
{ijkj}:{XJ7kj}_{(pj70}EA—Z'O7 WjJ-ker(A_lO)' (4.16)

Therefore it follows from (4.16) and (2.6) that
v —will < r(A— o) |lk; — kil

Hence (y;) is a Cauchy sequence, and thus y; — y for some y € §). Therefore
{yj,k;} is a sequence in A — Ay with the property

{thj} - {Wak} €A — o,
since A is closed.
Now recall that y; = x; — ¢@;. Here by (4.14) one has ; € ran(A — A¢)" and by
(4.15) and the induction hypothesis one has
@j € ker (A —Ap) Cran(A —Ap)".

Therefore y; € ran(A — )" and by the induction hypothesis that ran(A — Ag)" is
closed, it follows that v € ran(A — A9)". Together with {y,k} € A — A¢ this shows
that k € ran(A — 29)""!. Hence tan (A — A9)""! C ran(A — 49)""! and thus (4.13) has
been shown.

Secondly, it will be shown that

ker (A — Ag) C ran(A — Ao)" L. (4.17)

The argument involves the same principle as used for the earlier step in (4.6). Let
h € ker (A —Ao). Then h = Py (a—p)h, where P (a—y,) stands for the orthogonal
projection onto ker (A — Ag). Furthermore, one has

Pier (a—nyh € ran(A = 20)"', A # Ao, (4.18)

since ker (A —A) C ran(A — Ag)" for L # Ao, n € N, as is easily verified. Hence, it is
clear from (4.18) that

h— (Peer (A—29) — Prer (A—2)) = Peer (a—2)h € ran(A — 29)" . (4.19)
It has been shown in (4.13) that the space ran(A — A9)"*! is closed, let Pran(a—sgyr+1 be
the corresponding orthogonal projection. From (4.19) it follows that
(I = Pran(a—ngy+1)h = (I = Pran(a—sgym+1) (Peer (a-20) — Prer (a-2) )1 (4.20)
Hence, (4.1), (4.20), and (2.32) give
| (Prer (A—19) — Prer (a—n)) 1l

| Prer (A—19) — Prer (a—2) |72 (4.21)
= g(ker (A—A1),ker (A —29)) [|1]|.

H( ranA )LO)”“)h” < ‘
<|
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Therefore (4.21) , (4.4), and Lemma 3.1 give

A — ol
(A=)

for all A € % (A) with |A — Ag| < r(A — Ap). Thus the lefthand side of inequality
(4.22) vanishes, and it follows that

(= Pran(a—agy+1 )| < 2] (4.22)

h = Pana—sgy+1h € ran(A — )Lo)nﬂ.

Hence (4.17) has been shown.

With (4.13) and (4.17) the assertion (4.12) has been established. In particular, the
inclusions in (4.17) are valid. Hence, it follows that Ay € reg(A).

If r(A—2) >0 and % (Ay) is a neighborhood of Ay on which (4.1) holds then
Ao € reg(A). Furthermore, it follows from Lemma 3.3 that (4.1) holds for all A € C
for which A —Ag| <r(A—2p). O

5. Regular points for adjoint relations

The regular points of adjoint relations are described in the following theorem.
For completeness, a short proof is included; see [11]. For the operator case, see [10,
Corollaire 4.12]; due to the formal level of relations there is no need anymore to require
the operator A to be densely defined.

Recall that for a closed linear relation A with Ay € reg(A) the following identity
holds:

(ker (A —Ao)")* =ran(A* — 4¢)", neN. (5.1)
For an elementary proof, see [11, Theorem 7.1].

THEOREM 5.1. Let A be a closed linear relation in a Hilbert space ). Then

docreg(A) & Ao ereg(A¥).

Proof. By symmetry it suffices to show the implication (=). Let A9 € reg(A), so
that A — Ay is a quasi-Fredholm relation of order 0. Hence, ran(A — Ag) is closed and

ker (A—Ag)" Cran(A—Ap), neN, (5.2)
cf. (3.4). Take orthogonal complements in (5.2) and use (5.1) to obtain
ker (A* — Ag) Cran(A* — A¢)", neN.

Hence A* — A is quasi-Fredholm of degree 0 and thus A¢ € reg(A*). [

This result leads to an analog of Lemma 3.3 involving ranges instead of kernels.
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LEMMA 5.2. Let A be a closed linear relation in a Hilbert space § and assume
that Ay € reg(A). Then r(A— X) > 0 and for all A € C which satisfy |A — d| <
(A — )

g(ran(A — A),ran(A — Ap)) < 1, (5.3)

or, equivalently,

$=ran(A — L)+ (ran(A — X))*,  direct sum. (5.4

Proof. Let A € C satisfy [A — A9| < r(A—Ag). By Theorem 5.1 it follows that
Ao € reg(A*). Since |[A — Ao| < r(A—A) = r(A* — Ay), it follows from Lemma 3.3
that B B
g(ker (A" —A),ker (A" — A¢)) < 1,
or, equivalently, by (2.33)
Q{7 (A — A), 7 (A — Ao)) < 1.

Moreover, recall from Lemma 3.4 that ran(A — 1) is closed, which now leads to (5.3).
The equivalence between (5.3) and (5.4) follows from (2.36). [

It is now clear that there exists an analog of the description in Theorem 4.1, which
extends Lemma 5.2.

COROLLARY 5.3. Let A be a closed linear relation in a Hilbert space $) and let
Ao € C. Then Ay € reg(A) if and only if r(A— Ao) > 0 and there exists a neighborhood
U (M) of Ao such that

ran(A — A) is closed, A € U (), (5.5)
and
g(ran(A—2),ran(A — X)) <1, A €% (A). (5.6)
The neighborhood % (Ay) may be chosen so as to contain the disk
{AeC: |A—Al<r(A—2)}, (5.7
and on that disk
A — 2o

g(ran(A —A),ran(A — Ap)) < (5.8)

r(A—%o)

Let A be a closed linear relation in a Hilbert space ). Recall that A € p(A) if
and only if A € p(A*). However, when A € y(A), then, in general, only 4 € reg(A*).
A direct consequence of Theorem 4.1 is the following result, cf. [10, Corollaire 4.11],
which is applicable to normal relations, cf. [7].

COROLLARY 5.4. Let A be a closed linear relation in a Hilbert space for which

ker (A*—A)=ker(A—A), AeC. (5.9)
Then reg(A) = p(A).
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Proof. Since p(A) C reg(A), it suffices to show reg(A) C p(A). Let A €reg(A),
then (5.9) implies that

ker (A* —1) =ker (A—2) Cran(A — 1) = ker (A* — 1)+,

so that ker (A* — 1) = {0}. Hence ker (A—A) = {0} and ran(A —A) = §, which
shows that A € p(A). O

6. Regular points and continuity

Let A be a closed linear relation in a Hilbert space $) and assume that Ag € reg(A).
Then by Lemma 3.3, Lemma 3.4, and Lemma 5.2 there exists a neighborhood % of
Ao, defined by

U={AeC:|A—l|<r(A—1o)}, (6.1)

for which

PA—A) = r(A—do)— A —Ao| >0, Ae, 6.2)

so that ran(A — 1), A € % , is closed; and, moreover, for A € % the inequalities (3.5)
and (5.3) are valid. Recall from Lemma 3.1 and Lemma 3.3 that, due to (2.36) and
(2.37), in fact,

A — ol

ker (A — A),ker (A — o)) < L Aew, 6.3
gfker (A= A).ker (4 ) < ;2= ©3)
and
g(ran(A — A),ran(A — ) < M7 Aeu. (6.4)
(A=)
For all A € % one has the direct sum decompositions
H=ker (A—A)+ker (A—Ag)*, direct sum, (6.5)
and
$ =ran(A —A) +ran(A — A9)*, direct sum. (6.6)
Likewise it follows from (6.5), (6.6), and (2.36) that
9 = (ker (A—A))" +ker (A—2g), direct sum, (6.7)
and
9 =(ran(A — 1)) +ran(A — X), direct sum. (6.8)

The dependence on A of the first summands in the direct sum decompositions (6.5),
(6.6), (6.7), and (6.8) is studied in the following proposition.

PROPOSITION 6.1. Let A be a closed linear relation in a Hilbert space $). Then
the set reg (A) is open, and the mappings

(i) reg(A)>A —ker(A—A);
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(i) reg(A)> A+ (ker (A—A))*;
(iii) reg(A) > A —ran(A—A);
(iv) reg(A) > A —ran((A— 1))+,
Sfrom reg(A) into the space S($)) of closed linear subspaces of $) provided with the

gap metric, are continuous.

Proof. In order to show that the set reg(A) is open, let Ay € reg(A). Then let the

point A € C satisfy
1A — 20| <r(A—2). (6.9)

It has been shown in Lemma 3.4 that ran(A — 1) is closed. Now it will be shown that
there exists a neighborhood ¥ of A so that for all g in that neighborhood one has
g(ker (A —p),ker (A—A)) < 1; in other words that A is also a regular point of the
relation A; cf. Theorem 4.1.

Let A € C satisfy (6.9). The neighborhood ¥ of A is defined by

Y ={uecC:2lu—Al<r(A—2L)—|A—Al}. (6.10)
For any u € 7 it follows from the definition in (6.10) and the assumption (6.9) that

[ —Ao| < o —A[+][A = Aol
< (r(A=20) = A = 20]) /24 |4 — 20| (6.11)
= (r(A=20) + 4 —20[)/2.
Due to (6.9), the inequality (6.11) shows that any u € ¥ also satisfies:
1 — Aol < r(A =), (6.12)

Hence 7 is contained in the disk in (6.9). In particular, it follows from Lemma 3.4 that
ran(A — ) is closed forall u € 7.
For u € ¥ the definition in (6.10) and the inequality in (3.15) imply that

= A < 2l = A < (A = Ag) — A —Ao| < (A~ 1), (6.13)
Since ran(A — 1) is closed, Lemma 3.1 may be applied, which gives with (6.13)
=2l

_ — < ) .
O(ker (A—pu),ker(A—A)) < FA—A) <1, pue?v (6.14)
Furthermore, (6.12) shows that (3.15) holds with A replaced by u:
A=) > (A= o) — [ — o] >0, (6.15)

Hence, in (6.15) an application of (6.11) and the definition of ¥ lead to
rA—p) = r(A—20) — 1 — Ao

> (r(A =) —[A —20])/2 (6.16)
> A —ul.
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Since ran(A — u) is closed, Lemma 3.1 may be applied, which gives with (6.16)

A —u|
— — < —— . .
O(ker (A—A),ker (A—pu)) < FA— 1) <1, nev (6.17)
It follows from (6.14), (6.17), and (2.35) that g(ker (A —A),ker (A—pu)) < 1 for
U € ¥ . In particular, this leads to A € reg(A).
Therefore it has been shown that reg(A) is open in C. The continuity of the
mappings in the theorem follows from the majorization of the corresponding gap norms
in (6.3) and (6.4). O

7. Regular points and continuous generalized resolvents

Let A be a closed linear relation with multivalued part mulA and corresponding
orthogonal operator part As. Let P be the orthogonal projection onto mulA. Assume
that there is an open set % C C such that ran(A — 1) is closed for all A € % . Let P,
and Q; be projections with

ranPy =ran(A—1), kerQ; =ker(A—-1), Ae%.

Let Z(A) € D($) be a family of operators from $ to domA (with the graph norm),
which satisfy for L € % :

(As— M) B(A)h = (I — P)Pyh— APR(A)h, he$,

and
A(A)(As—A)h=Qyh, hedomA.

The family Z(A), A € % , will be called a generalized resolvent of A. The general-
ized resolvent Z(A) will be called continuous, in the sense of the graph norm, if the
mapping A € % — Z(A) € D(9) is continuous, i.e., if

|2A) ~Z() o —0 as A—p, AuE.

The following theorem is another one of the main results of this paper. It charac-
terizes the regular points reg(A) of a closed linear relation A in a Hilbert space §) in
terms of the existence of a continuous generalized resolvent Z(1) as defined above.

THEOREM 7.1. Let A be a closed linear relation in a Hilbert space $ and let
Ao € C. Then the following statements are equivalent:

(i) A €reg(A);

(i) there is a generalized resolvent of A, continuous in a neighborhood of Mg, in the
sense of the graph norm.
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Proof. (i) = (ii) Assume that Ay € reg (A). With the neighborhood
U={AeC:|A—L|<r(A—2y)}

of Ay one obtains the estimate (6.2), so that ran(A — 1), A € %, is closed. More-
over, one obtains the direct sum decompositions (6.5) and (6.6), and the corresponding
estimates (6.3) and (6.4).
For A € % let Q; be the projection from $) onto (ker (A — Ag))* parallel to
ker (A— A1)
ker Q; =ker (A— A1),

and let P, be the projection from $ onto ran(A — 1) parallel to (ran(A — Ao))*
ranP, =ran(A—A1).
With these projections define the generalized resolvent Z(A), A € % :
RA) =0, (A=2)"'P, Ae#, (7.1)

and recall that Z (1) € B(9); cf. Lemma 2.2. Due to (6.5) and (6.6) the generalized
resolvent Z(A) satisfies the resolvent identity (2.19). Then by (2.20)

AGR(R) = (- PP+ A(I— P)Z(2),
where P is the orthogonal projection onto mulA. Hence, for all # € § this leads to

12 (A)hlI% = A2 (2)h]> + |2 (2)h][?
= (I = P)Pah+ A (1= P)Z (M)A + |2 (A)h]? (7.2)
<2/|Puh|? + QIALP+ 1) |2 (2)h]1>.

Each of these terms will be estimated. First observe that
{Peer (A1) Z(X)h,0} €A -4,
and thus (2.12) leads to

{U=Pera)ZAM)h,Pph} € A=A, 73)
(I = Peer (a-2))Z(A)h Lker (A—1).
It follows from (7.3) and (2.6) that
r(A =) = Peer (a-2))Z Q)| < [[PRA]], hE . (7.4)
Furthermore, it follows from the definition of Q; thatforall 7 € §:

1 Prer (A—1)Z (A) B = || Peer (a—2) (I = Prer (a—20) ) Z (A ) 2|
< Prer (a=2) I = Prer (a—20) ) | 2 (A )A]| (7.5)
= g(ker (A —A),ker (A —29)) [|Z(A)A]|.
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Note that (7.5) shows
(1—g(ker (A—2),ker (A—20))*) | Z(A)h||?
< 2RI = || Peer (a-2) Z(A)h]? (7.6)
= (I~ Per (a—2)) Z (W),
where the first term in the inequality is postive due to the direct sum decomposition in
(6.5). Combine (7.4) and (7.6) to obtain

1
(1~ glker (A7) ker (A~ Z0) ) (A~ A7)

|22 (2)h|)> < P k% 1.7)

Recall that |

—g(ran(A — 1), ran(A — A¢))?’

1P| = (7.8)

as follows from (2.38).
Now choose 0 < ¢ < r(A — Ap) and consider a compact disk 7% of the form

Ue={AeW |A—o|<c)

inside % . Then one obtains from (6.2), (6.3), and (6.4) the uniform bounds

r(A=A)=2r(A—X)—c>0, A€, (7.9)
g(ker(A—x),ker(A—%)Kmd, A e, (7.10)

and B
g(ran(A —A),ran(A — Ay)) < FA—70) <l, Ae.. (7.11)

Hence (7.2), (7.7), and (7.8) together with (7.9), (5.8), and (7.11) lead to the existence
of K. for which
|2 (A)hl|o < K|[h]|, he$H, (7.12)

forall A € %.. Now apply Lemma 2.7 to obtain the desired result.
(ii) = (i) Assume that there exists a generalized resolvent Z (1) of A which is
continuous in a neighborhood ¥ of Ay. By definition

ran(A—A) isclosed, A €7. (7.13)

In particular, ran(A — Ag) is closed and in order to show that Ay € reg(A) it suffices to
show that for all n € N
ker (A — Ap)" C ran(A — L), (7.14)

see (3.4).
First it will be shown by induction that for all n € N

ker (A—Ap)" Cran(A—A4), A # Ao. (7.15)
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If i € ker (A — ) then {h,(Ap —A)h} € A— A, and it follows that & € ran(A — 1)
when A # Ay. This proves (7.15) for n = 1. Now assume for some n € N that

ker (A—Ao)" ' Cran(A—1), A # Ao

If h € ker (A — Ao)" then {h,@} € A— A for some ¢ € ker (A — Ag)"~!. Therefore
¢+ (Ao —A)h €ran(A — 1) with @ € ran(A — 1), which implies that & € ran(A — 1),
A # Ag. Hence, (7.15) has been established.

Now (7.14) will be shown. Recall from (7.13) that ran(A — 1) is closed for A in
a neighborhood 7" of Ag. Let Pyya—1) be the orthogonal projection onto ran(A —A)
and let P denote the orthogonal projection onto mulA. Since mulA C ran(A — 1) for
all A € C, it follows for the orthogonal projection Pran(a—) that

PPana—2) = Pana-1)P =P, A €C, (7.16)
and for the projection P, associated with the generalized resolvent % (A ) that
PpP=P, Acreg(A). (7.17)
Observe that (I — P)Pna—2) is a projection by (7.16), which is orthogonal since it is
selfadjoint, and that (I — P)P, is a bounded projection by (7.17). Moreover, it is easily
checked that each of these projections has the same range ran(A — 1) © mulA.
Finally, let & € ker (A — 29)", then clearly by (7.15) Pypa—2)h = h. Hence
h = Pran(a—2)h = Pran(a-2)h — Bran(a—20) 1
= (I = P)(Prana-2) — Pan(a-10))»
where (7.16) has been used. Therefore it follows that
|h = Prana—20) 1l = |(I = P) (Paan(a—1) — Pran(a—10)) 2l
<= P)(Prana—1) — Pran(a—10)) |l [|22]
=8((I = P)Pan(a-2), (L = P)Pan(a—2y)) || 1] (7.18)
< =P)Py = (I=P)By [l 7]
= [T =P)(Pp = Py)lll[2]l,
where (2.32) and (2.34) have been used. Now observe that the definition
(I-—P)P), =AZ(A)—A(I-P)Z(L)
implies that
(I=P)(Py — Py,) = As(Z(X) = (o)) — (I = PY(AZ(A) — W% (M0)).
Since
14s(Z(A) = Z(ho))|| < [ Z(A) = % (M)l o

and Z(A) is continuous in the graph norm, it follows that ||(/ — P)(P, — P,)|| tends
to 0 for A — Ay. Hence one concludes from (7.18) that

h = Pana-2)h € ran(A — Ag).
Therefore (7.14) has been established. [
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8. On the opening between subspaces

Let $ be a Hilbert space and let 9T and 91 be closed linear subspaces of §. In
general, the sum 9T+ 91 need not be closed (see [15] for an interesting example). This
section presents a review of necessary and sufficient conditions under which 9T+ 1 is
closed.

The intersection NI is a closed linear subspace. Hence the Hilbert space §)
has the following orthogonal decomposition

H=(MNN)*t e MNN). (8.1)
Introduce the ‘reduced’ subspaces My and Iy by
Mo =MN(MNN)E, Ny =NN(IMMNN) . (8.2)
Then My and Ny are closed linear subspaces of (M NN)* and
Mo NNy = {0}. (8.3)

Denote the orthogonal complements of 9%y and N in (MM NI+ by E)ﬁé and ‘ﬁé,
respectively.

LEMMA 8.1. Let 9t and N be closed linear subspaces of a Hilbert space $ and
let My and Ny be defined by (2.26). Then, corresponding to (8.1), IM and N have the
orthogonal decompositions

M=Myd (MNAN), N=ND(MMNMN). (8.4)
Moreover, the space (IMNN)L has the following decompositions
(MNAM*L =M@ M-, (MNN)*L =Nyent, (8.5)

in other words M+ = ED?(J)- and Nt = ‘ﬁé‘.

COROLLARY 8.2. Let 9 and N be closed linear subspaces of a Hilbert space $
and let My and Ny be defined by (8.2). Then the following statements are equivalent:
1) M+ N is closed;
>ii) Mo+ Ny is closed.
Moreover, the orthogonal complements satisfy
mE+nt =My +0Ng,
so that both sums are closed simultaneously.

If the subspace 2t + N is closed and M NN = {0}, then W + N may be con-
sidered as a Hilbert space in its own right with corresponding projections from 9T+ 9t
onto M or MN. This leads to the following simple characterization, based on parallel
projections and the closed graph theorem.
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LEMMA 8.3. Let 9 and N be closed linear subspaces of a Hilbert space $).
Then the following statements are equivalent:

(i) M+ N is closed and MNN = {0}

(i) there exists p > 0 such that

pA/IAIP+ k2 < ||h+k||, heM, keN. (8.6)

Let 9T and 91 be closed linear subspaces of a Hilbert space §) and let Py and
Py denote the corresponding orthogonal projections. The opening co(9T,M) between
M and N is defined as

ColT, ) = sup{ [(h, )| e M, A < 1, ke KN <1} 8.7)
It is clear from this definition that co (9%, 91) = co (M, M) . Moreover, since
co(M, M) = sup{ |(Poh, Pyk)| = [l < 1, [[k] < 1},

it follows that
co(M,N) = || PP,

which characterizes co(9%,91) in terms of the orthogonal projections Py and Py .

PROPOSITION 8.4. Let 9 and N be closed linear subspaces of a Hilbert space
9. Then the following statements are equivalent:

(1) co(M,M) <1,
(i) M+ N is closed and MNN = {0}.

Proof. (i) = (ii) Assume that co(91,91) < 1. Itis clear that M NN = {0}. In
order to see that 9T+ 91 is closed, observe that the identity

17+ k|[* = |A[|> + |[k|[* +2Re (h,k),  h.k €,

leads to the following inequalities

1A% + 11k]1% < [l + K| + 2| (k. )]
< 1A+ K[+ 2¢0 (900, 90) || |&] (8.8)
< I+ kl1P + o W[4 + [K]?),  hemMm, ken.

In particular, it follows that
(1—co(M)(|1]1* + Ik]|*) < |h+K>, heM, ke (8.9)

Hence, by Lemma 8.3 91+ 91 is closed.
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(if) = (i) Assume that 91+ 91 is closed and MNN = {0} . According to Lemma
8.3 the inequality (8.6) holds for some p > 0. Now suppose that ¢o(91,91) = 1. Then
there exist sequences h, € 9t and k, € I, such that

(hnskn) = 1, |l = [k = 1.
Hence, it follows from (8.6) that

<l = kal|* = (|| = 2Re (i k) + [
=2(1—Re(hp,ky)) — 0
which leads to a contradiction. Thus it follows that ¢o(9,0M) < 1. O

Let 9t and 91 be closed linear subspaces of a Hilbert space $). The opening
(M, 9) between M and N is defined as

c(9M, M) = co(Mo, No), (8.10)

where 9y and 9y are defined as in (8.2). Itis clear from this definition that ¢(90%,91) =
¢(91,9M) . Moreover, it follows that
(M, N) = sup{ | (Ponamnory s Py )| = ([ < 1, & < 1}
= sup{ | (Pgnron) . P, Popnony - Pok)| = [[R] < 1, Ik < 1}
= sup{ | P/, Popngry 1 Pork)| = [[R] < 1 [I&] < 1}
= sup{ [(Pot/, Py ooy 1K) = [|AI] < 1 [l&] < 1,

which leads to
(M, 9N) = co (M, No) = co(Mo,N), (8.11)

where the last equality follows by symmetry. Observe that

(M, N) = [|Poney ooy L Ponrameon) - | = ([P Pameon) - PoPromeony Ll
= [[PmPnPonno) || = PP (I — Ponron) |
= [|PmPo — PP Porsn || = ||[PoPor — P

which characterizes ¢(991,01) in terms of the orthogonal projections Py and Py .

PROPOSITION 8.5. Let I and N be closed linear subspaces of a Hilbert space
9. Then the following statements are equivalent:

@) c(MmMMN) <1,
@11) M+N is closed.

Proof. The condition ¢(9,M) < 1 is equivalent to ¢o(My, o) < 1, where My
and 91y are defined in (8.2) and satisfy (2.27). Hence by Proposition 8.4 the condition
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c(M, M) < 1 is equivalent to My + Ny is closed. Recall that My + Ny is closed if and
only if MM+ 91 is closed. [

Let $) be a Hilbert space and let A € B($)) (the bounded linear operators, defined
on all of §). The minimum modulus r(A) of A is now

Ah
r(A):inf{”T:hEYJ@kerA}. (8.12)
Then ranA is closed if and only if #(A) > 0 and, furthermore, r(A*) = r(A).

THEOREM 8.6. Let M and N be closed linear subspaces of a Hilbert space $).
Then
(O, M) + r((I— Pn)Py)* = 1. (8.13)
In particular,
et ) =c(Mm,M). (8.14)

Proof. First observe that the following identity holds:
ker ((I — Py)Pon) = (MNMN) @ M. (8.15)

To see this, note that the righthand side is contained in the lefthand side. For the reverse
inclusion, assume that (I — Py)Pyh = 0 and write 1 = f +g with f € 9t and g € 9.
Then f = Py f, so that f € 9MNN. Hence, h € (MNMN) I . This completes the
proof of the reverse inclusion. It follows from (8.15) and (8.5) that

(ker ((I—Py)Pop))t =M (MNMN)*. (8.16)
Hence, by means of (8.12) and (8.16), it can be seen that
I — Py P,
r((I—Pm)Pgn):inf{W:he?)ﬁﬂ(?mﬂ‘ﬁ)L}. (8.17)

The following straightforward identity

I—Pn)Pmh|®  ||Pmh|?®  ||PnPoh|?
I ”<;:|)|29n Pl il N gﬁ;fﬁ; E hes o

and (8.17) lead to

|| PnPonh|
| ]2

It follows from 9N (MNN)L C I and the identity (8.5) that

{ [ Por Pop ||
1712

{ 1P Poy oo LBl

r(([—Pm)Pgm)zzl—sup{ :hesvm(svmm)l}. (8.18)

: he?mm(?mmm)i}

1A]1?

Py P, h|?
:Sup{ 2 P oo | :heﬁ}.

:thmﬂ(fmﬁm)J‘} (8.19)

1A]1?
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Hence, (8.18) and (8.19) show that
(I — Py)Pon)? = 1 — co(9T, N (MM NI) )2, (8.20)

This identity (8.20) together with (8.11) and the symmetry of ¢( lead to (8.13).
Since the minimum modulus is invariant under taking adjoints, it follows that

r((I = Py)Pon)) = r(Pon (I — P)). (8.21)
The identity (8.21), Theorem 8.6, and the symmetry property of ¢(9t,91) lead to
(M, MN) = (N, M) = (M-, NH),

in other words (8.14) has been shown. [

The next result is a direct consequence of Theorem 8.6, when it is combined with
the characterization in Proposition 8.5.

THEOREM 8.7. Let 9 and N be closed linear subspaces of a Hilbert space ).
Then the following statements are equivalent:

1) IM+MNis closed;
(i) M-+t is closed.
Morover, the following statements are equivalent:
(iil) M+ N is closed and MNN = {0},
(iv) ME+Nt =9,
In particular, the following statements are equivalent:
(V) M+9N=9 and MNN = {0},
(vi) ML +Nt =9 and M- NNL = {0}.

Let 21 and 91 be closed linear subspaces of a Hilbert space ). The gap g(91,N)
between 9t and I is defined as (2.32), where Pyy and Py are the orthogonal projec-
tions onto M and N, respectively. The identity

Po — Py = P (I — Pn) — (I — Pom) P
shows that g(9T, M) < 1.
PROPOSITION 8.8. Let 9 and N be closed linear subspaces in $. Then
max(co(M,N), co(ML,NH)) = g(M,Nh). (8.22)

In particular, if co(9,N) = co(M,NL), then co(M,N) = g(IM,NH).
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COROLLARY 8.9. Let 9 and N be closed linear subspaces in . Then

(MM, M) < min(co(M,N), co (M-, NH)

<m
(8.23)
< max (co (9, ), co (M, N)) = g (M, 9N,
Moreover, if MNN = {0} and M- NN = {0}, then

c(9M, M) = co(M,N) = co(M*,9N) = g(M,NH). (8.24)

THEOREM 8.10. Let 9 and N be closed linear subspaces of a Hilbert space $).
Then the following statements are equivalent:

i) gMMNH) <1;
(i) M+N=9H and MNN = {0}.

If either of these equivalent conditions holds, then the chain of equalities in (8.24) is
satisfied.

COROLLARY 8.11. Let 9 and N be closed linear subspaces of a Hilbert space
$ such that g(IM,NY) < 1, or equivalently, $ =M +N and MNN = {0}. Then

gmMNt) = [1- ﬁ (= (9, M) = co(M,N) = co(ME, M),  (8.25)

where P is the projection onto M, parallel to N.

Proof. Observe that the condition 9 N9t = {0} implies that

H((I — Po)Pan) :inf{i(l_]}:ﬁt)f e sm}

- (P{ﬁf”‘})

Hence (8.25) follows from Theorem 8.6, Theorem 8.10, and (8.26), once the following
identity has been established:

(8.26)

I }
= ! m . 8.2
= sy o2

In order to show (8.27), note that

11l }
= : M N .
Pl =sun{ 2L e e

The decomposition f+ g = (I — Py)f + h with h = Py f + g belonging to DN gives

If +el® = 10— Pr)fIP + | Pf +gl* feM, gem,
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and it follows that

£l
cfeMheMN
VT =P)fI? + [|n[ !

This representation clearly implies (8.27). [

|P|| = sup

The notion of opening between closed linear subspaces of a Hilbert space is due to
various people. The opening ¢ (9%, 91) has been introduced by J. Dixmier [3], whereas
the opening ¢(91, M) has been introduced by K. Friedrichs [4]. For related treatments,
see [2] and [10]; note that in [10] the notations

g(OM,MN) =c(M, M) and (M, M) = co(M,N)

have been used.

The results in Propositions 8.4 and 8.5 go back to J.-Ph. Labrousse [10] and to
F. Deutsch [2, Theorem 12]. Theorem 8.6 goes back to Labrousse [10]. According to
[2] the identity (8.14) was originally found by D.C. Salmon [13]; a different proof of it
was provided in [2]. Note that a similar result does not hold for the opening c¢o(9t,91).
Theorem 8.7 can be found, for instance, in [8].

Proposition 8.8 has a long history; see [1] and [10]. The result in Corollary
8.11 goes back to V.E. Lyantse [12]. In this particular case the identity co(9,MN) =
co(IML, M) (< 1) goes back to M.G. Krein, M.A. Krasnoselskii, and D.P. Milman
[9]; for a different proof see [2], [6].
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