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On nilpotent operators
by

LAURA BURLANDO (Genova)

Abstract. We give several necessary and sufficient conditions in order that a bounded
linear operator on a Banach space be nilpotent. We also discuss three necessary conditions
for nilpotency. Furthermore, we construct an infinite family (in one-to-one correspondence
with the square-summable sequences (en ), of strictly positive real numbers) of non-
nilpotent quasinilpotent operators on an infinite-dimensional Hilbert space, all the iterates
of each of which have closed range. Each of these operators (as well as an operator previ-
ously constructed by C. Apostol in [Ap]) can be used to provide a negative answer to a
question posed by M. Mbekhta and J. Zemének [MZ]. We also use our example to show
that two (equivalent to each other) of the three necessary conditions for nilpotency we
have mentioned above are not sufficient, by proving that the sequence (en),cN can be
chosen so that these two conditions are satisfied. Finally, from a generalization—obtained
by using a theorem proved by M. Gonzalez and V. M. Onieva in [GO2]—of a result pro-
vided by C. Apostol in [Ap], we derive that any holomorphic function of each operator in
our example, as well as of the one constructed in [Ap], has closed range.

1. Introduction. Throughout this paper, when the scalar field is not
specified, it may be either C or R.

For each vector space V, let Oy and Iy denote respectively the zero
element of V' and the identity operator on V. If E is an endomorphism of V,
we denote the kernel and the range of E by N'(E) and R(E), respectively.
If X is a Banach space, L(X) stands for the Banach algebra of all bounded
linear operators on X. If 7' € L(X) is invertible in L(X), we denote the
inverse of T in L(X) by T~

If X is a complex Banach space and A € L(&X), let o(A) stand for the
spectrum of A. It is well known that the resolvent function of A

R(-,A):C\o(A) 3 A— My —A) e LX)
is holomorphic on C\ o(A).
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For every normed space Y, we denote the norm of Y by || ||y. Also, let
N and Z, stand for the sets of all nonnegative integers and of all positive
integers, respectively.

We recall that a bounded linear operator 7' on a Banach space X is
called:

e nilpotent if there exists p € N such that T? = 0 x);

e quasinilpotent if lim,, .o {/||T"|1(x) = 0.
Clearly, every nilpotent operator is quasinilpotent. Now suppose the Banach
space X is nonzero and let T € L(X). Since T° = Ix # Opx), if T is
nilpotent we have

min{p € N: TP = 0p(x)} € Zy.

We also recall that, if X is complex, then T is quasinilpotent if and only
if o(T) = {0} (see [TL, V, 3.5]); moreover, T is nilpotent if and only if
o(T) ={0} and 0 is a pole of R(-,T") (see [TL, V, 10.5 and 10.6]). In the real
case, T' being quasinilpotent is equivalent to the spectrum of the complex
extension T" of T' to the complexification X of X (see [Sc, p. 261]) being

equal to {0} (as it is not difficult to verify that ||(T) = [|T"||(x) for

"l L(X)
all n € N), and T being nilpotent is equivalent to o(T) = {0} plus 0 being
a pole of R(-,T).

The problem of finding conditions ensuring that a bounded linear oper-
ator T" on a Banach space X be nilpotent (or the equivalent one of finding
conditions ensuring that T'— I x be nilpotent) has been considered by several
authors (see also [Ze] for an extensive bibliography about this topic). Ex-
tending I. Gelfand’s characterization of the identity operator among all the
ones having spectrum equal to {1} ([Ge2, Theorem 1]), E. Hille ([H, p. 59];
see also [St, p. 6], [HP, Theorem 4.10.1] and [Ze, Theorem 2]) characterized
nilpotency of T'— I'x (where X is a complex Banach space), under the hy-
pothesis o(T) = {1}, in terms of the asymptotic behaviour of the sequence
(T™)nez as |n| — oo. Further necessary and sufficient conditions for nilpo-
tency of T — Ix, for T satisfying o(T) = {1}, in terms of the asymptotic
behaviour of the sequence above as |n| — oo, were more recently obtained
by A. Atzmon [At], J. Zemdanek [Ze], M. Zarrabi [Za], and D. Drissi and
J. Zemének [DZ]: indeed, a characterization of this kind follows from Corol-
lary 1 of [At], another one can be derived from Theorem 4 of [Ze] and further
ones are stated in [Za, 5.1] and in [DZ, Corollary of Theorem 2]. Moreover,
in [DZ, Theorems 1-3|, E. Hille’s result is improved in terms of the asymp-
totic behaviour of the Cesaro means of T and T~! as n — oo. Local results
of Gelfand-Hille type can be found, for instance, in [AD], [Ze], [EZ], [D1],
[D2]. We also recall that a characterization of nilpotency of T, in terms of
the asymptotic behaviour of the positive iterates only of Ix +7 and Ix — T,
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is provided in [Al, Lemma 3]. Also [At] includes a characterization of nilpo-
tency of T'— Ix, in terms of the asymptotic behaviour of the positive iterates
only of T and of T'—I'x (see [At, Corollary 7]), as well as one of nilpotency of
a quasinilpotent operator A, in terms of the growth of the resolvent function
of A (see [At, remark 3 on p. 50]). Characterizations of nilpotent operators
by means of conditions on the growth of the resolvent function can also
be found elsewhere in the literature ([Gel, Theorem 1], see also [Na, III,
§11, Theorem 9]; [Ne, 5.4.1]). Nilpotency of T — I'x, under the hypothesis
o(T) = {1}, is also characterized in [DZ, Theorem 4] by means of estimates
of the norm of the resolvent function as |A\| — 11 and |A\| — 17, and in [DZ,
Theorem 5] by means of a generalization of the uniform Abel-boundedness
condition on 7" and T~!. We also remark that necessary and sufficient condi-
tions for nilpotency of a quasinilpotent operator T, in terms of finiteness of
the ascent or descent of T', can be derived, as straightforward consequences,
from the characterizations of the boundary points of the spectrum which
are poles of the resolvent obtained by D. C. Lay in [L, 2.7 and 2.6, respec-
tively] (for the consequence of [L, 2.6] see [TL, V, 10.6]; the consequence of
[L, 2.7] will be explicitly recalled here, in the next section). Likewise, the
refinements of D. C. Lay’s results, provided by S. Grabiner in [Grl, (5.4)]
and [Gr2, (4.9)], and by S. Grabiner and J. Zemanek in [GZ, 2.3], yield cor-
responding refinements of the characterizations of nilpotency derived from
[L, 2.7 and 2.6].

We are especially interested here in necessary and sufficient conditions
for nilpotency of a bounded linear operator T" which involve closedness of
the ranges of the (positive) iterates of T'.

In [MZ], M. Mbekhta and J. Zemdanek obtained an improvement of the
uniform ergodic theorem, from which they derived a characterization of the
identity operator among all the ones having spectrum equal to {1}, in terms
of the asymptotic behaviour of the sequence (T"),en as n — oo and of
closedness of the range of a suitable iterate of Ix —T (see [MZ, Corollary 2]).
Corollary 2 of [MZ] yields the following characterization of the zero operator
among all the quasinilpotent ones, as a straightforward consequence (see also
[MZ, Corollary 4]).

(1.1)  Let X be a complex nonzero Banach space and T € L(X). Then
T = 0px) if and only if o(T) = {0}, n’lH(IX — T)"||L(X) — 0 as
n — oo and R(T™) is closed for some m € Z .

The result below (which generalizes (1.1)) follows immediately from [LM,

Corollary 7 and Lemma 3] (cf. also [GZ, 3.2 and (1.2b)]).

(1.2)  Let X and T be as in (1.1), and p € Zy. Then T? = Op(x) if and
only if o(T) = {0}, n Y TP (Ix = T)"||r(x) — 0 as n — oo and
R(T™) is closed for some m € N satisfying m > p.
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In [B2, 3.4] we obtained a generalization of the uniform ergodic theorem to
the sequence (n~=P ZZ;S T*) ez . (with p € Z), by giving several necessary
and sufficient conditions in order that it converges in L(X ) and the subspace
R((Ix —T)"') + N(Ix — T) is closed (notice that, in the special case
p = 1, the latter condition is automatically satisfied, thus reducing the sum
of the two conditions above to uniform ergodicity of T'). A further condition,
equivalent to the ones obtained in [B2], is provided in [B3, 3.4]. Also, in [B3,
3.5] a characterization of nilpotency of T' — Ix is derived from [B2, 3.4]
and [B3, 3.4], yielding the following characterization of nilpotency of T as a
straightforward consequence.

(1.3)  Let X be a complex nonzero Banach space, T € L(X) and p € Z..
Then TP = 0r,(x) if and only if o(T) = {0}, n™P||(Ix —T)" | n(x) —
0 asn — oo and R(T*) + N (T7) is closed for some (k,j) € Z, x N
satisfying either k =p and j =0 or k+j > p.

We recall that the condition limy, oo n™ | TP~ (Ix — T)"| 1(x) = 0 implies
lim,, oo n 7 P||(Ix — T)"||L(x) = O (see [B2, 2.4]), whereas the converse is
not true for p > 2 (see [B2, 2.6]). Hence (1.3) improves (1.2) (cf. also [W,
Theorem 4]). Also, it is known that convergence to zero in L(X) (actu-
ally, even strong convergence to zero, see [W, Theorem 2|) of the sequence
(n"P(Ix —T)")nez, implies that the ascent of T is less than or equal to p.
Then from [GZ, 2.3] it follows that the norm convergence to zero require-
ment can be replaced by the weaker one that the ascent of T be less than
or equal to

{1 in (1.1) for m > 1,
p in (1.2) for m > p and in (1.3) for k + j > p.

Notice that in the remaining cases (that is, for m = 1 in (1.1), for m = p in
(1.2) and for k = p, j = 0 in (1.3)) this is not true (see [B2, 3.5]); indeed,
uniform convergence to zero of the sequence above cannot even be replaced
by strong convergence to zero in these cases (see [GZ, 1.3]).

It is clear that eventual closedness of the ranges of the iterates of a
bounded linear operator T is a necessary condition in order that T" be nilpo-
tent. The authors of [MZ] wonder whether, once quasinilpotency of T is
assumed, closedness of R(T™) for n large enough is also sufficient for nilpo-
tency of T (see the concluding remark 3 of [MZ]). This question can be
answered in the negative. Indeed, in Theorem 3 of [Ap], C. Apostol proved
that, if o is a (nonempty) countable compact set in the complex plane and
H is a complex infinite-dimensional Hilbert space, there exists T € L(H)
such that o(T) = o and p(T') has closed range for all polynomials p. It
turns out that the operator constructed in the proof of Theorem 3 of [Ap]
is not nilpotent. Hence the proof of [Ap, Theorem 3|, in the special case
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o = {0}, yields an example of a nonnilpotent quasinilpotent bounded linear
operator T such that R(T™) is closed for all n € N.

In this paper we provide several characterizations of nilpotency and con-
struct another example showing that the question posed in [MZ] has a nega-
tive answer. We also use this example to give a negative answer to a further
question, about sufficiency of two necessary conditions for nilpotency we
derive here. In Section 2 we collect a few known results that are needed
in the rest of the paper. In Section 3 we provide some necessary and suf-
ficient conditions in order that a bounded linear operator has finite ascent
(Theorem 3.6 and Corollary 3.7). These conditions are used in Section 4, in
which several characterizations of nilpotency, for a bounded linear operator
(Theorem 4.3) and for a quasinilpotent bounded linear operator (Theorem
4.7), are obtained. Also three necessary conditions for nilpotency ((4.4.1),
(4.5.1) and (4.5.2)) are considered: (4.4.1) implies the remaining two, which
are proved to be equivalent in Theorem 4.5. Most of our conditions for nilpo-
tency involve closedness of the ranges (or of sums of ranges and kernels) of
the iterates of the operator.

Section 5 is mainly devoted to examples. Indeed, in Example 5.4 we con-
struct a nonnilpotent quasinilpotent bounded linear operator on an infinite-
dimensional Hilbert space, all the iterates of which have closed range. Actu-
ally, Example 5.4, which is the development of an example we had previously
obtained (unpublished, although mentioned, together with another example
by W. R. Wogen—about the same topic and unpublished as well—in the
final comments of [Ze]), provides an infinite family of such operators, each of
which corresponds to a square-summable sequence (e,,)nen Of strictly pos-
itive numbers. We exactly compute the reduced minimum moduli of the
iterates of these operators, in terms of the e,. We also give a formula to
determine the norms of such iterates, besides providing upper estimates for
them in terms of the €,. In Example 5.5 we use these computations to show
that the sequence (e,,)nen can be chosen so that the operator of Example
5.4 satisfies (4.5.1) and (4.5.2), which therefore turn out not to be sufficient
for nilpotency. In Remark 5.6 we show that Examples 5.4 and 5.5 leave
open the question of sufficiency of condition (4.4.1), as it is not satisfied by
the operator of Example 5.4 for any choice of (&, )nen. Finally, in Propo-
sition 5.7, we remark that a result obtained in [Ap, Lemma 3]—that is,
closedness of the range of p(A) (where A is a bounded linear operator on a
complex Hilbert space H) for all polynomials p, under the hypothesis that
R((Mg — A)™) is closed for all A € 0(A) and n € N—actually holds in the
more general setting of holomorphic functions of Banach space operators.
This follows from a theorem—provided by M. Gonzalez and V. M. Onieva
in [GO2]—which we are going to recall in Section 2, and clearly applies to
the operator of Example 5.4, as well as to the operator constructed in the
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proof of [Ap, Theorem 3]: indeed, any holomorphic function of any of these
two operators has closed range (Remark 5.8).

Acknowledgements. We wish to thank Warren Wogen for bringing
Apostol’s construction in Theorem 3 of [Ap] to our attention, and Jaroslav
Zemanek for his interesting and stimulating questions and comments.

2. Preliminaries. Let X be a Banach space. For every bounded linear
operator A on X, let a(A) denote the ascent of A, that is,

a(A) = inf{n € N: N(A") = N (A1)}

Notice that «(A4) € NU {oo} and the infimum above is attained if and only
if a(A) < oco. Also, N(A™) C N(A™H1) for all n € N satisfying n < a(A)
and N (A™) = N (A1) for n > a(A). Finally, the following equality is not
difficult to verify.

(2.1)  If A is nilpotent, we have a(A) = min{p € N: AP = 0p(x)}.

In what follows, we will need the following characterization of nilpotent
operators, which is a consequence of [L, 2.7] and [TL, V, 3.5, 10.5 and
10.6] (in these references, the Banach space is assumed to be complex and
nonzero; anyway, the result holds in any Banach space, as the real nonzero
case follows from the complex one by going to the complex extension of the
operator, and the zero space case is trivial).

THEOREM 2.2. Let X be a Banach space and T € L(X) be quasinilpo-
tent. Then T is nilpotent if and only if a(T) < oo and R(T™) is closed for
some n € Zy satisfying n > o(T) + 1.

We will also use the following result by S. Grabiner and J. Zemanek.

THEOREM 2.3 ([GZ, 2.1]). Let X be a Banach space and T € L(X). If
a(T) < oo and R(T*) + N (T7) is closed for some (k,j) € Z+ x N satisfying
k+j > aT)+1, then R(T™) + N(T™) is closed for all (n,m) € N x N
satisfying n +m > a(T).

Notice that Theorem 2.3 yields a refinement of Theorem 2.2 in which
closedness of R(T™) for some n > a(T) + 1 can be replaced by closedness
of R(T*) + N (T7) for some (k,j) € Z; x N satisfying k+j > a(T) +1 (a
further refinement, in which also the condition a(7T") < oo is relaxed, follows
from [GZ, 2.3]).

For each nonempty subset S of a normed space Y, let dist(-,.S) denote
the distance function to S on Y, that is,

dist(+,5) : Y 3 x — dist(z,S) = inf{||z — y||y : y € S} € R.
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For every bounded linear operator A on a Banach space X, let y(A)
denote the reduced minimum modulus of A, that is,

v(A) = sup{m € [0,00) : ||Az|| x > mdist(x, N (A)) for all x € X }.

Notice that y(A) € [0,00], and y(A) = oo if and only if A = 0(x). We
also recall that, if A # 07(x), the supremum above is attained and y(A4) <
| Al| x)- The following well known result will be useful.

TueoreM 2.4 ([K, IV, 5.2]; [TL, IV, 5.9]). Let X be a Banach space and
let T € L(X). Then R(T) is closed if and only if v(T') > 0.

The following result was obtained by C. Apostol in [Ap].

THEOREM 2.5 ([Ap, Lemma 3]). Let H be a complex Hilbert space and
let T € L(H) be such that R(Mpg — T)") is closed for every n € N and
every A € o(T'). Then R(p(T)) is closed for every polynomial p.

The proof of Theorem 2.5 provided in [Ap] uses the fact (proved in [Ap,
Corollary of Theorem 1]) that an operator T € L(H ) such that R(AIg —T)
is closed for every A € o(T") has an at most countable spectrum. We remark
that this also holds in the general case of a Banach space operator (see [MO,
Corollary 4.3 and Remark 4.4]). Hence the proof of [Ap, Lemma 3] can be
repeated in the Banach space case. Anyway, the extension of Theorem 2.5
to the bounded linear operators on Banach spaces can also be obtained as a
straightforward consequence of the fact that, if p is the polynomial defined
by p(z) = [Tio; (A —2)™* (where n € Z, A1, ..., A\, € C, with \; # Ay, for
j # h,and mq,...,m, € Z,) and E is an endomorphism of a complex vector
space V, we have R(p(E)) = r—; R((A\xIy — E)™*) (see [Y, Theorem)], or
[Go, Corollary]) (1).

Finally, we are going to recall a result which—as we will remark in Propo-
sition 5.7—yields the extension of Theorem 2.5 to holomorphic functions of
(Banach space) operators.

If X is a complex Banach space and T € L(X), let U(T') denote the set
of all complex-valued holomorphic functions whose domain is a nonempty
open subset of C containing o(T"). We recall (see for instance [TL, Definition
on p. 310 and subsequent comments]) that, for each f € U(T), the operator

(1) We recall that this result also holds for non-everywhere defined operators: indeed,
if p and q are polynomials with no common roots in C and A is a (possibly non-everywhere
defined) linear operator on a complex vector space, then R(pq(A)) = R(p(A)) NR(q(A)).
This—together with the equality N (p(A)) = q(A)(N (p(A)))—can be found, for instance,
in [B1, 2.2]. We take this opportunity to point out that a different proof of the results of
[B1, 2.2] had been previously provided in [GO1] (see [GO1, (1.1) and (1.3)]).
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f(T) € L(X) is defined by

) =5 | FERET)
iy
+0D

where D is any nonempty open bounded subset of C containing o(7") and
with closure contained in the domain of f, which has finitely many com-
ponents with pairwise disjoint closures, and whose boundary consists of a
finite number of simple closed rectifiable curves, no two of which intersect
and each of which is positively oriented with respect to D; +0D denotes the
positively oriented boundary of D. This extends the canonical definition of
p(T), where p is a polynomial with coefficients in C (see [TL, V, 8.1]).

THEOREM 2.6 (see [GO2, Theorem|). Let X be a complex Banach space,
T e L(X) and f € U(T). For each isolated zero pi of f, let m, denote the
order of . Then R(f(T)) is closed if and only if R((AMx —T)™*) is closed
for every isolated zero X\ of f satisfying A\ € o(T).

3. Characterizations of operators with finite ascent. We remark
that, if V' is a linear space, I is a nonempty set and (p;)ics is a family of
seminorms on V', the set W of all z € V satisfying ), ; pi(z) < oo is a linear
subspace of V. Notice also that the function ¢ : W > 2 +— >, pi(z) € R
is a seminorm on W. Moreover, ¢ is a norm if the set {p; : i € I'} contains
a norm.

DEFINITION 3.1. Let X be a normed space, let I be a nonempty set and
let P = (pi)ics be a family of seminorms on X such that || ||x € {p; : 7 € I'}.
We will denote by Xp the space of all » € X satisfying >, pi(z) < oo,
endowed with the norm || || x, defined by

|z xp = Zp,,(a:) for every x € Xp.
icl

We remark that Xp is continuously embedded in X, since || ||x € {p; :
i € I} and consequently ||z|x < ||z|x, for each x € Xp.

LEMMA 3.2. Let X be a Banach space, let I be a nonempty set and let
P = (pi)ier be a family of continuous seminorms on X such that || ||x €
{pi :i € I}. Then Xp is a Banach space.

Proof. Let (z,)nen be a Cauchy sequence in Xp. Since ||z||x < ||z| xp
for each x € Xp, it follows that (x,)nen is also a Cauchy sequence in X.

Hence there exists x € X such that z, Xz asn — oco. We prove that

Xp
r € Xp and x,, — x as n — o0.
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Fix e > 0. Since (2, )nen is a Cauchy sequence in Xp, there exists v, € N
such that

Zpi(mn —&y,) <e forall n,m € N satisfying n,m > v,.

icl
Now let n € N be such that n > v.. For each nonempty finite subset F' of
I, we have

sz‘(l’n — Tpy) < sz(a;n —Ty) <e forallm >,
icF il
which, since the elements of {p; : i € I} are continuous on X, yields

Zpi(mn —z) <e.
i€F
If F; denotes the set of all nonempty finite subsets of I, we conclude that

Zpi(xn —x) = sup{Zpi(:Un —z): Fe .7-"1} <e foralln>v..
iel ieF
Hence z,, —x € Xp for some n € N, and consequently x € Xp. Furthermore,

|zn — 2||xp = sz(a;n —z)—0 asn— oo,
iel
which gives the desired result. =

If not all of the seminorms of the family P are continuous on X, the
normed space Xp may not be complete, as the following example shows.

ExaMPLE 3.3. Let X be an infinite-dimensional Banach space. Then
there exists a complete norm n on X which is not equivalent to || || x. For
instance, n can be defined by

n(z) = ||[Tz||x for every z € X,

where T is any one-to-one discontinuous linear operator from X into X,
having closed range in X (such an operator exists, as X has infinite dimen-
sion): indeed, n is a norm as T is linear and one-to-one; furthermore, the
normed space (X, n) is complete as the range of T is closed in (X, || ||x).

Let S be the couple of seminorms on X defined by S = (n, || ||x). Then
the linear subspace X s coincides with the whole of X and

|lz]| xs = n(z) + ||z]|x for every x € X.

Notice that X is continuously embedded in (X,n) as well as in (X, || ||x).
Since the identity map from (X, || || x) onto (X, n) is discontinuous and both
spaces are Banach, from the closed graph theorem it follows that there exist
a sequence (Zp)nen in X and z,y € X such that (x,),en converges to x in
(X, |l llx) and to y in (X, n), and = # y. Then (z,)nen is a Cauchy sequence
in both (X, || ||x) and (X,n), and consequently it is a Cauchy sequence
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in Xs. Nevertheless, since Xs is continuously embedded in both (X, || ||x)
and (X,n) and = # y, it follows that (z,)nen does not converge in Xg.
Hence X is not complete. m

Let S be a nonempty subset of a normed space Y. We remark that
dist(+, S) is continuous on Y, as

|dist(x, S) — dist(y, S)| < [z — y|ly for all z,y € Y.

Furthermore, if S is a linear subspace of Y, then dist(-,5) is a seminorm
onY.

DEFINITION 3.4. Let X be a Banach space, let T' € L(X) and let X be
a subset of N containing 0. We set

DX, T) = (dist(-, N(T™)) ) nes-
Under the hypotheses of Definition 3.4, D(X, T') is a family of continuous
seminorms on X; furthermore, || ||x = dist(-, V(T?)) € {dist(-, N (T™)) :
n € X'}. Thus Xp(z,1) is a Banach space by Lemma 3.2.

For every element y of a normed space Y and for every € > 0, let By (y, €)
stand for the open ball in Y centered at y with radius €.

LEMMA 3.5. Let X be a Banach space, let T € L(X) and let X be an
infinite subset of N containing 0. Then Xp(x,r) C U,en N (TT).

Proof. For each x € X \ J,cyN(T™), there exists 6 > 0 such that
Bx (z,0)NU,,en N (T™) = 0. Hence dist(z, N'(T™)) > ¢ for all n € N, which,
since X is infinite, gives -, dist(z, N(T")) = co. =

THEOREM 3.6. Let X be a Banach space and let T € L(X). The follow-

ing conditions are equivalent:

(3.6.1) aT) < oc;

(3.6.2)  there exists M € [0,00) such that Y dist(z, N (T™)) < M|jz| x
for every x € J,, ey N(T™);

(3.6.3) >0 dist(z, N(T™)) < oo for every @ € J,en N (T7);

(3.6.4)  there ewists a strictly increasing sequence (ng)ren of nonnega-
tive integers such that Y p- , dist(z, N (T™)) < oo for every x €

UnGN N(Tn)
Furthermore, if (3.6.1)—(3.6.4) are satisfied, we have
a(T) = min {M € 10,00) = > dist(a, N(T™)) < M|z x

n=0 R —
for every x € U N(T”)}

neN
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Proof. We begin by supposing that «(7") < co. We prove that then

(3.6.5) Z dist(z, N(T")) < o(T)||z||x for every x € U N(T™).
n=0 neN

This is clearly true if a(T") = 0. Now assume «(7") € Zy. Then, for each
z € U,y N(T7) = N(TD), we have

o a(T)—1 a(T)—1
S dist(e N = Y dist(e NI < 3 flallx = oD allx.
n=0 n=0 n=0

which is the desired result.

We have thus proved that (3.6.1)=-(3.6.2). Clearly, (3.6.2)=(3.6.3) and
(3.6.3)=(3.6.4). Now we prove that (3.6.4)=(3.6.1).

Suppose condition (3.6.4) holds and define ¥ = {0} U {ny : k € N}.
Then D(X,T) is a family of continuous seminorms on X and | ||x €
{dist(-, N (T™)) : n € X}. Moreover, Xp(s.7) C U, ey N (T™) by Lemma 3.5.
Condition (3.6.4) gives the opposite inclusion, so Xp(x 1) = U,en N (T7).
Since Xp(x 1) is continuously embedded in X and || || x, . ,, is complete
by Lemma 3.2, from the open mapping theorem we conclude that the norms
| |xpsr and || [|x are equivalent on Xp(s 7). Hence there exists M €
(0, 00) such that ||z[|x, . -, < M|z|x for every x € Xp(x 1), which gives
(3.6.6) Y dist(z, N(I™)) < Mz|x for every z € | J N(T™).

k=0 neN

We now prove that «(7") < oo. If the ascent of T" were infinite, for every k € N

we would have N (T™) C N (T™+). Hence, by Riesz’s lemma, there would

exist x € N(T™+1) such that ||zx||x = 1 and dist(zy, N(T™)) > 1/2.

Then from (3.6.6) we would obtain

s k
M = Mla]x 2 3 dist(an, N(T™)) = 3 dist(ee N (T™))
j=0 j=0

> (k+1)/2 forallk €N,

which is impossible. Hence a(T") < oo.

We have thus proved that conditions (3.6.1)—(3.6.4) are equivalent. Now
suppose they are satisfied and set

M = {M c [()7 oo) : nz::[)dist(x,./\/(Tn)) < MHHTHX

for every z € U N(T”)}

neN
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We will prove that o(7") = min(9). From (3.6.5) it follows that «(T") € 9N,
which gives the desired result if «(7T) = 0. Suppose a(T) € Z, and let
M € 9. By Riesz’s lemma, for each ¢ € (0,1) there exists z. € N(T*T))
such that ||z.|x = 1 and dist(z., N(T*T)~1)) > 1 — ¢. Hence
M = Mlla:|x > dist(ze, N(T") = Y dist(ze, N(T7))
n=0 n=0
>(1—-¢e)a(T).

Lettinge — 1, we obtain M > «(T). Hence a(T) = min(9), which finishes
the proof of the theorem. =

Henceforth, we stipulate that A\/oo = 0 for all A € [0, 00). This, in virtue
of Theorem 2.4, allows us to consider ||Az||x /v(A) for any A € L(X) having
closed range in X (where X is any Banach space) and for every = € X.

COROLLARY 3.7. Let X be a Banach space, T € L(X) and (ni)ren be
a strictly increasing sequence of nonnegative integers such that R(T™) is

closed for all k € N. Then:

(3.7.1) Do dist(a, N(T)) <30 o 1T || x /v(T™) for every z € X;
(3.7.2)  a(T) < oo if and only if Y pey | T™ x| x /7(T™*) < oo for every
WS UnENN(Tn)'

Proof. (3.7.1) follows from the properties of the reduced minimum mod-
ulus, and the “if” part of (3.7.2) follows from (3.7.1) and Theorem 3.6.

Now we prove the “only if” part of (3.7.2). If a(T) < oo, we have
Unen N(T") = U,enN(T™). Then, for each z € J,,cy N (T"), the series
oreo I T™ x| x /y(T™) reduces to a finite sum and hence converges. The
corollary is proved. m

4. Characterizations of nilpotent operators. In this section, we are
going to use Theorem 3.6 in order to derive characterizations of nilpotency
for a bounded linear operator on a Banach space.

DEFINITION 4.1. Let X be a Banach space and let T € L(X). We set
#(T) = inf{n € Z, : R(T") is closed for all k € N satisfying k > n}.

We remark that «(T') € Z4 U {oco} and the infimum above is attained if
and only if x(T) < co. Notice also that x(T') < oo if and only if R(T™) is
eventually closed. In particular, x(7") = 1 if and only if R(T™) is closed for
all n € N.

We will need the following elementary result.
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LEMMA 4.2. Let X be a Banach space and let T € L(X). Then T is
nilpotent if and only if o(T) < oo and | J, ey N (T™) is dense in X.

Proof. If a(T) < oo and |J,,cy N (T™) is dense in X, we have

X = | JN@) = N(@TD),

neN

which gives T a(T) — r(x)- Hence T' is nilpotent. The converse follows from
(2.1). m

THEOREM 4.3. Let X be a Banach space and let T' € L(X). The follow-
ing conditions are equivalent:

(4.3.1) T is nilpotent;
(4.3.2)  there exists M € [0,00) such that Y, dist(z, N (T")) < M||z| x
for every x € X;
(4.3.3) >0 dist(z, N(T™)) < oo for every z € X;
(4.3.4)  there exists a strictly increasing sequence (nk)ken of nonnegative
integers such that Y p- , dist(z, N (T™)) < oo for every z € X;
(4.3.5)  K(T) < 0o and there exists N € [0,00) such that
S° ITallx /AT < Nljalx for every z € X;

n=r(T)

(4.3.6) k(T) < oo and fo:n(T) |T"z| x /v(T™) < oo for every x € X;

(4.3.7)  there exists a strictly increasing sequence (nk)ken of nonnegative
integers such that R(T™) is closed for all k € N and

Z | T" x| x /v(T"*) < oo for every x € X.
k=0

Furthermore, if (4.3.1)—(4.3.7) are satisfied, we have

= min{M € [0,00) : Zdist(:c,N(T")) < M||z||x for every x € X}.

n=0

Proof. From Lemma 4.2, Theorem 3.6, Lemma 3.5 and (2.1) we derive
that conditions (4.3.1)—(4.3.4) are equivalent and (4.3.8) holds if they are
satisfied.

Now suppose that (4.3.1)—(4.3.4) are satisfied. Then there exists p € Z
such that T? = 0r(x). Hence x(T") < p. Furthermore, for each z € X, we
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have
S LA E ol ( : !T”||L(X>)
d = <D 2]l x,
kL ™ ™
W (1) D) (1) D) (1)

which gives (4.3.5).

We have thus proved that (4.3.1)—(4.3.4) imply (4.3.5). Clearly, we have
(4.3.5)=(4.3.6) and (4.3.6)=(4.3.7). Furthermore, by (3.7.1), condition
(4.3.7) implies (4.3.4), which completes the proof. m

The next result follows from Theorem 4.3 (more precisely, from equiv-
alence between (4.3.1) and (4.3.6)). It can also be checked directly by ob-
serving that R(T™) is eventually closed and the series > >~ wry T /y(TT)
reduces to a finite sum for every x € X if T is nilpotent.

PROPOSITION 4.4. Let X be a Banach space and T € L(X) be nilpotent.
Then

(4.4.1) T is quasinilpotent, K(T) < oo and the series ZZO:K(T) Tz /v(T™)
converges in X for every x € X.

THEOREM 4.5. Let X be a Banach space and T' € L(X). Then the fol-
lowing two conditions are equivalent.
(4.5.1) T is quasinilpotent, k(T) < oo and lim,, oo T"x/y(T™) = 0x for
every x € X;
(4.5.2) T is quasinilpotent, | J, .y N(T™) is dense in X, x(T) < oo and
the sequence (||[T™||L(x)/Y(T™))n>r(T) 5 bounded.

Furthermore, condition (4.4.1) implies (4.5.1) and (4.5.2).
Proof. Clearly, (4.4.1) implies (4.5.1). If T satisfies (4.5.1), we have
(4.5.3) lim | T"z||x/v(T") =0 for every z € X.

For each x € X, since

dist(z, N(T™)) < || T"z||x /y(T™) for every n > x(T),
from (4.5.3) we conclude that lim,, . dist(z, N (T™)) = 0, which gives x €
Unen N (T7). Hence J,, N (T7) = X.

From (4.5.3) it also follows that the sequence (||T" x| x /v(T"))n>w(r) is
bounded for every z € X. By the uniform boundedness principle, this yields
boundedness of (||[T" | .x)/7(T"))n>r(r)- We have thus proved that (4.5.1)
implies (4.5.2).

Conversely, suppose (4.5.2) is satisfied and let M € [0, 00) be such that

(4.5.4) IT™(|Loxy/7(T™) < M for all n > k(T).
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Fix x € X. Since |J,,cy N (T™) is dense in X, we conclude that
(4.5.5) lim dist(z, N (T™)) = dist (;c U J\/(T”)) ~0.
e neN
Since, by (4.5.4), for each n > k(T') we have
IT"xllx _ 1T"llzco
V(T (1)
from (4.5.5) it follows that lim, ., T"x/vy(T™) = Ox. Hence T satisfies

(4.5.1). We have thus proved that (4.5.1) and (4.5.2) are equivalent. The
proof is now complete. m

dist(z, N (T")) < M dist(z, N(T")),

We remark that the requirement that T' be quasinilpotent cannot be re-
moved from conditions (4.5.1) and (4.5.2) without weakening them. Indeed,
for instance, the backward shift operator S on ¢y satisfies x(S) = 1 and
lim,, 00 Sz /v(S™) = lim,, oo S™x = 0y, for every x € ¢5. Nevertheless, S
is not quasinilpotent.

The next result follows from Proposition 4.4 and Theorem 4.5. It can as
well be checked directly, by observing that R(7™) is eventually closed and
the sequence (T"x/v(T™))n>w(r) is eventually zero for every x € X if T is
nilpotent.

PROPOSITION 4.6. Let X be a Banach space and T € L(X) be nilpotent.
Then T satisfies the equivalent conditions (4.5.1) and (4.5.2).

In the next section, we will show that (4.5.1) and (4.5.2) are not sufficient
for nilpotency of T.

Henceforth, [x] will denote the integer part of x for every = € R.

THEOREM 4.7. Let X be a Banach space and T € L(X) be quasinilpo-
tent. The following conditions are equivalent:

(4.7.1) T is nilpotent;

(4.7.2)  there exists M € [0, 00) such that Y, dist(z, N (T™)) < M||z| x
for every x € U, .y N(I™) and R(T*)+N (T7) is closed for some
(k,j) € Z4 x N satisfying k + j > [M] + 1;

(4.7.3)  there exists M € [0,00) such that Y, dist(z, N (T™)) < M||z| x
for every x € U, ey N(T™) and R(T*) + N(T9) is closed for all
(k,7) € N x N satisfying k + j > [M);

(4.74) S dist(z, N(T™)) < oo for all x € U,y N (T7) and R(T*) +
N(T7) is closed for infinitely many (k,j) € Zy x N;

(4.7.5)  R(T*) + N(T9) is closed for infinitely many (k,j) € Z4y x N and
there exists a strictly increasing sequence (ny)ren of nonnegative
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integers such that

Zdist(x,N(T”’“)) < oo for every x € U N(T™);

k=0 neN
(4.7.6) kK(T) < oo and there exists N € [0,00) such that
S ITalx /AT < Nljallx  for every x € | N(T"):
n=r(T) neN
(4.7.7)  k(T) < oo and ZZO:H(T) IT"z||x/v(T™) < oo for every x €
UneNN(Tn);

(4.7.8)  there exists a strictly increasing sequence (ny)ken of nonnegative
integers such that R(T™) is closed for all k € N and

Z |T"* x| x /y(T"") < oo for every x € U N(T™).

k=0 neN
Furthermore, if (4.7.1)—(4.7.8) are satisfied, we have
(4.7.9) min{p e N: TP = 0px)}

_ min{M € [0,00) : Y dist(x, N'(T™)) < M|al|x
n=0

for every x € U N(T")}
neN

Proof. From Theorem 3.6, Theorem 2.3, Theorem 2.2 and (2.1) it follows
that condition (4.7.1) is equivalent to each of (4.7.4)—(4.7.5) and implies
(4.7.9) as well as (4.7.3).

Clearly, (4.7.3)=(4.7.2). We now prove that (4.7.2)=(4.7.1).

Suppose (4.7.2) is satisfied. Then, by Theorem 3.6, we have «o(T) <
M < oo. Since o(T) € N, we conclude that a(7T) < [M] and consequently
a(T) < [M] + 1. Now Theorems 2.2 and 2.3 yield (4.7.1).

We have thus proved that conditions (4.7.1)—(4.7.5) are equivalent. From
Theorem 4.3 it follows that (4.7.1)=-(4.7.6). Clearly, (4.7.6)=-(4.7.7) and
(4.7.7)=(4.7.8). Finally, (4.7.8)=-(4.7.1) by Corollary 3.7 and Theorem 2.2.
The proof is now complete. m

5. Examples. We begin with the following property of scalar products;
we give the proof for the reader’s convenience.
We will denote the scalar product in any pre-Hilbert space by (-, ).

LEMMA 5.1. Let H be a pre-Hilbert space, and let x,y € H satisfy
lzllg = lyllu. Then x =y if and only if (z,y) = ||z||%-
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Proof. Clearly, x = y gives (z,y) = ||z||%. Conversely, if (z,y) = ||z||%,
we also have (y,x) = ||z||%. Since ||z||xz = ||y||z, we conclude that
o = yllE = (o —y,2 —y) = ll=llF — (z,9) — (y,2) + |yl =0,
which establishes the desired equality x =y. =
The following result will be used in what follows.

LEMMA 5.2. Let X be a Hilbert space and (Tp k) n,kyenxn be an orthog-
onal double sequence in X (that is, (Tnk,Tm,j) =0 for (n, k) # (m,j)). If
Yonto Lo 1 kll% < oo, then:

(5.2.1) Y 7Zgany and Y72 xjk converge in X for all n,k € N;
(5.2.2)  both Y02 o> re g Tpk and Y po g > oo g Ty converge in X and

0o 00 0o 0o
E E xn,kZE E Tn,k;

n=0 k=0 k=0n=0
(5.23) szxnk” ZZHMHX S bl
k=0n=0

Proof. For each n € N| (xnj) jen is an orthogonal sequence in X and
Ym0 lzn sl < oo. Hence 377° x, ; converges in X. From the Fubini
theorem we obtain

(5.2.4) Do Mkl =D lzaslx < oc.

k=0n=0 n=0 k=0

Now the same argument as above yields convergence in X of Z;io xj 1 for
each k € N. (5.2.1) is thus proved. Notice also that

o 2 o
|3 il = 3 e
j=0 j=0
o 2 o
H ij”“”x = Z lzjkl%  for all n,k € N.
§=0 §=0

Now we prove (5.2.2) and (5.2.3). We begin by remarking that the se-
quence (Y 7o Tnk)nen is orthogonal in X: indeed, if n,m € N satisfy
n # m, we have

(Yt s} = 33 o ) =0.
k=0 j=0

k=0 j=0

(5.2.5)

From (5.2.4) and (5.2.5) we obtain

oo oo
ZHankH =3 > llwnsly < o<,
n=0 k=0

n=0 k=0
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from which we conclude that Y, ° > (z,, , converges in X and

oo oo 2 oo o0
(5.2.6) H Zanka => > lzalx-
n=0 k=0 n=0 k=0

Notice that (5.2.6), together with (5.2.4), gives (5.2.3).
By applying the same argument as above, from (5.2.4) we derive that
> heo Do g Tk converges in X and

(5.2.7) HZZxMH 2221\%“&

=0n=0 k=0n=0
Now (5.2.4), (5.2.6) and (5.2.7) yield the equality

(5.2.8) HZZ:::MH = HZZmnkH

k=0 n=0

It remains to prove that > " (> 72 Tk = D pep DoneoLnk- For each
p,q € N, let §,, denote the Kronecker symbol. Since
o o oo oo oo oo o o
< YD k> Y xnk> =X D DD (@ wny)
n=0 k=0 k=0n=0 n=0 k=0 j*O h=0
o o o o

- Zzzzénhékaﬂxnknx = ZZ 20,115 = H sznku

n=0 k=0 j=0 h=0 n=0 k=0
by (5.2.6), from (5.2.8) and Lemma 5.1 we obtain the desired result. m

For every subset S of a linear space V, let Span(S) denote the linear
subspace of V spanned by S.

We will also need the following property of Hilbert spaces. For the
reader’s convenience, we include a proof.

LEMMA 5.3. Let X be a Hilbert space and let (X, )nen be a sequence of
pairwise orthogonal closed subspaces of X. For each n € N, let P,, denote
the orthogonal projection of X onto Xy,. If Span(lJ, cy Xn) is dense in X,
then for each x € X we have

oo %
r=Y P, |z|% = IPzll%-
n=0 n=0

Proof. Indeed, for each n € N, EZ:O Py is the orthogonal projection of
X onto the closed subspace @) _, X = Span(U;_, Xx). Hence, for each
z € X, the norm ||z — >°}_, Prz|x coincides with the distance from
to Span(|J,_o Xx). Since Span({J,cy Xk) is dense in X, we conclude that
lim, oo |2 — Y p_g Prz|x = 0 for each z € X. Since || > _, Pezl|% =
Sr_o IPex||% for each n € N and z € X, we get the desired result. m
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The following question was posed in the final comments of [MZ].

QUESTION. Is every quasinilpotent bounded linear operator 7" on a Ba-
nach space X, such that R(7™) is closed for each n € N, nilpotent?

As explained in the Introduction, the operator constructed in the proof
of [Ap, Theorem 3], in the special case o = {0}, provides a negative answer
to the question above. In the following example, we construct another non-
nilpotent quasinilpotent bounded linear operator on an infinite-dimensional
Hilbert space, all the iterates of which have closed range. We also exactly
compute the reduced minimum moduli of the iterates of our operator, be-
sides giving a formula to determine their norms.

For each Hilbert space X, let dimy(X) denote the Hilbert dimension
of X.

EXAMPLE 5.4. Let X be an infinite-dimensional Hilbert space. Then
there exists a sequence (X,,),en of pairwise orthogonal closed subspaces
of X satisfying dimpy(X,,) = dimg(X) for every n € N and such that
Span(lJ,,cy Xn) is dense in X. Furthermore, for each n € N, there exists
a sequence (X, i) ren of pairwise orthogonal closed subspaces of X, satisfy-
ing dimg (X, ;) = dimp(X,,) = dimp(X) for all £ € N. Hence X, L X, 1,
for all (n,k), (m,h) € N x N such that (n,k) # (m,h).

For eachn € Zy and j € {0,...,n— 1}, let U, ; : X, = Xj,—1-j be a
linear isometry. We remark that

(5.41) RUn;) L R(Unyx) foralln,meZy, je{0,...,n—1} and
k €{0,...,m — 1} satisfying (n,j) # (m, k)
(as R(Un’]) C ijnflfj, R(Um’k) C Xk’mflfk and (],TL —1 —j) 75 (k,m —

1 — k)). For each n € N, let P, denote the orthogonal projection of X
onto X,,. From Lemma 5.3 it follows that for each x € X,

(5.4.2) r=Y P, ok =Y [Purllk
n=0 n=0

We fix a sequence (g,,)nen of strictly positive numbers such that > 7 2

< 0o0. Now let z € X. From (5.4.2) we obtain

643 2 S UPalk =32 3 P, xHX<H:cHXZe

j=0 n=j+1 j=0 n=j+1

Since, by (5.4.1), we have (U,, ; Pyx, Uy, 1, Prmx) = 0 for all n,m € Z+, j €
{0,...,n—1} and k € {0, ..., m—1} satisfying (n, j) # (m, k), from Lemma

5.2 we conclude that the series > ° j+1 Un,jPnx converges in X for each

j €N, both 37721 e; 3707 i1 Unj P and 3577 3707 OEJUn]P x converge
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in X and
oo n—1

(5.4.4) ZZQU”JPQC—Z@ Z Up,jPr.
n=1 5=0 7=0 n=j+1

Lemma 5.2, together with (5.4.3), also yields

co n—1

(5.4.5) H SN Un Pz

n=1 j=0

| < lallx

Consider the linear operator T': X — X defined by

oo n—1
Tx = Z Z e;U, jPpx  for each x € X.

n=1 j=0

From (5.4.5) it follows that 7' € L(X) and || T (x) < v/ 2opeo€a-
Since R(Up,j) C Xjn—1—j C X, for each j € N and n > j + 1, from
(5.4.4) it follows that

o
PiTz=¢e; Y UnjPax foralljeN, z€X.

n=j7+1
Hence, by (5.4.1), we have
(5.4.6) 1PiTz|% =¢f Y NUniPuzlx =€ Y IPazlk
n=j+1 n=j+1

for all j € N, z € X. Now let ((ak,n)n>k)ren be the sequence of sequences
of real numbers which is defined by induction as follows:

ap,, =1 foreveryn €N

and, for each k € N,

Qg1 = Z sjzalw- for every n > k + 1.
We prove that, for each k € N, we have
(5.4.7) |T*z|% = i || Por|%  forall z € X.

n=k

We proceed by induction. From (5.4.2) it follows that (5.4.7) holds for k = 0.
Now suppose (5.4.7) is satisfied for some k € N, and let x € X. By using
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(5.4.6), we obtain

Tl = T = 3 IR Tel = S aset 3 1Pl
j=k Jj=k n=j+1
o) n—1
= 3 (X s ) IPaslli =
n=k+1 j=k n=Fk+1

which establishes the desired equality for £+ 1. Hence (5.4.7) holds for each
keN.
Proceeding by induction on k, it is not difficult to check that

(5.4.8) arn, >0 forevery k € Nand n > k

and that the sequence (ag,n)n>% is bounded for every k € N (as Z(;io e

< 00). We also remark that (agn)n>k is nondecreasing for each k € N;
indeed, by (5.4.8), it is strictly increasing for each k € Z . Then, if we set
ar, = sup{ax, :n € N, n >k} for each k € N,

we have ap € (0,00) for all & € N. Furthermore, from (5.4.7) we conclude
that

(5.4.9) arg Y [Poeli < IT"2)% < ax Y [1Pazll%
n==k n=k

for all x € X, k € N. Since a > 0 for all k£ € N by (5.4.8), from (5.4.2)
and (5.4.9) we derive that, for each k € Z; and = € X, we have

(5.4.10) ze N(TF) ZHP 2% =0 < x—ZPar & xe@X

Hence

k—1
=@Px;cx foralkeZy,
=0

and consequently 7' is not nilpotent.

We now prove that R(T*) is closed for all k € N. Let k € Z, . Since
E; 0 ! P; is the orthogonal projection of X onto N (T*) by (5.4.10), from
(5.4.9) we conclude that

| T x| x > /agx dist(x, N(T*))  for every x € X.

Hence y(T%) > \/arr > 0, and consequently R(T*) is closed by Theo-
rem 2.4.

Although the inequality above is sufficient in order to get closedness of
R(T*), we now determine the exact value of 4(T*), which will be needed in
the next example.
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We remark that X C /\/(Tk)L by (5.4.10). This, together with (5.4.7),
yields

Varg||zllx = T 2lx > (T*)l|lz]x  for all 2 € Xy,

from which, since X is nonzero, we derive that v(T%) < |/a;z. Hence
’Y(Tk) = Ok k-
Since \/apo = 1 and /apn = €n—1/An—1,n—1 for every h € Z,, we

conclude that

k—1
(5.4.11) y(Tk) = H ej foreach ke Zy.
j=0

Finally, we prove that T is quasinilpotent. Let k£ € N. From (5.4.2) and
(5.4.9) it follows that ||T%|1(x) < /ax. On the other hand, if we choose a
sequence (& )n>k of norm one elements of X satisfying z, € X,, for every
n >k, from (5.4.7) we obtain

IT* (|2 (x) = sup{||T*@n|[x :n € N, n > k}
=sup{/ar, :n €N, n>k} = /a.

Hence ||| (x) = /@
We remark that ay = 1. Since the sequence (@, 5 )n>m is nondecreasing
for each m € N, we also have

(5.4.12) ap = lm ap, = lim > lap 1,
n—oo n— 00 J ’
j=h—1
o oo
_ 2 , 2
= E €50nh—-1,j < Ah—1 E €5
j=h—1 j=h—1

for all h € Z, . Proceeding by induction, it is not difficult to verify that
o0
(5.4.13) ap < (Z 5%) for every k € Z..

Actually, the inequality in (5.4.13) can be replaced by equality for & = 1
(as ap,, = 1 for all n € N), whereas it is strict for £ > 2 (as the sequence
(@k—1,n)n>k—1 is strictly increasing).

Since || T%||(x) = /ax for each k € N, from (5.4.13) we obtain

H (i E%) for every k € Z .

Jj=0 n=j

(5.4.14) ”TkHL(X) <
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Since -7 €7 < 00, we have lim; oo 37 e = 0. Then

. k—1 oo 1/k
VIT* | zx) < H(Zﬁ) — 0
320 “n=j

from which we conclude that limy . {/[|T%||1(x) = 0. Hence T is quasinil-

potent.

We remark that from Theorem 2.5 it follows that, if X is a complex
Hilbert space, then p(7') has closed range for every polynomial p with com-
plex coefficients. B

If X is a real Hilbert space, Theorem 2.5 yields closedness of R(p(T)) for

every polynomial p with complex coefficients. Since q(T) = q(T') for every
polynomial q with real coefficients, it follows that q(7") has closed range for
every polynomial q with real coefficients. m

The following example shows that the equivalent conditions (4.5.1) and
(4.5.2) are not sufficient in order that 7" be nilpotent.

ExXAMPLE 5.5 Let X be an infinite-dimensional Hilbert space, and let
T € L(X) be the operator introduced in Example 5.4 (to which we refer
for all the definitions and notations we do not recall here). We recall that
T is quasinilpotent and x(T) = 1. Also, since N (T*) = @;:3 X, for every
k € Z, (see (5.4.10)) and Span(|J,,cy Xn) is dense in X, it follows that
U,hen N (T") is dense in X. However, T need not satisfy (4.5.1) and (4.5.2),
as the sequence (||7"|1(x)/7(T"))nen need not be bounded. Indeed, since
the sequence (@ n)n>m (introduced in Example 5.4) is nondecreasing for
each m € N, by (5.4.12) we have

oo oo
(5.5.1) ap = Z 5?ak,17j > Qp—1,k—1 Z 5? for every k € Z.. .
—f—

j=k—1 7 1

Since ||T%||px) = ar and y(T*) = \farr = er—1,/@Gh—1,6—1 for each
k € Z, (see Example 5.4), from (5.5.1) we conclude that, for each k € Z,
we have

(55.2) IT*lLxy Var
v(T*) Eh—1y/Ah—1 k-1
\/ak—l,k—l Dk 1€

> -

Ek—14/0k—1,k—1

Then, if for instance we take

1
€5 = for every j € N,

G+ +2)




124 L. Burlando

from (5.5.2) we obtain

HTkHL(X) > k‘(k‘—i—l) i 1
V(TR = A GG+
> 1 1 1
- k(’“+1)j§l<<j+1>‘u+2>>: Kk 17

=vVk+1—o0.
k—o00

Anyway, the sequence (e,)nen can also be chosen so that the sequence
(1 T™| (xy/v(T™))nen is bounded. Indeed, from (5.4.11) and (5.4.14) we
derive that, for each k € Z,, we have

k—1 o 2 k—1 00
6oz 1o VILEE ) 11 (iZg)
.0, % = k—1 2 n
(1) szo €j =0 \%i n=y
1 k—1 [e'S) 62
= exp <§Zlog<l—|— Z 6—’5))
j=0 n=j+1 J
Hence, if
(oo} o 2
(5.5.4) Zlog(l + 3 5—3) < 00,
j=0 n=jt1 i

then by (5.5.3) we have

1T ]| (x) 1 o — 2
7=0 n=j+1 J
Notice the inequality above is satisfied for kK = 0 as well, since

TNy Mxllex > = &2
= =1, 1 1 21 >0.
STCRETI 2 g1+ 3

n=j+1 J

Now we show that (¢,)nen can be chosen so that (5.5.4) be satisfied. If
for instance we set

1
Ep = CEI] for every n € N,
we have
') 2 () . 2 [e%¢] n+1
5 (+1)! 1
> a-> (W) - (11 &
n=j+1 J n=j+1 ) n=j+1 “h=j+2
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o0 1 2(n—7j) o 1 2n
<Y (713) :Z<J+—z>

n=j+1
1
__G® 1
— Gy A3

for each j € N, and consequently

o0 o 2 o

€ 1
Zlog<1+ > —3> < 10%(1+'27'>
j=0 n=j+1 < j=0 JEHA 43

> 1
S 7<+w7
;)]2+4j+3

which gives (5.5.4). Hence, by (5.5.5), the sequence (||T%||1(x)/¥(T"*))ken
is bounded. Therefore, with the latter choice of (¢,)nen, the operator T
satisfies the equivalent conditions (4.5.1) and (4.5.2). Yet, as we have proved
in Example 5.4, T' is not nilpotent. =

REMARK 5.6. We now prove that the operator T'in Examples 5.4 and 5.5
leaves open the question whether (4.4.1) is sufficient for nilpotency, because
for no choice of the sequence (e,,)nen does the series > > | T"x/v(T™) con-
verge in X for every z € X.

Indeed, let X be an infinite-dimensional Hilbert space, and let T' € L(X)
be the operator defined in Example 5.4. We begin by remarking that, since
(as proved in Example 5.4)

(5.6.1) PiTx=¢e; Y Un;Pux foralljeNandz € X,
n=j+1

we have Tz € @Z;é X}, for every x € @) _, Xy and n € Z, . Hence

n—=k n
(5.6.2) Trazc @Xj for every = € @Xj, ke{0,...,n}, n€Z,.
=0

j=0
Now we prove that, for each k € N, we have
(5.6.3) (P, T"x,P,T*y) =0forallneNand z,y € X
satisfying (Pjz, Pjy) = 0 for all j € N.

We proceed by induction on k. Clearly, (5.6.3) is satisfied for & = 0. Now
suppose (5.6.3) is satisfied for some k£ € N, and let z,y € X be such that
(Pyx, Pyy) = 0 for every n € N. Then, for each n € N, since the U,, »,
m > n + 1, are isometries, and moreover R(Up,.,) L R(U; ) for m # j by



126 L. Burlando

(5.4.1), from (5.6.1) we obtain

) oo
<PnTZE, PnTy> = <5n Z Umuml‘, En Z Uj,npjy>
m=n+1 j=n+1

= 8% i i <Um,npmx7 Uj,npjy>

m=n+1j=n+1

= 5% Z <Um,an:Ca Um,any> = 537, Z <mea Pmy> = 0.
m=n+1 m=n+1

Since (5.6.3) is satisfied for k, we conclude that
0= (P, T*(Tx), P,T*(Ty)) = (P, T" 2, P,T*"1y) for all n € N.

Hence (5.6.3) is satisfied for k£ 4 1, which gives the desired result.

Now, for each n € Z,, let z,, € X,, be such that ||z,||x = 1 (such an
T, exists, as X,, is nonzero). From (5.6.2) it follows that P,T"*x, = 0x for
every k = 1,...,n. Since x,, = P,x,, and consequently P;x, = Ox for all
j € N\ {n}, we conclude that

(Pjzy, PiTF2,) =0 forallj €N, k=1,...,n

From (5.6.3) it follows that
(5.6.4) (PiT" "z, P,T"*2,) =0 foralljyheN k=1,...,n

Notice that T"* !z, = 0x, as X,, C DX = N (T (see (5.4.10)).
Since, by (5.6.4), (P;T"z,,, P;jT*z,) = 0 for all j € N and h,k € {0,...,n}
with k # h, from (5.4.2) we obtain

(5.6.5) (Tha,, T*z,) = <ZP The,, Z P Tkxn>

Z (PyT"x,,, P, T 2,,)
0 m=0

<.
Il

(P T2, PjT"z,) = 0

'P”18

0

j
for all h,k € {0,...,n} satisfying h # k.

Since N(T™) = @;—; Xx by (5.4.10), and the closed subspaces X,
j € N, are pairwise orthogonal, we conclude that x,, € N(T ")l. Hence
Ty € N(T’“)J‘ for all k =1,...,n, and consequently

dist(z,, N (TF)) = ||zn|lx =1 forallk=1,...,n
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Then, by (5.6.5), we have

Z Tkl'n 2

=17
From (5.6.6) it follows that
>
i
= (T*)
Hence the sequence (3, _; T*/v(T"))nez, is not bounded in L(X). Then,
by the uniform boundedness principle, there exists zg € X such that the
sequence (>_p_, T"xo/¥(T*))nez, is not bounded in X, and consequently

the series Y .-, T"xo/v(T") does not converge in X. Hence T does not
satisfy condition (4.4.1). =

n

k=1

(5.6.6)

> /n for every n € Z,.
L(X)

The following generalization of Theorem 2.5 is a consequence of Theo-
rem 2.6.

PROPOSITION 5.7. Let X be a complex Banach space and let T' € L(X)
be such that R((Mx —T)") is closed for every n € N and every \ € o(T).
Then R(f(T)) is closed for every f € U(T).

REMARK 5.8. Let X be an infinite-dimensional complex Hilbert space,
and let T € L(X) be the operator defined in Example 5.4. Since T is
quasinilpotent and R(T") is closed for every n € N, from Proposition 5.7
it follows that R(f(T)) is closed for every f € U(T) (that is, for every
complex-valued function f which is holomorphic in an open neighborhood
of zero). In addition, we remark that the hypotheses of Proposition 5.7 are
also satisfied by the operator constructed in the proof of [Ap, Theorem 3],
with spectrum equal to the countable compact subset o of the complex
plane.

Note added in proof. About at the same time of the revised version of our article,
W. R. Wogen wrote a paper entitled “Algebras of operators and closed range” (to appear
in Proc. Amer. Math. Soc.), in which a result similar to Theorem 3 of [Ap] is obtained for a
nonempty finite subset o of C, ensuring nonalgebraicity of the operator T' with o(T) = o,
and closedness of the ranges of all operators in the norm closure of the polynomials in 7T'.
Clearly, for ¢ = {0}, this provides a further example of a nonnilpotent quasinilpotent
operator all the iterates of which have closed range.
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