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1. Introduction

We prove that if ¢ is a compact linear operator that is not quasi-nilpotent
and is appropriately normalised, then the closed semi-algebra A(f) generated
by ¢ is locally compact. The theory of locally compact semi-algebras (2) is
therefore applicable to A(f), and we show that it can be used to obtain spectral
properties of ¢.

We collect together in Section 2 the properties of locally compact semi-
algebras that we need. These are mainly properties of a prime strict commuta-
tive locally compact semi-algebra and its unique minimal idempotent, which
are given in (2), together with some simple deductions from them. A new
result relates a certain compact group G(a) with each element a with spectral
radius 1.

In Section 3, we consider a compact linear operator ¢ such that the spectral
radius of ¢ is 1 and belongs to the spectrum of z. We prove that the closed
semi-algebra A(f) generated by ¢ is locally compact, and that it is prime and
strict if and only if ¢ has equibounded iterates, i.e. the sequence {|| " ||} is
bounded. The rest of Section 3 is concerned with an operator ¢ that satisfies
these conditions. If { is an eigenvalue of ¢ on the unit circle, then {~ !¢ also
satisfies the conditions, and so the results in Section 2 are also applicable to
A(L™'9). It follows in particular that ¢ has equibounded iterates if and only if
all eigenvalues on the unit circle have index 1.

Two projections belonging to A(?) are of special interest. One is the unique
minimal projection p in A(¢), which is also the spectral projection corresponding
to the eigenvalue 1. The other is the identity u of the compact group G(f)
associated with 7. This is the greatest projection in A(7), and also satisfies

U=p+..+pn

where p; is the minimal projection in A({7 ‘1), and {4, ..., {,, are the eigenvalues
of ¢ on the unit circle,

Using a technique developed in (3), we prove that A(¢) is the set of all
operators a of the form

o
a= Y od*+b,
k=1
E.M.S.—N
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a0
where 0,20, ) o, <o, and b belongs to the least convex cone containing the

group G(?).

In Section 4, we consider positive operators in a partially ordered Banach
space, and introduce a generalisation of the concept of irreducible non-negative
matrix that is available in this setting. The theory in Section 3 is applicable to
a compact irreducible positive operator z, and indeed to any compact positive
operator that commutes with such an operator z. A special feature of an
irreducible ¢ is that the minimal projection p in A(f) has rank 1.

Finally in Section 5, we specialise our considerations by studying irreducible
positive operators in a complex Banach lattice. A complex Banach lattice is
said to be alignable if it satisfies a certain condition that is obviously satisfied
by the sequence spaces / and m. For a compact irreducible positive operator
with spectral radius 1 in an alignable space, we obtain almost the whole of the
results proved by Frobenius for an irreducible non-negative matrix. In
particular, the eigenvalues on the unit circle are natural roots of unity, and the
entire spectrum is invariant under the corresponding rotations of the complex
plane. These results go considerably further than the corresponding results in
the classical paper by Krein and Rutman (6).

The authors owe several simplifications to members of the functional
analysis seminar at Newcastle.

2. Locally compact semi-algebras

We collect together here the properties of locally compact semi-algebras
that we need. They are either known theorems or simple consequences of
known theorems.

Let B denote a Banach algebra over the real field R, and let R* denote the
set of all non-negative real numbers. A non-empty subset 4 of B is called a
semi-algebra if and only if x+y, xy, ax € A whenever x, ye 4 and e R*. A
semi-algebra A is said to be a locally compact semi-algebra if and only if it
satisfies two additional axioms:

(i) A contains non-zero vectors.

(ii) The set of vectors x in A with || x ||£1 is a compact subset of B (with
respect to the norm topology).

It is elementary that a locally compact semi-algebra is a closed subset of the
Banach algebra B and is a locally compact space in the induced topology. A
semi-algebra A is said to be strict if and only if 4 N (—A4) = (0).

We shall be concerned only with commutative semi-algebras. A commutative
semi-algebra A is semi-simple if and only if a*> # O for all non-zero a € A4, and
is prime if and only if there are no divisors of zero, i.e. if and only if ab # 0
whenever a, be 4, a # 0, b # 0. An ideal in a commutative semi-algebra 4
is a semi-algebra J contained in A such that jaeJ whenever jeJ and a € 4.
An idempotent is a non-zero vector e such that e = e, and a minimal idempotent
is an idempotent e in A4 such that e4 is a minimal closed ideal in 4.
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The spectral radius of an element a of a Banach algebra is denoted by
r(a), i.e.

. 1
ra) = lim | a" ||
The following theorem is (essentially) Theorems 11 and 12 in (2).

Theorem 1. Let A be a semi-simple strict commutative locally compact
semi-algebra. Then the set of minimal idempotents of A is a finite non-empty
set ey, ey, ..., ey, and e;e; = 0 (i # j). For each non-zero element a of A,
r(a)>0, and there exist non-negative real numbers 2., ..., 2, such that

ae,- = liei (i = 1, ceey m),
and max {4;: 1<i<m} = r(a).

If also A is prime, then there exists exactly one minimal idempotent p, and

ap = r(a)p (acA).

The two theorems that follow are simple consequences of Theorem 1.

Theorem 2. Let A be a semi-simple strict commutative locally compact
semi-algebra. Then there exists a positive real constant M such that

lall=Mr(a) (ae A).
Proof. Lete,, ..., ¢, be the minimal idempotents in A4, let

u=e +ey+...+e,
and let
k =inf{||aul|:aedand|lal] = 1}.

By the local compactness of 4, x is attained. But, by Theorem 1, au # 0
whenever @ # 0. Therefore k>0. Using Theorem 1 again, we have
kllallslfaull = |l ae, +... +ae, ||
= |l hiey+ oo Amen lISr@{H eg [ 4.+l en 1},

and the proof is complete.

Theorem 3. Let A be a prime strict commutative locally compact semi-algebra,
andlet S = {a: ac A and r(a) = 1}. Then

(i) S = {a:ae Aand ap = p}, where p is the unique minimal idempotent in A;

(ii) S is a compact convex set;

(iii) S is a semi-group with respect to the given multiplication of vectors;

(iv) S is a base for A in the sense that every non-zero element of A has a
unique representation in the form a = As with A>0 and s S.

Proof. (i) By Theorem 1, ap = r(a)p for all a in A4, and so ap = p if and
only if r(a) = 1.

(ii) By (i), S is a closed convex subset of 4 and hence of B. By Theorem 2,
S is bounded, and it is therefore compact.

(iti) That S is a semi-group is clear from (i).
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(iv) Given ae 4 with a # 0, we have r(a)>0, and so a = 1s with A = r(a),
s = A"'ae S. The uniqueness of the representation is easily verified.

Theorem 4. Let A be a prime strict commutative locally compact semi-algebra,
and let S be the compact convex semi-group of allae A withr(a) = 1. Letae S,
and let G(a) denote the set of all cluster points of the sequence {a"}. Then G(a)
is a non-empty compact Abelian group contained in the semi-group S.

Proof. That G(a) is a group has been proved for an element a of any compact
topological semi-group by K. Numakura (8). We give here the very simple
proof that is available in our case. We recall that a cluster point of the sequence
{a"} is a point x such that every neighbourhood of x contains some a" for
arbitrarily large n. Since we are concerned with a metric topology, the cluster
points of {a"} are the limits aof convergent subsequences of {a"}.

Since ae S and S is a semi-group, we have ¢"€ S for all n. Since S is
compact, it follows that G(a) is a non-empty compact subset of S. Moreover,
every subsequence of {a"} has a subsequence that converges to an element of
G(a). Let b, ce G(a). 1t is easily verified that bc € G(a), and we prove that
there exists g € G(@) such that b = ¢g. There exist strictly increasing sequences
{m(K)}, {n(k)} of positive integers such that b = lim a™®, ¢ = lim a"®. Then

k= o k— o
we can construct a strictly increasing sequence {k(j)} of positive integers such
that

() = mk(N—n(HN>r(j-D>0 (j=2,3,..).

Then the sequence {a"’} has a subsequence that converges to an element g of
G(a), and we have b = cg.

We have now proved that G(a) is an Abelian semi-group in which every
group equation has a solution, and it follows that G(a) is a group (1, Theorem 5,
p. 128).

3. The semi-algebra generated by a compact linear operator

Let X be a Banach space over the complex field C, and let B denote the
Banach algebra B(X, X) of all bounded linear operators in X, with the usual
operator norm. Let e B. We denote by P(¢) the least semi-algebra containing

t, i.e. the set of all operators of the form ) at* with o, e R* (k = 1, ..., n).
k=1

We denote by A(¢) the least closed semi-algebra in B containing ¢, i.e. the

closure of P(t) in B. We denote the spectrum of ¢ by spec(?), and the identity

operator by e.

Theorem 5. Let t be a compact linear operator in X such that r(t) # 0 and
r(t) € spec (£). Then A(2) is a locally compact semi-algebra.

Proof. It is clear that 4(if) = A(¢) whenever 1>0. Therefore there is no
loss of generality in supposing that r(f) = 1. Then 1 e spec (¢), and, since ¢ is
compact, 1 is an eigenvalue of ¢, i.e. there exists x € X with x # 0 and tx = x.
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Given a = a,t+... +a,t" € P(f), we have

ax = (& + ... +o,)x,
and therefore
(gt Fa Sl @l e (1)

Let a, € A(f) with || @, ]|<1 (n = 1, 2, ...). Since A(z) is the closure of P(),
there exist b, € P(¢) such that
”an_bn”<n‘-l’ ”bn”.él (n = 1’ 2"")-

We have, for each n,

o0

b,= Y an, k)t,

k=1

where a(n, k)20 (k = 1, 2, ...) and a(n, k) = O for sufficiently large k. By (1),

S a(n, W) by | <1
k=1

For each fixed k, {a(n, k)} is a bounded sequence in R*. Therefore, by the
diagonal process, there exists a strictly increasing sequence {n;) of positive
integers such that

lim a(n;, k) =0, eR*(k=1,2, ...).  .cccveririiiinnnen. 2
jow
With an arbitrary positive integer N, we have
N N
Y o= lim Y a(n;, k)1,
k=1 jro k=1
and therefore
Y=l 3)
k=1

By the Riesz-Schauder theory for compact operators, there exists a bounded
linear projection g of finite rank such that tg = g and r(tle—q))<1. This
inequality shows that lim | "(e—q)|| = 0, and this with (3) shows that

n—w

b= Y «te—9q)
k=1

is a well defined bounded linear operator.
Given &> 0, there exists N such that

I *e—q) lI<e/8 (kZN),
and therefore, for all n,

$ ante-0- § a0
k=N k=N
Also, by (2), there exists j, such that
il N—1 N-1
| 2, o D)= T aie=q)
From these two inequalities, we obtain
Hbafe~q)—b |l <e/2 (jZJjo): weveveeeeerereremmmmnnennn 4)

<gfd.

<e/4 (jZJo)-
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Let Y = gX. Then Y is a finite dimensional linear subspace of X, and if ¢,
denotes the restriction of b, to ¥, then ¢, € B(Y, Y) (since b,g = ¢b,), and
Hea = b, 1121

The unit ball in B(Y, Y) is compact, and so, by replacing the sequence {b, J} by
a subsequence if necessary, we may suppose that {c, } converges in operator
norm to c€ B(Y, ¥). Then cqe B(X, X), and lim | b,,g—cq | =0, for

j— o

I bng—cqll =l cag—cqll£ll caj—c i -l g |I.
We may now suppose that j, is chosen so large that also
N bag—cqll<e/d (JZjo)s ~  oovrevmriienennen &)
| @n,—bn, [l <&/4 (JZJo): covveeevrmmmmmionenienennen. ©)

Then we have, from (4), (5) and (6),

I @n,—(b+cqll<e (J2jo)-
It follows that lim a,, = b+cq, and, since A(?) is closed, b+cq € A(t). There-
Jj=r o

fore A(z) is locally compact.

Remarks 1. We have not used the full force of the compactness of the
operator t, but only that ¢ has certain spectral properties, namely that 1 is an
eigenvalue, and that there exists a bounded linear projection g of finite rank
that commutes with ¢ and satisfies r(z(e—q)) <1.

(2). Given any compact linear operator ¢ in X such that r(a) # 0, there
exists a complex number A such that ¢ = Ag has the properties assumed in the
statement of the theorem.

Definition. Let ¢ be a bounded linear operator with r(f) = 1. We say that
t has equibounded iterates if and only if the sequence {|| " ||} is bounded.

Lemma 1. Let ¢t be a bounded linear operator such that tx = x for some
non-zero vector x and || t" ||EM (n= 1, 2, ...). Then for each a € A(t) there
exists a € R™ such that ax = ax anda=M ™| a||.

Proof. Given a € A(f) and ¢>0, there exists b € P(¢) such that
l1b—all<ell all,

and it is clear that ax = ax for some a e R*. We have b = a,t+... +a,t™,
and so
(b—a)x = (a,+... +a,—a)x,

[y +...+a,—a ||| b—al[=e ]|l a]l,
a2 (g +. o) el all.
A=-dllall=Nblisl ] +.c+a, 1 M DS+ +a)M.
Therefore

Also

exM~Y(1-2)lall-¢llall
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Since ¢ is arbitrary, this completes the proof.

Theorem 6. Let t be a compact linear operator such that r(t) = 1. Then
A(?) is a prime strict commutative locally compact semi-algebra if and only if
1 € spec (¢) and t has equibounded iterates.

Proof. We have r(z") = 1 for all positive integers n. If A(¢) is a prime
strict commutative locally compact semi-algebra, Theorem 2 therefore shows
that the sequence {|| ¢" ||} is bounded. Also, by Theorem 1, A(f) contains a
minimal idempotent p, and we have tp = r(f)p = p. Thisshows that 1 € spec (¢).

Suppose on the other hand that 1 € spec (¢¥) and that || £* || <M (n = 1,2, ...).
Since ¢ is a compact linear operator and 1 € spec (¢), there exists a non-zero
vector x with tx = x. By Lemma 1, if g, b € A(), there exist «, B € R* such
thatax = ax,bx = fx,a=M~ || a||,B=M || b||. Then(a+hb)x = (x+p)x,
(ab)x = (af)x, from which it follows that a+b # 0 unless a = b = 0, and
ab # 0 unless a = 0 or b =0. Thus A(f) is strict and prime. That A(?) is
locally compact has been proved in Theorem 5, and it is obviously commutative,

Corollary. If t is a compact linear operator with equibounded iterates and
r(t) = 1 e spec (¢), then A(t) has a unique minimal idempotent p, and

ap = r(a)p (a € A(®)).
Theorem 7. Let t be a compact linear operator with equibounded iterates,
let r(f) = 1 € spec (¢), and let p be the unique minimal idempotent in A(t).
Then

(i) tx = x if and only if px = x;
(i) the eigenvalue 1 has index 1;
(iii) p is the spectral projection for the eigenvalue 1, i.e. the range and null-
space of p are the null-space and range respectively of t—e.
Proof. Let R be the range and N the null-space of t—e. Since r(t) = 1, we
have
ID S PE=P. e )]

Given x € N, Lemma 1 shows that px = ax with a>0. Since p?> = p, we have
a =1, px = x. Conversely, if px = x, then, by (1), tx = tpx = px = x, and
so x € N. This proves (i) and shows that N is the range of p.

By (1), p(t—e) = 0, which shows that R is contained in the null-space of
p- But the range and null-space of a projection have zero intersection, and so
NAR = (0). It follows at once that the eigenvalue 1 has index 1. For if
(t—e)*x = 0, then (t—e)x € NNR.

Since the index of 1 is 1, we have X = N@R, and so R is the null-space of p.

Theorem 8. Let t be a compact linear operator with equibounded iterates,
let r(f) = 1 espec(t), let p be the minimal idempotent in A(t), let S(t) =
{a: a e A(t) and r(a) = 1}, and let G(¢) be the set of cluster points of the sequence
{t"}. Then the following conclusions hold.

(i) S(¥) is a compact convex base for A(t), and is a semi-group under operator
multiplication. :
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(i) p= lim n= 't +2+ ... +17).

n—ao
(i) G(2) is @ non-empty subset of S(t), and is a compact abelian group.
(iv) The identity of the group G(t) is a projection u with finite rank.
(v) G(2) is the closure of the set {tu: k = 1,2, ...}.

Proof. We have proved that A(r) is a prime strict commutative locally
compact semi-algebra. Thus (i) and (iii) follow at once from Theorems 3 and 4.

Leta, = n~'(t+1>+...+1"). Since t€ S(f)and S(r) is a convex semi-group,
a,eS(H)(n=1,2,...). Since S(2)is compact, the sequence {a,} has at least one
cluster point. Let ¢ be any cluster point of {@,}. We have

ta,—a, =n" ("1 -1,
and so lim (ta,—a,) = 0. Therefore tg = g. By Theorem 7 (i), it follows that

n—+aw

Pq = q. But pg = r(g)p, and, since g€ S(t), r(g) = 1. Therefore g = p. We
have now proved that {a,} has a unique cluster point p, and so lim a, = p.
This proves (ii). e

Let u be the identity of the group G(f). Then u? = u, and so u is a pro-
Jection. Since u € A(t), u is also a compact linear operator, and therefore has
finite rank.

By definition of G(¥), it is clear that G(¢) contains all operators of the form
tu (k =1, 2, ...), and therefore contains the closure of this set of operators.
On the other hand, each element g of G(¢) is a cluster point of the sequence {t'},
and, since g = gu, it is a cluster point of the sequence {t*u}.

Theorem 9. Let t be a compact linear operator such that r(r) =1. Thent
has equibounded iterates if and only if every eigenvalue of modulus 1 has index 1.

Proof. Suppose first that ¢ has equibounded iterates and that { is an eigen-
value with | {| = 1. Let s = {"'z. Then s has equibounded iterates and
r(s) = 1 espec (s). Therefore, by Theorem 7, 1 is an eigenvalue of s of index 1.
It follows that { is an eigenvalue of ¢ of index 1.

Suppose, on the other hand, that each of the (distinct) eigenvalues
{15 L2, «-y {p of modulus 1 has index 1, and let t; = t—C{,e. Then, for each i,
there exists a spectral projection p; for {;, i.e. a bounded linear projection p; the
range and null-space of which coincide with the null-space and range of ¢;.
Letqg = py+p,+...+p, and s = H{e—q). Then pip; = 0(i # j), q is a projec-
tion, and r(s)<1. We have tp; = {,p,, and so

C=1q+s"={1p;+...+ pu+s" (n=1,2, ).
It follows that ¢ has equibounded iterates.

Theorem 10. Let t be a compact linear operator such that r()=1and t
has equibounded iterates. Let {,, ..., {, be the eigenvalues of t on the unit circle
[{|=1,and let t, = {7 't. Then the following conclusions hold.

(i) A(t)) is @ prime strict commutative locally compact semi-algebra.
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(i) A(t;) contains a unique minimal idempotent p,, p; is a projection of finite
rank, and is the spectral projection for the eigenvalue {; which has index 1.

(i) Al the groups G(t) (i = 1, ..., m) have the same identity u, and u =
i+t P

(iv) G@¢)) is the set of all operators of the form A,p,+ ...+ A,p,, where
(A4, ---, ) belongs to the closure in C™ of the set

{5 mss oomi) k=12, . }Landn; =7 (=1, ..., m).

Proof. We have r(z;) = 1 e spec (¢,) and ¢, has equibounded iterates. Thus
(i) and (ii) are already clear.

Let g = p,+...+p,. Since p; is the spectral projection for {; we have
pp; =0 (i #j), and ¢ is a projection reducing 7. Moreover r(t(e—q))<l.
Let u; be the identity of the group G(t;). We have t;p; = p;, and so t;p; = Ap;,
where A = {;{;*. Since u; is a cluster point of the sequence {f;}, there exists a

strictly increasing sequence {n(k)} of positive integers such that u; = lim %,
k- o

and also {A"®} converges, to u say. Then u;p; = up;. But u # 0, and u; is an
idempotent. Therefore u;p; = p;. Since this holds for j = 1, ..., m, we have
u,g = q. Also, since r(t(e—q))<1, we have
lim t}(e—q) =0,
n—w
and therefore u,(e—¢q) = 0, u; = u,g = q. This proves (iii).
We have
tiu = tf(py+ ...+ Pm) = M1+ o 1P
with n; = {7 1y ;+ Therefore (iv) now follows from Theorem 8(v).
Corollary 1. The following statements are equivalent to each other.
(i) ¢, is the only eigenvalue of t of modulus 1.
() v = p,.
(iii) u is the only element of G(t)).
(iv) lim t! =u.

n- o

Proof. (i)<>(ii)) We have u = p, +...+p, and p;p; = 0 (i # j).

(i)=>(iii) If « = p; and g € G(z,), then, since G(t;)=S(¢;), we have g = gu
=gp; =r(g)p; = p; = u.

(iii)=>(ti) Suppose that u is the only element of G(¢;). Then, since ¢tu € G(t,),
we have tu = u. Therefore pu = u. Butpu = p;.

(iii)=>(iv) If u is the only element of G(¢;), then every subsequence of {t{} has
a subsequence that converges to u.

(iv)=(iii) Clear.

Corollary 2. The closed convex hull of G(t)) is the set of all operators of the
formo,g,+... 40,9, withr =2m+1,9,€G(t), ;20 (j=1, ..., r),

r

Z aj=1.

i=h
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Proof. By Theorem 10 (iv), G = G(¢;) lies in a subspace of B(X, X) of
dimension 2m over R. Therefore its convex hull co(G) is the set of operators
of the stated form. Since G is compact and the mapping

(gb Trey gr’ Qys eeny ar)—)algl-"_ Lo +argr
is continuous, co(G) is compact, and therefore closed.

Theorem 11. Let t be a compact linear operator with equibounded iterates,
let r(t) = 1 € spec(t), and let t have m eigenvalues of modulus 1. Then A(t) is
the set of all operators a of the form

a= Zx Gt +B1gs+ ...+ Brg,
wherer = 2m+1, 0,20k = 1,2,...), 5,20,9, €GN (k= 1,2, ..., r), and
o0 r
Z otk+ Z Bk = r(a).
k=1 k=1

Proof. It is clear that each operator a of the stated form belongs to A(?).
Suppose, on the other hand, that ae A(). Then there exist a, € P(¢) with
|| @, [IZ£|l @ || such that a = lim a,. For each n,

n—ao
w

a,= Y aln, k)t
=

where a(n, k)=0 (n,k =1,2,...), and a(n, k) = 0 for sufficiently large k
(depending on n). We have tp = p, where p is the minimal idempotent in
A(®), and a,p = r(a,)p. Therefore

[2e]

L am k) =r@)sfa.|<|al.

Using the diagonal process and then throwing away all but a suitable subse-
quence, we may suppose that for each fixed k the sequence {a(n, k)} converges
to «,, say. Then

L as]al

Let b= Z o, which is well defined since ¢ has equibounded iterates. Then,
k=1

just as in the proof of Theorem 5, using the fact that r(t(e—u))< 1, where u is

the;identity of the group G(), we obtain

ale—u) = Ble—U).  eooeiriiiiiiiiiii (1

Given a positive integer N, let

a(N, n) = k§:1 a(n, k)t*, by = i at*, ¢(N, n) = a,—a(N, n).

Plainly ¢(N, n)e A(t), lim a(N, n) = by, lim a,=a. Therefore

n=aw n—+aw

lim ¢(N, n) = cy,

n—-+ o
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say, and, since A(f)is closed, cy € A(f). Alsocy = a—by. Wehave lim by = b,

N-w
and therefore lim ¢y = ¢, say, c € A(t), and ¢ = a—b.
N- o

We have now proved that @ = b+c¢, and therefore, by (1),

a=b+cu
Since #*u € G(t), we have
P(Huc=R* co(G()).

Also, since co(G(£)) = S(f), 0 ¢ co(G(r)). Therefore
A(DucR* co(G()).
By Theorem 10, Corollary 2, it follows that
cu=pgi+...+P.g,

withr = 2m+1, ,20,9, €GO (k =1, ..., r).
Finally, we have ap = r(a)p, t*p = p, g,p = p. Therefore

0= % a+ 3 A

Corollary. Let p be the minimal idempotent in A(f) and u the identity of the
group G(t). Then p is the least and u is the greatest projection in A(t) in the
sense that

qp = p,qu =4
for every non-zero projection q belonging to A(t).
Proof. Let g be a non-zero projection belonging to A(f). Then r(g) = 1,
and so gp = p. Also, by Theorem 11,
o0
g= X al"+higi+..+hg,
withr = 2m+1, 4,20k = 1,2,..), 20,9, € GO (k =1, ..., r), and
X o+ Y P=ri@=1
k=1 k=1
For each g € G(t), we have gu = g, i.e. gle—u) = 0. Lets = t(e—u). Then

gle—u) = OZO: at(e—u)

k=1

®
= {dle+ Z a,‘tk_l}s.
k=2

=2

o a0
Since r( Y akt“'1> = Y o, we therefore have
k k=2

k=1

r(gle—u)= { i ak} r(s)r(s)<1.

But g(e—u) is a projection, and therefore gle—u) = 0, g = qu.
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That A(?) may contain a projection different from p and u is shown by the
following simple example.

Example. Let[§,, d,, 63, 6,] denote the 4 x 4 diagonal matrix with diagonal
elementsd,, 6,, 83, 4. Letr =[1,i, —1, —i] (i* = —1). Then, asan operator
in C*, t has equibounded iterates, and r(f) = 1 e spec (f). We have

e+ +2+1%) =[1,0,0,0], (> +r*) =[1,0,1,0], * = [1,1,1,1].

Thus A(t) contains the three projections p =[1,0,0,0], ¢ =[1,0,1,0],
u=/1,1,1,1].

4. Irreducible positive operators in a partially ordered Banach space

Let X be a Banach space over C such that X = X ,®iXg, where Xz is a
closed real subspace of X. By a conein Xi we mean a subset K of X, such that

K+KcK, R*K<K, Kn(—K) = (0).

We suppose that we are given a closed cone X * in Xy such that Xy is the closure
of X*—X™*, and consequently, the complex linear hull of X is dense in X.
We call X™* the positive cone in X, and regard Xy as a partially ordered linear
space with the relation < of partial order given by x<y (or y=x) meaning
y—xe X*. We exclude the trivial case X = (0), and hence exclude also
X* = (0). We call X with such X and X* a partially ordered Banach space.

Following Namioka (7), we shall say that a cone X is ful/l if and only if it
satisfies the two extra conditions: (i) Kc X ™, (ii) X *n(K— X*)c K. In terms
of the partial order relation, (ii) states that x € K whenever 0< x <k for some
keKk. :

A non-negative operator is a bounded linear operator a in X such that
aX*<X?*, a positive operator is a non-zero non-negative operator, and a
strictly positive operator is a positive operator that maps all non-zero points of X’
on to non-zero points. Similarly, a continuous linear functional f on X is said
to be non-negative, positive, strictly positive if and only if f(X*)=R™,
0) # f(XY)<R™, f(X* ~(0))=R* ~(0), respectively.

A positive operator a is said to be reducible if and only if there exists a full
cone K such that aKc K, K # (0), and K is not dense in X*. An irreducible
positive operator is a positive operator that is not reducible. This definition
is derived by abstraéfion from the concept of irreducible non-negative matrix
introduced by Frobenius; see Gantmacher (4, Chapter 3) and Wielandt (9).

It is clear that if 7 is a positive operator that maps each non-zero point of
X on to an interior point of X ¥ relative to X, then a full cone K with K # (0)
and tKc K contains interior points of X *, and hence contains X *. Thus all
such opefators are irreducible. However, it is easy to construct irreducible
positivé operators that are not of this kind.

Lemma 2. Let a be an irreducible positive operator, and let b be a positive
operator such that ab— ba is non-negative. Then b is strictly positive.
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Proof. Let K = {x: xe X* and bx = 0}. Then K is a closed full cone.
Since b # 0and X is the closed linear hullof X*, K # X*. Since 0<bax=<abx
= 0 (x € K), we have bax = 0 (x € K), and so aK<= K. Therefore K = (0) and
b is strictly positive.

Lemma 3. If X% is locally compact (in the norm topology) and every positive
operator is strictly positive, then X has dimension 1.

Proof. If there exists a positive continuous linear functional f that is not
strictly positive, then with any non-zero point # of X*, the bounded linear
operator u®f, given by (u®f )}(x) = f(x)u, is positive, but not strictly positive.
Thus we may suppose that X* is locally compact and that every positive
continuous linear functional is strictly positive. Let X** denote the set of all
non-negative continuous linear functionals on X. Then, since X is a closed
convex set, and therefore weakly closed, X+ = {x: f(x)20(fe X*")}. If X**
does not contain two linearly independent elements, then there exists a single
feX** such that X* = {x:f(x)=0}. But then f(x) =0 implies
xe X" n(—=X*), x =0. Thus fis a linear isomorphism of X on to C, and X
has dimension 1.

Suppose then that X** contains two linearly independent elements f,, f,.
Since X* is locally compact, there exists a compact convex base K for X™* (5,
2.4), i.e. 4« compact convex subset of X ~(0) such that X* = R*K. Each
positive continuous linear functional is bounded, and bounded away from zero
on K, and so u defined by

p o= sup{i: 120, f,—Af, € X**}

is finite and non-zero. Then f = f, —uf, is positive. But this is absurd, for it
implies that there exists £>0 such that f—egf, € X**.

Theorem 12. Let p be a compact irreducible positive projection. Then the
rank of pis 1.

Proof. Let Y =pX, Yy =pXg, Y* =pX*. Then (Y, Yg, Y*) is a
partially ordered Banach space in the sense of the present Section. Y has
finite dimension, and therefore Y™ is locally compact. If the rank of p is
greater than 1, then, by Lemma 3, there exists a positive operator T on Y that
is not strictly positive. Then the operator ¢ on X given by t = TQOp is a positive
operator that is not strictly positive, and it commutes with p, since p is the
identity operator on Y. But this is impossible, by Lemma 2.

Lemma 4. Let A be a semi-algebra of non-negative operators. Then A is
strict, and if every non-zero element of A is strictly positive, then A is prime.

Proof. Let a, b€ A with a # 0. Then"there exists x € X * with ax>0, and
so (a+b)x = ax+bx2ax>0,a+b # 0. If aand b are strictly positive, then
for every x>0, (ab)x = a(bx)>0.

Lemma S. Let a be an irreducible positive operator, and let b be a strictly
positive operator such that ab = b. Then b is irreducible.
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Proof. LetJ be a full cone that is not dense in X * such that bJ cJ; and let
K = {x: 0=x<bj for some jeJ}.
Then K is a full cone. Since bJ=J and J is full, we have K<J, and so K is not
dense in X*. If xe K, then 0<x<bj for some jeJ. Therefore 0<ax<abj
= bj,andsoax € K. ThusaKcK,andso K = (0). But bJ <K, andsobJ = (0).
Since b is strictly positive, this gives J = (0), b is irreducible.

Theorem 13. Let t be a compact irreducible positive operator with non-zero
spectral radius. Then A(Y) is a prime strict commutative locally compact semi-
algebra, and the minimal idempotent p in A(t) is an irreducible operator and has
rank 1.

Proof. By the Krein-Rutman theorem (6, Theorem 6.1), r(?) is an eigenvalue

of t. Therefore, by Theorem 5, A(?) is a locally compact semi-algebra. It is
obviously commutative, and by Lemma 4 it is prime and strict. We have

tp = pt = r(t)p.
Therefore, by Lemma 2, p is strictly positive, and then by Lemma 5, p is
irreducible. Finally, by Theorem 12, p has rank 1.

Theorem 14. Let t, be a compact irreducible positive operator with non-zero
spectral radius, let p, be the minimal idempotent in A(t,), and let t be a compact
positive operator that commutes with t,. Then the following conclusions hold.

(i) AQ) is a prime strict commutative locally compact semi-algebra.

@ii) r(») # 0.

(iii) ¢ = (r(£))~ 't has equibounded iterates, and r(t") = 1€ spec (¢').

@iv) tpo = r(t)po.

Proof. By Theorem 13, there exists u€ X+, u # O, such that p,X = Cu.
Thus there exists a strictly positive continuous linear functional f such that

Pox = fl)u (xe€X).
Since t commutes with 7z, and p, € A(t,), ¢t commutes with p,, and so
[t = f(tx)u  (x € X).

By Lemma 2, ¢ is strictly positive, and therefore x>0 and f (#x)>0 whenever
x>0. Therefore ru = Auwith A>0. It follows that r(#)>0. We can therefore
apply the argument used in the proof of Theorem 13, and we see that 4A(f) is a
prime strict commutative locally compact semi-algebra. We have now proved
(i) and (ii), and clearly r(t") = 1. Therefore, by Theorem 6, 1 € spec (¢') and
t' has equibounded iterates.

Since tu = Au, we have tp, = Ap,. Let p be the minimal idempotent in
A(?). Then pt = tp = r(f)p, and so

r(Dppo = tppo = pipo = P(po) = 2ppo.
Also, since p and p, are strictly positive, pps # 0, 4 = r(?).

https://doi.org/10.1017/50013091500008774 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500008774

SEMI-ALGEBRA GENERATED BY LINEAR OPERATOR 191

5. Irreducible positive operators in a complex Banach lattice

Let X be a linear space over C, and X} a real linear subspace of X such that
X = Xg®iXy, i.e. such that each x € X has a unique expression in the form
x = x, +ix, with x,, x, € Xi. We define Re (x) for such x by

Re (x) = x;.
Clearly the mapping x—Re (x) is a real linear projection of X on to XF.

Let X* be a cone in Xj, and let Xy be given the corresponding partial
ordering. We say that (X, Xz, X*) is a complex linear lattice if and only if
there exists a mapping x—| x | of X into X * that satisfies the following axioms.

L1. Re(e®x)<g| x| for all real 0.

L2. If Re(e®x)<y for all real 6, then | x |Sy.

The axioms state that the set {Re (¢°x): 6 € R} has a least upper bound | x |.
We list in the following lemma some elementary properties of a complex linear
lattice.

Lemma 6. Let (X, Xg, X*) be a complex linear lattice. Thenforall x,ye X
and o« € C, we have:

@ Ix+yIslx|+1yls

@) Jax]=lal|x|;
G [l x |-l y ISl x=y I;
@) 1xll=1xl

M IReM)I=I x|,

Vi) X7 ={x1x=|xI};

iy x=0ifandonly if | x| = 0.

Proof. (i) We have Re (e®x)<|x| and Re(e?y)<|y| for all real 6.

Therefore )
Re (“(x+y)=|x|+|y| (0eB),

andso, by L2, | x+yiZ|x|+ly].

(ii) Straightforward.

(ii)) By (), | x|=|x—y|+|y|,and so | x|—|y|=|x—y|. Interchanging
x and y and using (ii), we have

lyl=IxISly—x|=|-1x-p = |x-y|.
Since — 1= cos <1, we now have
Re (e x[=1y ) = (cos O)(| x|=1y D=|x—y| (BeR),

and therefore | | x |—|y||=| x—y].

(iv) We have Re (e | x|) = (cos 0)| x |[£| x| (feR), and so || x ||| x].
On the other hand, | x| = Re (¢°°| x )<} | x| |.

(V) Re (e Re (x)) = (cos B) Re (x)<| x|, since £Re (x) = Re (£ x)<| x|.

(vi) If xe X*, then Re (e®x) = (cos 0)x<x, and so | x |<x. But also
x = Re(¢'®x)<|x|. Thus x = |x|. On the other hand, by definition,
|x|e X" forall x. Thus xe X¥ whenever x = | x|.
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(vii) If x = 0, then Re (¢”x) = 0 for all real 6, and so | x [£0. Therefore
| x| = 0. On the other hand, if | x| = 0, and x = u+iv with ©, ve Xg, we
have (cos Ou—(sin Av <0 for all real §. By taking 0 = 0, n, n/2, 3n/2, we
obtainu = v =0,x = 0.

Definition. A complex linear lattice (X, Xz, X*) with modulus |.], is
called a complex Banach lattice if and only if the following axioms are also
satisfied.

L3. X is a complex Banach space.

L4. If | x ||y, then || x [|={l y [I.

Lemma 7. Let (X, Xz, X*) be a complex Banach lattice. Then we have:

O Mxll=0xll (xeX),

(i) [|Re@II=l x|l (xe X);

(iii) Xy is a closed real linear subspace of X,

(iv) X is a closed cone in Xg,and Xz = X* —X*;

V) (X, Xg, X ) is a partially ordered Banach space in the sense of Section 4.

Proof. (i) Lemma 6 (iv) and L4.

(ii) Lemma 6 (v) and L4.

(iii) This follows from (ii) and the linearity of the mapping x—Re (x).

(iv) By Lemma 6 (iii), we have ||| x[—]|y | ISl x—y||. Therefore the
mapping x—| x| is continuous. Lemma 6 (vi) now shows that X is closed.
For x € X, we have x<|x|,andsoxe X*—-X ™.

(v) This follows from (iii) and (iv).
Lemma 8. Let x be an element of a complex Banach lattice such that
Re(x) =|x|. Thenx =]x]|.
Proof. Let x = u+iv with u, ve Xiz. We are given that u = | x |, and so
(cos Ou+(sin v = Re (" (u+iv))<| u+iv| = u (0 eR).

Therefore
(sin v=(1— cos u (e R),

(cos (—)> v <sin @) u (0O<O<m).
2 2

Letting 00 and using the fact that X is closed, we obtain v<0. A similar
argument, starting with e®(u+ iv) gives —v<0. Thusv = 0,andx = u = | x|.
Definition. A linear mapping d of a complex linear lattice X on to X such
that
ldx| =|x| (xeX)

is here called a roration of X. A complex linear lattice X is said to be alignable
if and only if for each x € X there exists a rotation d of X such that x = d| x |.
Since | x| = 0 if and only if x = 0, a rotation d is a linear isomorphism.
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Also, its inverse d ! is a rotation, for we have
ld7'x| = dd ') =|x| (x€X).
It is clear that a rotation of a complex Banach lattice is an isometry.

Theorem 15. Let X be an alignable complex Banach lattice. Let t be a
compact irreducible positive operator in X with r(t) = 1, and let a be a linear
mapping of X into itself such that

lax|£t1x] (xe X).
If there exists a non-zero vector y such thatay = (y and |{| = 1, then t|y|
= | y |, and there exists a rotation d of X such that

@ dlyl=y,

(i) a = {dd™".

Proof. Suppose that ay =y with y# 0 and |{| =1, and let
w=t|y|—|y]|. Then ‘

Iyl =10 =layi=tlyl,
and so w=0. Let p be the minimal idempotent in A(f). Then pt = p, and so
pw=pt|ly|l-plyl=plyl-ply|=0.
But p is strictly positive, and sow =0, t|y| =] y|.

Since X is alignable, there exists a rotation & such that d|y| = y. Let
b= {"'d 'ad. Then
blyl={""'dad|yl=("td ey ={"d Wy =dly=|yl=1t|yl

@¢-bly|=0. ... ¢))

|bx| = | {"d " adx | = |adx |<t|dx| = t|x| (xeX). ...... 2)

Let c be defined by cx = Re (bx) (xe X). By(),I[ bx [|ZII ¢ x [ ISI £ x 1],
and so b and ¢ are bounded (complex and real) linear operators. For xe X,

Also

(2) gives
ex = Re(bx)S| bx |St x| = X, vviveeeearenennsns .(3)
and so ¢—c is a non-negative operator. By (1),since ¢ |y | € X,
(-olyl=0.
Since p hasrank 1 and ¢ | y | = | y |, the range of p is spanned by | y |, and so
(=P = 0. e @

But p(¢— ¢) is non-negative, and so p(t— c)—(t —c)p is non-negative and Lemma
2is applicable. By (4), t— cis not strictly positive, and so t—c = 0. Therefore,

by (3),
Re(bx) = tx = |bx| (xe X™).

By Lemma 8, it follows that bx = | bx | = tx (x&€ X*). But X is the complex
linear hull of X*, and so b = ¢, a = {dtd 1.

Lemma 9. Let d be a rotation of a complex linear lattice X, let Y = X,
Y =dXg, Y* =dX™, and let | y |y be defined by

tyly=dly| (yeY).
E.M.S.—O
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Then (Y, Yg, Y ™) is a complex linear lattice with modulus given by | . |y, and the
mapping d is an order isomorphism of (Xg, X ™) on to (Yg, Y ™).
If (X, Xg, X*) is a complex Banach lattice, then so is (Y, Yg, Y ).

Proof. Since disa complex linearisomorphism of X onto Yand dXz = Yj,
we have Y = Yp@iYy, and the real part operation in Y is given by

Rey(dx) =dRe(x) (x€X). evirvvnreveecnrecnnnen )

Moreover Y* is a cone in Yz and xe X* if and only if dxe Y*. Therefore
d is an order isomorphism of (Xg, X*) on to (Yg, Y™*). Let <, denote the
partial order relation given by Y* in Y;. Then we have Re (ex) <u if and
only if d Re (e"’x) < ydu, i.e. (by (1)) if and only if Rey (e®dx)<ydu. Therefore
(Y, Yg, Y*)is a complex linear lattice with the modulus given by | y |y = d| y |.
Suppose now that (X, Xz, X*) is a complex Banach lattice, and that
| yIy=ylzly. Then d|y|=yd]|z|, and, since d is an order isomorphism,
[yl zl, Iy I1€]l z|l. Thus (Y, Yg, Y*)is a complex Banach lattice.

Lemma 10. Let t be a non-negative operator in a complex Banach lattice X.
Then

lex[<st]x] (xe X).
Proof. SincetX* < X*, we have Xz < Xy, and therefore ¢ Re (x) = Re (tx).
Therefore, for all x € X and 0 € R, we have

, ‘ Re (e”tx) = Re (1(ex)) = t(Re (e“x) <t | x |;
and so, by L2, | tx |t | x |.

Theorem 16. Let X be an alignable complex Banach lattice. Let t be a
compact irreducible positive operator in X with r(t) = 1, and let z be the eigen-
vector of t with z>0, || z|| = 1, and tz = z. Let { be an eigenvalue of t with
| £ | = 1, y a corresponding eigenvector, ty = {y, ||y || = 1.

Then |y | = z, and there exists a rotation d with the following properties.

() y=d

(i) t = {dtd L.

(iii) ¢t is an irreducible positive operator with respect to the complex
Banach lattice (Y, Yg, Y¥), where Y= X, Yp = dXg, Y =dX*.

Corollary 1. The spectral projection corresponding to the eigenvalue { has
rank 1.

Corollary 2. If 2 e spec (f), then {4, {~'] € spec (7).

Proof. Lemma 10 shows that we can apply Theorem 15 with ¢ = 1. We
have t|y|=|yI, llylIll=ly!ll=1. Since, by Theorems 7 and 13, the
eigenspace corresponding to 1 has dimension 1, it follows that | y | = z. Also,
by Theorem 15, there exists a rotation d such that d |y | = y, and ¢t = {dtd 1.
By Lemma 9, (Y, Yz, Y*), given by Y= X, Yp=dXz, Yt =dX*, is a
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complex Banach lattice. We have
€Y = 'dXt = @)X cdXxt = YT,
and so {"!tis a positive operator with respect to (Y, Yz, Y™*).

Let K be a full cone with respect to the positive cone Y * such that K # 0,
Kisnot dense in Y*, and {~'tK<K. LetJ = d"'K. Since d~! is an order
isomorphism and isometry, J is a full cone with respect to X*,J % 0,J is not
dense in X,

tJ =td'K=d '({"')Kcd 'K =J.
But this is impossible, and so { ™'t is irreducible.

To prove Corollary 1, we note that the spectral projection corresponding to
the eigenvalue { of ¢ is the spectral projection corresponding to the eigenvalue 1
of {~'t. Since {~'tis irreducible, this projection has rank 1.

To prove Corollary 2, suppose that 2 is a non-zero point of spec (). Then
A is an eigenvalue of 7 and there exists v # O with tv = Av. We have

tdv = {dtv = {Adv, td™ v = ("W 2w = {7 ad .

Since dv # 0 and d~'v # 0, this shows that {2 and { !4 belong to spec (z).

Theorem 17. Let X be an alignable complex Banach lattice, let t be a compact
irreducible positive operator in X with r(t) = 1, and let {,, ..., {,, be the eigen-
values of t on the unit circle | { | = 1. Then the following conclusions hold.

(i) Each of the eigenvalues {,, ..., (,, is simple.

@) {4, ..., {n are the roots of the equation {™ = 1

(iii) exp (2ni/m) spec (¢) = spec (7).

Proof. (i) This follows at once from Theorems 9, 14 and 16, Corollary 1.

(i) By Theorem 16, Corollary 2, {;{; and ¢! { ; belong to spec () for all
i,j (1,2, ...,m), and they are therefore members of the set ({y, {;, ..., {n)-
Thus this set is a group, and since it has exactly m elements, each element
satisfies the equation {™ = 1.

(iii) This now follows from Theorem 16, Corollary 2, if we take { = exp
(2ri/m).
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