Functional analysis

Lecture 6: INVERTIBILITY; BASIC PROPERTIES OF THE SPECTRUM;
COMPACT OPERATORS AND THE RIESZ—-SCHAUDER THEOREM

4 Compact operators and their spectral properties

In this section, we generally consider Banach spaces over either real or complex numbers,
however, there are important exceptions (Proposition 4.7 and Theorem 4.8), where the
assumption that the scalar field K = C is crucial.

Recall that by .-Z(X) we denote the space of all bounded linear operators from X into
itself. By I we denote the identity operator. Usually, it will be clear from the context
what is the domain of that operator. Otherwise, we will indicate it by writing Ix if X is
the domain space. An operator T' € Z(X) is invertible if it is one-to-one, surjective and
the inverse 77! € Z(X), so T is an isomorphism of X onto itself’.

The space .Z(X) is not only a Banach space (if X is a Banach space), but also has
an algebra structure, where the multiplication is given by composition: (7'S)z = T'(Sx).
Obviously, we have [|T'S|| < ||T||||S]| for all T, S € £(X). In particular ||| < ||T]|" for
every n € N. Also, notice that if 7, — 7" and S,, — S in Z(X), then

||TS - TnSnH = ||TS - TnS + TnS - TnSn“
<\ = Tall-ISI + 118 = Sall-I Tl —— 0,

which means that the multiplication in £ (X) is continuous.

Proposition 4.1. Let X be a Banach space and T € L (X). If |T|| < 1, then I + T is
mvertible and its inverse 1s expressed as the sum of an absolutely convergent series,

o0

(I+7)" =) ()T (4.1)
n=0
Moreover,
|T+T)" =T+7T| < ﬂ (4.2)
1T

Proof. Since ||[T™|| < ||T||" for each n € N and ||T|| < 1, the series (4.1) is absolutely
convergent, and hence convergent in .Z(X). Indeed, let

Sy=I1-T+T*— ...+ (-)NTV (N €N)

and observe that (Sy)%X_; is a Cauchy sequence in .Z(X). Define S = limy_,o Sy, i.e. S
is the sum of the series in (4.1). We have

(I+T)Sy =1+ (—D)NTNT = Sy(I+1T)

Tt follows from the Open Mapping Theorem (which will be proved later) that if X is a Banach space
and T € Z(X) is bijective, then T~! is automatically bounded, hence T-! € #(X). Therefore, in order
to verify that T is invertible it is enough to know that it is one-to-one and onto.



and, since the multiplication in .Z(X) is continuous, (I +7)S =1 = S(I + T'), which
means that S = (I +7)7! (note that S is bounded because [|S]| < >>°° [|T||" < 00).
Inequality (4.2) follows from the estimate:

[e%¢) o] T 2
|| < 3y = A2 0
n=2 n=2

LT
From the above assertion we infer that the set of invertible operators in .2’ (X) contains
an open ball centered at the identity I and with radius 1. This can be generalized as
follows.

Corollary 4.2. Let X be a Banach space and let T € Z(X) be invertible with || T~*|| = L.
Assume S € L (X) satisfies ||S|| = < a. Then T + S is invertible and

2

T+8) =T t4+17718T71| < ﬁ—
H( +5) + H_oﬂ(a—ﬁ)
Proof. Note that T+ S = T(I + T~'S), hence it is enough to show that I + 7715 is

invertible. To this end, we observe that [|[T71S|| < |[T-![||IS]| = £ < 1 and appeal to
Proposition 4.1. Notice that

(T+8) =T '+ T'ST = [(I+T'S) ' =1 +T'S|T7,

(4.3)

thus inequality (4.2) yields

ey o ITSPITY g F
[T+ 8" =T+ T7IST | < T— IT-18T = &¥(1-fja)  a*@—B) -

For any Banach space X, we denote:

e 9(X)={T € Z(X): T is invertible}

Corollary 4.3. For every Banach space X, 4(X) is an open subset of £ (X). More-
over, the map J: T — T~ is a C'-diffeomorphism of 4(X) onto itself and its Fréchet
derivative d J(T') € L (L (X)) is given by

dJ(T)S = -T7'ST™' (S e ZL(X)). (4.4)
Proof. In view of Corollary 4.2, every invertible operator T is contained in ¢(X) together
with a certain open ball centered at T'. Moreover, inequality (4.3) can be rewritten as

J(T+8)—J(T)+T71ST! =o(||9)),

where S — —T7'ST~! is a bounded linear operator on .Z(X). Hence, the Fréchet
derivative is indeed given by formula (4.4). In particular, J is continuous and hence it is
a homeomorphism of ¢(X) into itself as 7! = J.

In order to show that the map Z(X) > T — dJ(T) € Z(Z(X)) is continuous (i.e.
that J is of class C'), notice that it is the composition of the inverse map T + T,
which we already know to be continuous, and the map ®(7")S = —T'ST'. Since

T, ST, — TST| < ||[T,5T,, — TST,|| + ||T'ST,, — TST||
< (ITll + 1T IDNT = TS
we have
I9(T,) ~ () < (1Tl + ITIDIT ~ T > 0

whenever T,, — T in .Z(X). Hence, ® is continuous and so is the map 7' — dJ (7). O
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Definition 4.4. Let X be a Banach space over K € {R,C} and 7' € Z(X). We define
the spectrum of T' by
o(T)={ eK: T - ¢9(X)}.

The set p(T) = K\ o(T) is called the resolvent set for T', and the function
RO\ =(T=A)"" (A€ p(T))
is called the resolvent of T

Notice that T"— AI may be noninvertible for two reasons; that it is not one-to-one,
which means that ker(T — A\I) # {0}, or that it is not surjective?, i.e. (T — M )(X) is
a proper subspace of X. The latter situation admits two cases: the range of T — AI is
dense but not closed or it is not dense in X. Therefore, we can distinguishe three mutually
exclusive types of elements of the spectrum.

Definition 4.5. Let X be a Banach space over K € {R,C} and T' € .Z(X). We define:

. the point spectrum of T,

op(T) = {\ € K: ker(T — M) # {0} },
. the continuous spectrum of T,

oo(T) = {X € o(T)\ 0,(T): (T — M )(X) is a dense proper subspace of X},
. the residual spectrum of T,

o.(T) = {X € o(T)\ 0,(T): (T — AI)(X) is not dense in X }.

Every element A of 0,(T) is called an eigenvalue of T', and every vector z € X satisfying
Tx = Az is called an eigenvector corresponding to the eigenvalue A. Also, the dimension
dimker(T — M) is called the multiplicity of the eigenvalue .

Remark. In general, for any Banach space X and T' € Z(X) we have
o(T) =o0p(T)Uo(T)U o (T). (4.5)

This follows from the already mentioned Open Mapping Theorem which guarantees that
any bijective bounded operator between Banach spaces has a bounded inverse. This
theorem will be proved later, but we do not really need to refer to decomposition (4.5) at
this point.

Proposition 4.6. For any Banach space X and any T € £ (X), the spectrum o(T) is
a compact subset of K. Moreover, for every X\ € o(T) we have |A| < ||T|.

Proof. If |A| > ||T|| then I — A\7!'T € ¢(X) in view of Proposition 4.1. Hence, A\ — T €
¢(X) which means that A ¢ o(7") and proves the last assertion.

As we already know that o(7) is bounded, we are to prove that it is closed. Notice
that A € (7)) if and only if T'— A\ € Z(X) \ ¢(X) which, by Corollary 4.3, is a closed
subset of .Z(X). Of course, the map K 3 A — T — Al is norm continuous, whence o(T)
is closed as the preimage of a closed set by a continuous map. O

2 Again, we silently use the Open Mapping Theorem.
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In the next two results, we assume X to be a complex Banach space. Recall that
a function f: Q — C defined on an open set 2 C C is holomorphic provided that it has
a complex derivative at every point, that is, for every z € ) there exists a complex limit

o) ot 1) =)

w—z w—z

Proposition 4.7. Let X be a Banach space over C, T € Z(X) and let ® € L (X)*.
Then, the function
f)=2[(T =AD" (Aep(D)) (4.6)

is holomorphic on p(T) and f(\) = 0 as |A| — oo.
Proof. Fix A € p(T). We apply Corollary 4.2 to the invertible operator T'— AI instead of

T and to S being of the form S = (A — p)I for u € C sufficiently close to \. We obtain
that for suitable u’s, the operator T'— ul € ¢(X) and inequality (4.3) yields

(T = )™ = (T = AD)™ + (A= )(T = AD)?[| < Clu = AP

for some positive constant C' = C(T', \) which is independent of u if | — A| is sufficiently

small. Hence,
(T = pl)™ = (T =AD"

: R A
;111—%\ w— A = (T=AD)

and since ® is continuous, we also get

lim flu) = N = O[T — \)7?,

n—A o — A
which proves that f is holomorphic on p(T').

Now, if |A\| — oo, then
T -1
AN = BNT = A7 = @[(X - ) } s —B(D).

Since Af(A) has a finite limit in infinity, we must have f(\) — 0. O

Theorem 4.8. If X is a Banach space over C and T € £(X), then o(T) # @.

Proof. By Proposition 4.6, o(T") is compact. Take any \g € C\ o(T"). We have T'— oI €
9 (X), so obviously (T — X\gI)~! # 0. An appeal to the Hahn-Banach theorem produces
a functional ® € Z(X)* such that ®[(T — \gI) | # 0. Hence, the function f: p(T) — C
defined by (4.6) satisfies f(\g) # 0 and is holomorphic according to Proposition 4.7.
Suppose o(T) = @. Then f is an entire function (i.e. holomorphic on the whole
complex plane C) and, moreover, it is bounded in view of the fact that f(A) — 0 as
|A| = oo. But then Liouville’s theorem would imply that f is the constant zero function
which is not the case; a contradiciton. O

Example 4.9. The assumption that K = C in Theorem 4.8 is, of course, essential as we
can see from the first of the following examples:



(1) Let T € Z(R?) be the rotation of angle /2 on the real plane, i.e. T is given by the

matrix
0 -1
)
Plainly, o(7T) = @. The reason is that the only potential elements of the spectrum

are eigenvalues of T" and there are none such, because the characteristic polynomial
P()\) =det (T — AI) = A\? + 1 has no real roots.

(2) Let K € {R,C}, n € N and let X = K" be equipped with any norm?®. Every
operator T € Z(X) can be described by an n X n matrix of T" in any fixed basis
of K". Hence, in this finite-dimensional case, we can write .Z(K") = M,,(K). By
a classical fact from linear algebra, an operator 7' € .Z(K") is one-to-one if and only
if it is an isomorphism of K”; in other words, injectivity is equivalent to surjectivity.
Therefore, the only elements of the spectrum of T are its eigenvalues: o(1) = o,(7T).

(3) In infinite-dimensional case the point spectrum can be far away from the whole
spectrum which can be seen from the following example. Let T' € Z(C]0,1]) be
a multiplication operator on the real Banach space C[0,1] given by T'f(t) = tf(t).
Then o(T) = [0, 1] although 0,(T") = &, i.e. T has no eigenvalues at all (classes).

As it is mentioned in Example 4.9 (2), an operator on a finite-dimensional space is in-
vertible if and only if it is injective, which considerably simplifies calculating the spectrum.
Now, we introduce compact operators which somehow resemble finite-rank operators, i.e.
those with a finite-dimensional range. In particular, their perturbations by any nonzero
multiple of identity are injective if and only if they are surjective and hence invertible.
This is the so-called Fredholm alternative which is a part of a more general Riesz—Schauder
theorem (Theorem 4.11 below). Compact operators constitute an extremely important
class of operators which appear naturally in applications, e.g. differential and integral
equations

Definition 4.10. Let X and Y be Banach spaces. An operator T' € Z(X,Y) is called
compact if the range of the unit ball by T is a relatively compact subset of Y, that is,
T(By) is compact in the norm topology of Y.

We will use the following notation:
« H(X)Y)={T e Z(X,Y): T is compact},
« H(X)=H(X,X).

It is well-known that a metric space (M, d) is compact if and only if it is complete and
totally bounded, the latter means that for each € > 0 there is a finite e-net in M, i.e. a finite
set I C M such that for every p € M there exists ¢ € F with d(p,q) < . Consequently,
in order to check whether an operator T' € .Z(X,Y') between Banach spaces is compact, it
is enough to verify whether T'(By) is totally bounded. Using this topological tool one can
show that #(X,Y) is a closed subspace of Z(X,Y) (see Problem 3.11). In the case
X =Y the subspace (X)) forms in fact a closed two-sided ideal of .Z(X) which means
that it is a closed linear subspace and T'S € % (X)) whenever at least one of the operators

3We know from Proposition 2.3 that every linear operator on K” is bounded, and since the spectrum
is defined by purely algebraic means, it is not affected by which norm we consider.



T and S is in #(X). Note also that for dimY < oo we have #(X,Y) = Z(X,Y),
because every bounded subset of a finite-dimensional space is relatively compact.
Now, our main goal is to prove the following.

Theorem 4.11 (Riesz—Schauder theorem). Let X be a Banach space over K € {R,C}
with dim X = oo and let T € # (X). Then:

(a) 0 € o(T),
(b
(c
(d

)
) o(T) ={0}Uo,(T), i.e. each nonzero element of o(T') is an eigenvalue of T';

) for every € > 0 there are only finitely many X € o(T) with |A| > ¢;

) every A € o(T), X # 0 has a finite-dimensional eigenspace, i.e. dimker(T'—\I) < oo
We start with some auxiliary lemmas.

Lemma 4.12. Let T € Z(X), denote S =T —1 and Y = S(X). IfY is a proper closed
subspace of X, then for every e > 0 there is vy € Bx such that

dist(Txo, T(Y)) > 1 —e.

Proof. By Riesz’ lemma (Lemma 1.3), there exists zg € Sx such that dist(zg,Y) > 1 —e.
Since Szg € Y and T(Y) = (S + I)(Y) C Y, we have

dist(T'zo, T(Y)) > dist(Txg + Szo, Y) = dist(zo,Y) > 1 —¢. O

Definition 4.13. Let M be a closed subspace of a normed space X. We say that M is
complemented in X if there exists another closed subspace N C X such that M NN = {0}
and M + N = X in which case we write X = M ¢ N.*

Lemma 4.14. Let M be a closed subspace of a normde space X.

(a) If dim M < oo, then M is complemented.
(b) If dim X/M < oo, then M is complemented.

Proof. We show only assertion (a) which is needed for the proof of the Riesz—Schauder
theorem; assertion (b) is left for classes.

Let n = dim M and (e, ..., e,) be a Hamel basis of M. Every z € M can be uniquely
written as x = Y ., a;(x)e; and ay,...,q, defined in this way are continuous linear
functionals on M (see Proposition 2.3). By the Hahn-Banach theorem, we can extend
each «; to a functional A; € X* with the same norm. Define N = (7, ker(4;); it is
obviously a closed subspace of X and we have X = M & N (see Problem 1.10). ]

Proposition 4.15. Let X be a Banach space, T € (X)) and let X # 0. Then:
(a) dimker(T"— XI) < oo
(b) (T — A )(X) is closed and finite-codimensional, i.e. dim X/(T — M )(X) < oo.

4This is an important and quite subtle concept. Although, as we shall see later, in Hilbert spaces all
subspaces are complemented, the situation is much more difficult for general Banach spaces. Perhaps the
most classical result on noncomplementability is the Phillips—Sobczyk theorem which says that ¢y is not
complemented in £.



Proof. Without loss of generality we may assume that A = 1. Denote N = ker(T — I)
and S = T — I. Notice that x € N if and only if Tz = 2 which means that T|y is
an isomorphism onto its range. But since T is also compact, we infer that dim N < oo
(otherwise the range of the unit ball would contain an infinite-dimensional ball which, as
we know from Corollary 1.8, is not relatively compact). Hence, we have proved (a).
Now, by Lemma 4.14, there exists a closed subspace X; C X with X = N & X;.
Define Sy = S|x,; of course, S(X) = S(X;) = 51(X1) and ker S} = NN X; = {0}, thus

S, is one-to-one.

Claim 1. Sy is bounded below (see Definition 3.2) and hence S;(X;) = S(X) is closed.

If S} was not bounded below, there would exist a sequence (z,)3%, C Sx, such that
|S1z,]] — 0. Since T is compact, by passing to a subsequence, we may assume that
Tx, — y for some y € X. As we have z,, = (T — S)(z,) — y, we infer that ||y|| =1 (all
x,’s are on the unit sphere). On the other hand, Sz, — Sy which yields S;y = 0 and
this is impossible as S; is one-to-one.

Since S; is bounded below, it has a closed range. Indeed, let (2,)%2; C X; be any
sequence with (572,)22 ; convergent to some y € X. Then, (S;2,)5, is a Cauchy sequence
and since S; is bounded below, we have [|S;z|| > d]|z|| for every z € X, with some § > 0.
In particular, ||z, — z,|| < 67||S12m — Si2,]| for all m,n € N which shows that (z,)5,
is also a Cauchy sequence. As X is complete, there is zy € X such that z, — z5. Hence,
S1zn — S120, thus y = Sizp € S1(X;) which proves that the range S;(X7) is closed.
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