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INTRODUCTION

Weighted composition operators appear in two different contexts in the
study of complex Banach algebras or, more in general, of locally multiplica-
tively convex, sequentially complete, associative algebras.

In the first one, originating in the ground-breaking research work carried
out by Stefan Banach and Marshall H. Stone in the Thirties, they are related
to linear isometries between uniform algebras. More than thirty years later,
some results obtained by A. M. Gleason and by J.-P. Kahane and W. Zelazko
characterized a class of weighted composition operators between unital com-
mutative Banach algebras mapping invertible elements to invertible elements.

The beginning of these lecture-notes is devoted to illustrating the inter-
play between the two approaches, before concentrating on linear isometries
of uniform algebras, extending to a class of non-surjective isometries classi-
cal results established by N. Nagasawa and by K. de Leeuw - W. Rudin - J.
Wermer for surjective ones.

The iteration of linear isometries will be investigated in some relevant ex-
amples: the uniform algebra of all continuous functions on a compact Haus-

tThis article is an extended version of three lectures given at the 4th Advanced Course
in Operator Theory and Complex Analysis, in Sevilla, 18-20 June 2007.
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dorff space, the disc algebra A and the algebra H> of all bounded holo-
morphic functions on the open unit disc A of C. In the latter two cases, the
Wolf-Denjoy theorem on the iteration of holomorphic self-maps of A plays a
dual role, both as a research tool and as a model of what the outcome of the
iteration should be.

Stepping from discrete to continuum replaces the iteration process by a
strongly continuous semigroup 7" of linear isometries, which in the cases of .A°
and of H* is associated to a continuous flow of holomorphic self-maps of A,
the conformal flow of T.

Since, according to a result by J. Bourgain, H* is a Grothendieck space
with the Dunford-Pettis property, T', as any strongly continuous semigroup
of linear isometries acting on H®°, is the restriction to R of a uniformly
continuous group of surjective isometries of H*°, whose conformal flow is a
group of Moebius transformations of A. As a consequence, it turns out that
the group T is almost periodic if, and only if, its conformal flow fixes a point
of A. This result may be extended to the semigroup 1" acting on the disc
algebra A by a direct inspection of the spectral structure of 7.

1. COMPOSITION OPERATORS AND WEIGHTED COMPOSITION OPERATORS

Let X be a compact Hausdorff space, and let C'(X) denote the algebra of
all continuous functions f : X — C with the uniform norm

IF]l = sup{[f(2)] : = € X}

and pointwise composition.

A uniform algebra on X is a closed subalgebra of C'(X) which contains
the constants and separate points of X.

Let A and B be uniform algebras on two compact Hausdorff spaces X and
Y.

A composition operator C' € L(A,B) is a continuous linear map repre-
sented by

C:frfoo

for all f € A, where ¢ is a continuous map of Y into X.
A weighted composition operator A € L(.A,B) is a multiplicative pertur-
bation of C' expressed by

A:frufod,

where u is a fixed element of B.
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Weighted composition operators appear in different contexts of research.

One of these concerns linear operators acting on commutative unital Ba-
nach algebras, mapping invertible elements to invertible elements, and is an
application of the following result due to A. Gleason, [14] and J.-P. Kahane
and W. Zelazko (]20], but see also [11], [30] and [37]).

Let A be a unital algebra (which as all algebras considered in these notes,
will be assumed to be associative), and let A : x — (z, A\) be a homomorphism
of the vector space A into C such that

(14,A) =1 (1.1)
The proof of the following lemma can be found, e.g., in [30] (or in [37]).
LEMMA 1.1. If (1.1) holds, and if
z € ker \ = 22 € ker \,

then
(zy, A) = (2, A) (y, A) (1.2)
for all z,y € A.

Let the algebra A considered above be now endowed with a topology: let
A be a unital Banach algebra, or, more in general, a complex, unital, locally
mutiplicatively convex, sequentially complete algebra, [24].

The topology of A is defined by a basis {U,} for the neighbourhoods of 0
consisting of open, convex, symmetric sets containing 0 such that U, U, C U,
for any index «a. Setting, for z € U,,

pa(z) =1inf{t > 0:z € tU,},

Pq 18 a continuous seminorm on A which defines the topology of A and is such
that
Pa(2") < (pa(z))” VYze A n=1,2,....

If the linear form M considered above is continuous - ¢.e., if A € A’, the
topological dual of the topological vector space A, - for any index « there is
a real constant ¢, > 0 such that

|<$’)‘>| < Cozpa(tf) Vre A

Under the hypotheses of Lemma 1.1, ker A is a closed right ideal of A.
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Denoting by A~! the set of all invertible elements of A, then
+00 1
exp(zx) = Z —2"a" e A7 VzeC,ze A (1.3)

n!
n=0

The entire function f: C > z — (exp(zx), A) is such that, for any «,

n
V<Z ”M<1+caz||'pa (z"™)
! n=1

(1.4)
= (|z]pa(x))" 12| pa ()
< 1+cazln! < max{1, ¢, }e*IPe'?),
By (1.3), if
A7 Nker A =0, (1.5)

then f(z) # 0 for all z € C.
The proof of the following result from complex function theory, can be
found, e.g., in [30] (or in [37]),

LEMMA 1.2. Let h be an entire function. If h(0) = 1, if h'(0) = 0 and if
there are two real numbers a and b > 1 such that

0 < |n(2)] <be?l vzec,
then h = 1.

If (x, \) =0, and therefore f'(0) = 0, Lemma 1.2 implies that f(z) = 1 for
all z € C. As a consequence,

(@®,X) = f"(0) =0,

and therefore, by Lemma 1.1, (1.1) and (1.2) hold.
In conclusion the following theorem holds:

THEOREM 1.1. Let A be a unital, locally multiplicatively convex and se-
quentially complete complex algebra and let A be a continuous linear form on
A. Ifker )\ contains no invertible element of A, there is a continuous character
x of A such that

(,\) = (14, A) (z,x) VaeA

In particular, if (1.1) holds, A is a character of A.

i.e. a continuous homomorphism of the algebra A into C.
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Let o(x) C C be the spectrum of = € A. Theorem 1.1 yields:
COROLLARY. If the continuous linear form \ on A is such that
(x,\) €o(z) VaedA,

and satisfies (1.1), then X is a character.

Let now A, B be unital, abelian Banach algebras, let ¥(.A), 3(B) be the
Gelfand spectra of A, B, and let L(.A, B) be the Banach space of all continuous

linear maps of the Banach space A into the Banach space B.
If A e L(A,B) is such that

AAY) cB, (1.6)
then, for any character y € 3(B),
feAT = (Af,\) £ 0.

Since, by Theorem 1.1

(Af, x)
(A1, x)

is a character, ¢(x), of A, the following theorem holds.

A> f—

THEOREM 1.2. For any A € L(A, B) satisfying (1.6) there is a continuous
map ¢ : X(B) — X(A) such that

(Af,x) = (Alg,x)(f,0(x)) YfeA xeX(B).

For an extension of this theorem to non-unital algebras, see [38].

2. WEIGHTED COMPOSITION OPERATORS AND ISOMETRIES

Much earlier than the Gleason-Kahane-Zelazko papers, weighted compo-
sition operators made their appearance in the context of linear isometries
between the uniform algebras C'(X) and C(Y") of all continuous scalar valued
functions on two compact Hausdorff spaces X and Y.

If X and Y are homeomorphic, C(X) and C(Y) are isometricaly isomor-
phic. An answer to the opposite question is provided by the classical Banach-
Stone theorem, [2], [33], [11]:
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THEOREM 2.1. If A € L(C(X),C(Y)) is a surjective isometry, then A is
represented by the weighted composition operator

Af=u.fo¢p VfeCX),

where ¢ is a homeomorphism of Y onto X, and u € C(Y') is a unimodular
function.

As a consequence, A maps unimodular functions to unimodular functions.
A link between Banach-Stone’s and Gleason-Kahane-Zelazko’s approaches
is offered by the following lemma.

LEMMA 2.1. If A € L(C(X),C(Y)) is an isometry of C(X) into C(Y')
mapping unimodular functions in C(X) to unimodular functions in C(Y),
then

ACx)yHcow

Proof. Let f € C(X)~! and let u = f/|f|. Then

“—H}pn <1 = Julfll=fI<lfll = [(ullfll = £l <[£

Let y € Y be such that (Af)(y) = 0. Then

/11 (Aw)(y) = (Al Fll v = 1)) (9),

and therefore

11 = [(AULFI v = )W) < [[AUL I w = HIF = [ I1£1w = F] < 11£]-

Contradiction. 1

Surjective linear isometries between two uniform algebras A and B are
described by the following theorem, [1], [8], [26], [17].

THEOREM 2.2. If A € L(A,B) is a surjective isometry, there exist an
algebra homomorphism C of A onto B and a unimodular function u € B~!
such that

Af=u.Cf VfeA

One of the main purposes of these Notes is that of describing C' under
suitable hypotheses on the uniform algebras A and B.



TOPICS IN LINEAR ISOMETRIES OF FUNCTION ALGEBRAS 193

3. A THEOREM BY A. BERNARD, AND SOME EXAMPLES

Let: A be a uniform algebra on a compact Hausdorff space X; B = B(A),
be the open unit ball of A; #(A) be the set of all unimodular functions in A:

UA) ={ueA:|u(z)|=1 Ve X}

THEOREM 3.1. (A. Bernard) If ${(A) generates A, the closure B of B is
the closed convex hull of 4(A).

Proof. [13] The set of all finite linear combinations of elements of £((.A)

is dense in A. Let n be a positive integer, f = 25:1 Cnln, with ¢, € C,

un € U(A) and ||f]l4 < 1. Then u = uy ---uy € U(A), and

(@) + ula)
1+ eu(x) f(z)

=1 Vze X, 0ecR,

T ewu T .
f@) T D) _ ) 4 () — |7 ()2 e

1+ eu(x)f(z) |
—u(@)?f (@) (ulx) — | f(@)]?)eX + -

uniformly with respect to 8. Hence

1 )+ e

o Sy 1t etamia @

and there exists a sequence of Riemann sums converging uniformly to f, i.e.
a sequence of finite convex combinations of elements of ${(.A) converging uni-
formly to f. |

We will be concerned with uniform algebras generated by their unimodular
functions. Here are some relevant examples.

3.1. THE ALGEBRA C(X)

THEOREM 3.2. (R. Phelps) The closed unit ball B(C(X)) of C(X) is the
closed convex hull of U(C(X)).
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Proof. (R.B. Burckel) Let f € C(X), with || f|| < 1, and let fp be defined
by
x)—w
foley = LB
I~ wi()

where x € X, § € R and w = e*™. Then fy € 4(C(X)), and
+o0
fo(w) = f@) + (F@)P =1) 3w F@)"
n=1

Choose now 6 = k/m with k and m positive integers and k < m. Then

400 m A\" 1
*ka/m = f(@) + (f@)P - )Z(LZJ%’“) @)

because

" 1 2k \" U 1 2 k
Z(nem> :Z<nem>’
k=1 k=1
and
m k
1 2mni
E (em) =1or 0
n
k=1

according as m divides n or not. Then,

ka/m < (1-1f@) )Z|f T

=(1—\f( ) 11( |"“Z|f

—|f (@)
—|f(2)

<2 If(w)l’”‘l <2||fI™! VazeX.

‘!f( o)™ = (1+ [ f(@)]) [f (@)

Since || f|| < 1, f is the uniform limit of the convex combinations

1
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as m — +oo. |

The above proof, given by R. Burckel in [6], is an adaptation of an elegant
proof, due to L. A. Harris [15], of a theorem by B. Russo and H. Dye [31] -
which may be seen as a non-commutative counterpart of Phelps’ theorem -
whereby the closure of the unit ball B of any unital C*-algebra A is the closed
convex hull of the set L of all unitary elements in the algebra.

Here is an outline of Harris’ proof:

Any x € B defines the Mdbius transformation T, mapping y € B to

Tu(y) = (1 —2a") 2y + o)1+ 2*y) (1 — 2" ) /2.
T, is a bi-holomorphic map of B onto B, such that
T:(0) = =, (3.1)
which has a holomorphic extension to a neighbourhood of the closure B of B,

[16].
The function f defined by

[z f(z) =Ty(21)

is holomorphic in a neighbourhood of A, maps the unit circle A into the
connected component L0 of the identity 14 in L.

By the Cauchy formula (for the theory of operator-valued holomorphic
functions, see, e.g., [12]) and by (3.1),

z = f(0) = % /O%f (ei9> do.

Thus, x is the uniform limit of Riemann sums, which turn out to be convex
combinations of elements of the identity component of 1 4 in .

A different proof of the Russo-Dye theorem, which does not use function
theory, can also be found in [15].

3.2. THE DISC ALGEBRA The disc algebra A is defined by
2 )
A0 = {f € C(OA) ; / einf f (ew) 0 =0 for n= 1,2,...}. (3.2)
0

Any f € A° can be continuously extended as a holomorphic function on
the unit disc A via Poisson integral

™

f(2) = / £ () dm (t)

—T
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where z = re??, 0 < r < 1, and

1 eit 4 o 1 1—r2
() — L Re® df = = dt. 3.3
mz() 21 eelt—z 27 1 —QTCOS(t_9> +7'2 ( )

The Poisson integral yields an alternate definition of the disc algebra:
AL = {f cC(A): f‘Aholomorphic} ,

and shows that the disc algebra is a Dirichlet algebra 2.
Let ¢ € A° be the coordinate function: ¢ : z +— (z) = z.
Let ¥(A%) be the Gelfand spectrum of A° endowed with the Gelfand topol-

ogy. B
If x € (A%, then (1, x) € A.

If p is an analytic polynomial of degree N,

N
p= Z cpt™, with ¢, € C,

n=0

and if y € ¥(A?), then

N N
(p:x) =Y enlt™ x) =Y ealts )" = ({1, X))-
n=0 n=0

Since analytic polynomials are dense in ¥(A"), then

(fix)=f({t.x)) YxenU)

and for any f € A°.

PROPOSITION 3.1. ¥(A") = A. The Gelfand topology is the relative
topology in C 3. The Shilov boundary 0.A° of A° is the unit circle OA.

Every character x has a unique representing measure, i.e. a unique proba-
bility measure whose support is contained in 9.4°. The representing measure
of z € A is given by the Poisson kernel (3.3); if z € 9A, the representing
measure is the Dirac measure 9.

Let E be a closed subset of A with Lebesgue measure zero.

2A uniform algebra on a compact Husdorff space X is, by definition, a Dirichlet algebra
if ReA={Ref: f € A} is dense in Cr(X).

3 Alternate proof: the algebra A° is generated by ¢. Therefore L(A°) is the spectrum of
v oo(l) = A.
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THEOREM 3.3. (P. Fatou, [10], [17]) There exists a function in A" which
vanishes precisely on E.

THEOREM 3.4. (W. Rudin, [28], [17]) Let F' be a continuous complex-
valued function on E. There exists a function f € A° whose restriction to E

is F. Moreover, f can be so chosen that |f| is bounded on A by the maximum
of |F| on E.

3.3. BLASCHKE PRODUCTS Let {z,} be a sequence in A such that ) (1—
|zn|) < 00, and let m be the number of times 0 occurs in the sequence. Then
the Blaschke product

_m H —Zn Z— Zn
|zn| 1—

2n#0

converges at all z € A, thus defining a bounded holomorphic function on A,
whose zeros are the points z, with multiplicities equal to the number of times
they occur in the sequence {z,}.

Furthermore |B(z)| <1 at all z € A, and

|B(e?] =1 (3.4)

a.e. on OA.

Let K C OA be the set of all accumulation points of {z,}. The Blaschke
product B extends analytically on the complement of K U {1/Zz,} in C and
across each arc of JA\ K, but | B| does not extend continuosly from A to any
point of K.

Hence

B € A’ <= {z,} is finite,

in which case (3.4) holds for all § € R.
Since polynomials are dense in A%, the closed unit ball of A° is the closed
convex hull of the set of finite Blaschke products; [13].

3.4. BOUNDED HOLOMORPHIC FUNCTIONS The set H* of all bounded
holomorphic functions on A is a unital, commutative Banach algebra for point-
wise composition in A and norm

IfII = sup{lf(2)[ : = € A}.
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Let L>*° = L*°(0A) be the space of all complex-valued, bounded, measur-
able functions on JA, where functions equal to each other almost everywhere
for the Lebesgue measure are identified. Then L>°(0A) is a commutative uni-
tal C'* algebra for pointwise composition and for the essential sup norm. Hence
L>*(0A) can be identified with C(M), where M = (L) = 9L, endowed
with the Gelfand topology, is a compact Hausdorff space which turns out to
be totally disconnected®. For any f € H™ there exists a unique F' € L®(dA)

such that
0\ _ 1z 10
F(e ) 717}TH11f (re ) a.e..
Furthermore, ||F|| = || f||, and
() = / F (i) dm.(t), (3.5)

where dm,, is given by (3.3) for all z € A.
If F e L*>(0A) is such that

K
/ s (ew) d=0 n=12,...,
—Tr

(3.5) defines f € H®.

The algebra H* is a closed subalgebra of L*°. The restriction map
Y (L) — X (H®) defines a homeomorphism of M = ¥ (L) into X (H®)
whose image is 0H>°, [17]. Thus H* is a uniform algebra on M.

LEMMA 3.1. If h € Cr(M) there is f € H*®~! such that
log |f| = h. (3.6)

Sketch of proof. We extend h to a function h on A by the integral
h(z) = / h () dma(t) (= € A),

thus obtaining a real-valued, bounded harmonic function on A for which

lri%lllh (rew) =h (ew) a.e..

4Actually M is extremely disconnected, i.e. the closure of any open set in M is open;
[17], pp. 170-171 (where M is called extremally disconnected), or [13], p. 207.
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If k£ is the conjugate harmonic function of h, the function

F = ohtik

is contained in H*~1 and satisfies (3.6). 11

Thus H* is a logmodular algebra®, and therefore every character y €
Y (H®) has a unique representing measure supported in M (see, e.g., [34],
pp. 170-172).

Note incidentally that, since every Dirichlet algebra is logmodular, any
character in a Dirichlet algebra 4 has a unique representing measure sup-
ported in OA.

The question arises whether H*° is actually a Dirichlet algebra. The an-
swer to this question turns out to be negative, as a consequence of an ob-
servation of A. Gleason (see, e.g., [17], p. 182) whereby, if M is a totally
disconnected, compact Haudorff space, the only Dirichlet algebra on M is
C(M).

Let R: % (H*®) — A map x € X (H™) to {1,x).

THEOREM 3.5. The map R is continuous, and
R(S(H™)) = &;
R|g-1(a) Is one-to-one, and R~! maps A homeomorphically onto an open
subset D of ¥ (H*) whose complement is connected®.

According to L. Carleson’s corona theorem the image D of A is dense in
Y (H™) (see, e.g., [13]).

The structure of ¥ (H*°) is extremely complicated. Here are a few prelim-
inary, elementary results (whose proofs can be found in [17]), which are useful
in the following.

LEMMA 3.2. Let o € OA and f € H* be such that there is a sequence
{zn} C A converging to « for which {f(z,)} converges to some ¢ € C. Then
there is x € ¥ (H*) for which (1, x) = a and (f,x) = .

For a € 0A, let X, be the “fiber”
Sa={XE€X(H®): {,x) =a} = R ().

Si.e. the set log |H>® | = {log|f(t)| : f € H®"'} is dense in Lg™; see, e.g., [18], [13].
SFor a proof, see, e.g, [17], [13].
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LEMMA 3.3. A function f € H* is continuously extendable to A U {a}
if, and only if, its Gelfand transform f is constant on X.,.

For any 0 € R, the map z — €'z defines a “rotation” mapping homeomor-
phically ¥ (H*°) and A respectively onto themselves, and induces a homeo-
morphism of ¥, onto Xaie,,.

Every fiber 3, is connected. Denoting by A, the algebra of the restrictions
to ¥, of the Gelfand transforms of all functions in H*, then, [17], A, is a
regular uniform algebra whose Gelfand spectrum and Shilov boundary are
respectively

Y (An) =X, and 0A, =X, NOH™.

PROPOSITION 3.2. The set U(H™>) is the set of all inner functions.

In other words, u € H* if, and only if,

I =1
lim [u(re™)|

for almost all 6 € [0, 27].

Proof. The “only if” part follows from D. J. Newman’s characterization of
the Shilov boundary 0H* of H* ([17]; [13]), according to which, if u is an
inner function, then

() =1V x € OH™.

Conversely, if u € 4 is not inner, there is a Borel set C' C A, with positive
Lebesgue measure, such that

ligl\u(rg)\ <1l Vv¢eC.

By the Lusin theorem, there is a Borel set E C C, with positive Lebesgue
measure, such that u is continuously extendable to AU E. By Lemma 3.3, u
is constant on the fiber ¥, and therefore has modulus less that 1 on X for
all ¢ € F, contradicting the hypothesis whereby « is unimodular. 1

The set U(H>) satisfies the hypotheses of the A. Bernard theorem because,
as was shown by D.E. Marshall, the Blaschke products generate H>°, [23], [13].
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4. LINEAR ISOMETRIES OF UNIFORM ALGEBRAS

Here is an elementary lemma which will play a role in the following con-
siderations.

LEMMA 4.1. ([41]) Let m be a positive, regular Borel measure on a com-
pact Hausdorff space X with ||m| < 1. If f € L'(X,m) is such that |f] < 1

a.e. and
'/fdm‘ =1,

then ||m| =1 and f = e? a.e. for some 0 € R.

Let now A be a uniform algebra on a compact Hausdorff X, and let A’ be
its topological dual.

For every A € A’ there is a complex regular Borel measure p with support
in X, with ||u|| = [|Al|, such that

(f,A)z/fdu Ve A (4.1)

Let du = hd|u| be the polar decomposition of p (with A measurable and
|h(z)] =1 a.e. on Supp p).
If u € Ais such that ||ul| = [(u, \)] = 1, then [|u]] = [u|(X) =1 and

hu = (u, \) a.e.

Let B be a uniform algebra on a compact Hausdorff Y, and let A € L(A, B)
be a linear isometry.
For z € X let

Qz) ={f e A:|f(@)| = |fll =1},
and
T()={y Y : |(Af)(y)|=1Vf e Q=)}.

The proof of the following proposition has been devised by W. Holsztynski,
[19] in the case in which A = C(X) and B = C(Y), but can be generalized,
with no substantial change, to the case considered here, [41].

PROPOSITION 4.1. The set Y(x) is closed and not empty for all x € X.
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Let @ be the closed set of all y € Y such that |[(Au)(y)| = 1 for all
u € U(A). Since

yeT(x) <« [(ANWl=1 V[feQ(z)
= |(Au(y)|=1 Vueidld) <= yeq,

and therefore
Tx)CcQ VzelX,

then Q # 0.
For y € Y, let A € A’ be the continuous linear form on A defined by

(L0 =(AN)y) VfeA

and let u be the complex, regular Borel measure on X which represents .

If, given any two distinct points ¢’ and ¢’ in X there is u € $(.A) such
that u(t’) # u(t"), Supp(u) is reduced to one point, and the following lemma
holds, [41].

LEMMA 4.2. If Y(A) separates points in X, there is a map ¢ : Q — X
such that

(Au)(y) = (u, ) = (A1) (y) u(®(y)) YucU(A), y € Q.

An application of Bernard’s theorem yields then the following

THEOREM 4.1. ([41]) If$A(.A) generates A, for any isometry A € L(A, B)
there exist a closed, non-empty subset () C Y and a continuous map v of )
onto X such that

(Af)(y) = (A1a)(y) f(¥(y)) VfeA yeQ. (4.2)
COROLLARY. If {(.A) generates A and
A(U(A)) C U(B),
then Q =Y.
Since P(Q) = X, if Af € U(B), then f € U(A), i.e.
AN ((B) N A(A)) C U(A).

Hence, if A is surjective, U(B) C A (44(A)) and also (A) € A~ (U(B)).
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COROLLARY. If $(A) generates A and if the isometry A is surjective,
then A(U(A)) = U(B), and A is expressed by (4.2), where Q =Y and 1) is a
homeomorphism of Y onto X.

Assume now that every x € ¥(B) has a unique representing measure m,,
supported in Y.
Letting
P ={x € X(B) : Suppmy C Q},
then @@ C P and
Q=Y = P=X(B).

The following theorem, which yields a partial description of the linear
isometry A was established in [41].

THEOREM 4.2. If every x € 3(B) has a unique representing measure sup-
ported in Y, and if $(A) generates A, there exist a subset P of ¥(B), with
Q C P, and a continuous map w : P — %(A) such that wjg = 1 and

(Af,x) = (Ala,x)-(f,w(x)) YfeA xeP (4.3)
Let A, A, B be as before, and suppose furthermore that
AA ) cBl (4.4)

By the Gleason-Kahane-Zelazko theorem, this inclusion implies that

(Af,x) = (Alg, x)-(f, 0(x)) Y feA xeX(B),

where ¢ : £(B) — X(A) is continuous.
Since Al 4 € B~!, then ¢ is a continuous extension of w, and therefore

»(0B) D 0A.
Hence, if 3(A) = 0A and Al 4 € U(B), then
[(Au, )| = [(u, (X)) =1 Vx € 9B, u e U(A),

proving thereby the following proposition which yields a complete description
of A in terms of the characters in 3(B).

PROPOSITION 4.2. Let A, A, B be as before, and let (4.4) hold. If ¥(A) =
0A and Al 4 € $(B), then P = 3(B) and

(Af,x) = (Ala, x)-(f,w(X)) VfeA xeX(B)
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COROLLARY. If ¥(A) = 0A and A is an isometric homomorphism, then
(Af0) = (fiwlx)) VfeA xeX(B)
where w is a continuous map of ¥(B) onto ¥(A).

Let A = B. If the isometry A € L(A) is not surjective, the spectrum
o(A) of Ais o(A) = A, and A is contained in the residual spectrum of A.
As a consequence, A(A) is contained in a proper closed linear subspace of A.
Hence,

LEMMA 4.3. IfA (.A_l) contains a non-empty open set, the isometry A is
surjective.

5. EXAMPLES

I. THE ALGEBRAS C(X) AND C(Y)

By Theorem 3.2, Theorem 4.1 yields Holsztyriski’s theorem, [19]:

THEOREM 5.1. If A € L(C(X),C(Y)) is an isometry, there exist a closed
subset @ of Y and a continuous surjective map 1 : () — X such that

(Af)(y) = (Alo)(W)-f(W(y) VfeCX), ye@.
Furthermore,
Q=Y < AYU(CX))) cU(y)),
and, if A is an isometric homomorphism of C'(X) into C(Y’), then @ =Y and
(ANY) = fd(y) VfelX) yeY.
Let now X =Y, and let the linear isometry A be such that
AU(C(X))) c Ud(C(X)),
and that
Jm (AM) (y) = fly) VfeCX), yeX, (5-1)

where A" is the n-th iterate of A:

A" =A---A, (n times),



TOPICS IN LINEAR ISOMETRIES OF FUNCTION ALGEBRAS 205

expressed by

(A" F)(y) = (A"lex) () f(WT(y) Ve l(X), yeX,

and

P =1po---09 (n times),
(A"Lex)(y)
= (Ale(x) W) (Alex) @ (®)) - (Aleao) @ (y).
Since A™(1¢(x)) € WO (X)) for n=1,2,..., then
(A" = f™ W) VfeC(X), yeX, n=12,...,
and (5.1) yields

im |f(@™ ()] =[fy) Vfel(X), yeX

n—-+4oo

(5.2)

Since X is compact, for any y € X there are ¥ € X and a sequence
ni1 < ne < ... of positive integers such that

lim 4 (y) =y

j=+oo

Thus, by (5.2),

[f(y)l = Tim [f (7 (y)| =f)] VfeCX),

jotoo

and therefore y = v/, whence

lim »*"(y) =y VyeclX,

n—-+o0o

and, in conclusion,

Yy)= lim ¢y =y VyeX. (5.3)

n—-+0o
Thus
Af =Algix) f VfelCX),
and, by (5.3), (5.2) reads
(A"ox)) (W) = ((Alex) )" Yye X, n=1,2,...,

whence Alg(x) = lo(x), i-e. Af = f for all f € C(X), proving thereby
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PROPOSITION 5.1. If the isometry A € L(C(X)) maps unimodular func-
tions to unimodular functions (in particular, if A is surjective or is an isometric
homomorphism) and if the sequence A™ of the iterates of A converges to the
identity for the weak operator topology, then A is the identity.

II. THE DISC ALGEBRA

Let Ae L (AO) be an isometry with
A8 (A%) cu (4. (5.4)
Then
Al o € U (.AO) ,

and, since every character in X (.AO) has a unique representing measure, by
Theorem 4.2 there is a continuous map w : A — A such that w(0A) = JA,
and

(Af)(2) = (ALw)(2) fw(2)) Vfe A, - en.
If ¢+ is the coordinate function, then
(Au)(2) = (Al p)(2) w(2),

where @, defined by w(z) = t(w(2)), is a unimodular function in A°.
If f € A° is an analytic polynomial of degree N,

N
f= chL”, ¢ € C,
n=0
then
N
(Af)(2) = (ALp)(2) D eat™(w(2))
n=0

N
= (ALp)(2) D enlu(@(2))" = (Al 40)(2) f(w(2)).
n=0

Since analytic polynomials are dense in A°,

Af =Algpfow VfeA
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If the isometry A is surjective, then
A f =AY 0) for,

where 7 € U (.AO).
Being

(A7) (2) (A710)(7(2)) = (A1) (2) (AT (w(2)) =1 Yz €A,

the holomorphic function Al 4o is constant: Al 40 = ¢l 40 for some ¢ € OA.
Being also
fowor=forow=/f VfeA,

@ is a Mobius transformation, and 7 = w ™!, proving, in conclusion,

THEOREM 5.2. If, and only if, A € L (AO) is a bijective isometry, then
Af =c¢ fow VfeA,

where ¢ € OA and w is a Mobius transformation.

Here is an example of a linear isometry A of A° into itself which does not
satisfy (5.4).

Let: C be a Cantor set, closed in A and with Lebesgue measure zero;
yo € OA\C; K = CU{y}; B : K — C a continuous function such that
B(C) = A and B(yo) = 0.

By Rudin’s Theorem 3.4, there is ¢ € A° such that [¢| = 1 and ¢ = f.

The map

A:frfop

is a continuous endomorphism of A%, but
AU (AY) ¢ 1 (A°).

We will see now how Theorem 5.2 and the Wolff-Denjoy theorem, yield
some information on the point spectrum of a surjective linear isometry A of
A° mapping inner functions to inner functions

Note first that if, and only if, Al 40 is constant (Al 0 = ¢l 40 for some
c € 0A), then 1 40 is an eigenvector of A (with eigenvalue c).

Let now A € £(A°) be an isometry satisfying (5.4).

Then,

Af =Alpfow VYfeA (5.5)
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where {A1 40, @} C U(A°), and @ is not constant.

If @ is not an elliptic Moebius transformation, by the Wolff-Denjoy the-
orem (see, e.g., [7] or [25]), the sequence {w®"(z) : n = 0,1,2,...} converges
to a point ( € A for all z € A:

lim @™ (2)=( VzeA.

n—-+00

Let ¢ € OA be an eigenvalue of A and let ¢ € A° be an eigenvector
associated to c:
Ag=cy.

For any z € Aandn=1,2,...

9(2)] = |c"g(2) = [(A"9) (2)] = lg (@*"(2))],

and therefore
l9(2)| = lim_|[g(=®"(2))| = |9({)]

n—-4o0o

for all z € A.
Hence the holomorphic function g is constant:

g =kl 40 for some k € 0A.

Since

1 k

the following proposition holds

PROPOSITION 5.2. If the linear isometry A is represented by (5.5), where
Al o € U(A°) and @ € U(A”) is non-constant and is not an elliptic Moe-
bius transformation of A, then: c is the only eigenvalue of A; its associated
eigenspace is spanned by 1 40; (5.4) holds; the unimodular function w in (5.5)
fixes ¢ and is such that

lim @"(2)=c VzeA.
n—-+00
If A is a surjective isometry, then Al jo = cl 40 for some ¢ € OA and
w in (5.5) is a Moebius transformation. If it is not elliptic, the asymptotic
behaviour of its iterates is described by the above proposition.
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JII. BOUNDED HOLOMORPHIC FUNCTIONS

Let A € L(H™) be an isometry. As in the case of A°, by Theorem 4.2
there are P C ¥(H*) and a continuous map w : P — X(H) such that

(Af,x) = (Alge, x).(f,w(x)) YfeH™ xeP

Moreover, Q = PNOH®™ is closed in 0H*>, and w(Q) = 0H*>.
If

AU(H™)) C U(H™), (5.6)
then Q = OH®°, P = X(H®), and there is an inner function ¢ such that
(Af)(2) = (Alg=)(z) f(p(z)) V[feH> z€A. (5.7)

Similar arguments to those developed above for A" show that, if the isom-
etry A is surjective, Al g is constant, and

Af =c.fop VfeH™,
where ¢ € OA and ¢ is a Mdbius transformation.

Remark. The same example constructed above for A° shows the existence
of linear isometries of H*° which do not satisfy (5.6).

We will now show that, if the iterates of the linear isometry A of H®
satisfying (5.6) converge to the identity for the weak operator topology, then
A itself is the identity.

The hypothesis implies that

lim (A"f)(2) = f(z) VfeH™ VzeA. (5.8)

n—-4oo

If
[(A™1g) (2)] < a

for some z € A, a € (0,1) and m > 1, then
(A1) (2)] < a < 1

when n > 1, contradicting (5.8). Thus |(Alg)(z)| =1 for all z € A, and
therefore, by the maximum principle, there is some constant ¢ € A such that

(Alg=)(z) =c VzeA.
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Since, by (5.8),

" —1 as n — +oo,
then ¢ = 1 and (5.7) yields
Af = foop. (5.9)
Thus, again by (5.8),

lim ¢°"(z) = lim «(p°"(2)) =2

n—-+o0o n—-+o0o

for all z € A. The Wolff-Denjoy theoremn implies that
plz) =2z VzeA,
proving thereby the following theorem.

THEOREM 5.3. The identity operator is the only linear isometry A of H*®
into itself which satisfies (5.7), and whose iterates converge to the identity for
the weak operator topology.

6. STRONGLY CONTINUOUS SEMIGROUPS OF LINEAR ISOMETRIES OF H°

Let £ be a complex Banach space and let T': Ry — L£(&) be a strongly
continuous semigroup. For t € R, let 7”(¢) be the bi-dual of T'(t)

The Banach space € is said to be a Grothendieck space if every weak-star
convergent sequence in the topological dual £ of £ converges weakly.

THEOREM 6.1. If £ is a Grothendieck space, T" : Ry >t — T"(t) is a
strongly continuous semigroup.

The Banach space € is said to have the Dunford-Pettis property if, when-
ever {x,} and {)\,} are sequences in £ and in £ converging weakly to zero,
the sequence (z,, \,,) converges.

THEOREM 6.2. Let £ have the Dunford-Pettis property. If T” is a strongly
continuous semigroup, the semigroup T is uniformly continuous.

Thus:

THEOREM 6.3. If€ is a Grothendieck space with the Dunford-Pettis prop-

erty every strongly continuous semigroup T on & is uniformly continuous ’.

"See, [21] and [22] also for bibliographical references.
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The link between these results and linear isometries of H* is provided by
a result, due to J. Bourgain, [5], whereby H* is a Grothendieck space with
the Dunford-Pettis property.

Thus, any strongly continuous semigroup 7' : Ry — L(H®) of linear
isometries of H*° into itself is the restriction to Ry of a uniformly continuous
group on R, with values in £(H°), which will be denoted by the same symbol
T.

Since for any t < 0 and any f € H*®

1A= N7 (=0) T @) Il = T() £,

T is the restriction to Ry of a strongly continuous group 7' : R — L(H>) of
surjective isometries of H*°.

Hence there are a function ¢ : R — OA and a family {w; : t € R} of
holomorphic automorphisms of A such that

Tt)f=c(t)fow VteR, fe H™, (6.1)

Being ¢(t) = T(t)1ge, ¢ is a continuous homomorphism of R into 0A.
Therefore there is 6 € R such that

c(t) = VteR. (6.2)
Furthermore
Wert = wsowy Vs, tER

and the map w : t — w(z) is continuous for every z € A; thus, w is a

continuous flow of holomorphic automorphisms of A: the conformal flow of
T.
Hence the following theorem holds:

THEOREM 6.4. Any strongly continuous semigroup of linear isometries of
H® is the restriction to Ry of a uniformly continuous group of surjective
isometries.

The continuous flow w is defined by a one-parameter subgroup ¢ — exp t®
of SU(1,1) defined by a 2 x 2 matrix

@<” ?>,
c —iy

with v € R, c € C.
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As was shown, e.g., in [40], if ¥2 — |¢|? is positive, negative or zero, then
wy(z) is expressed respectively by:

(cos(rt) +iL sin(rt)) z + < sin(rt)

< sin(rt)z + cos(rt) — iZ sin(rt)

wt(z) =

with r = /42 — |¢|?%;

(cosh(st) + i1 sinh(st)) z + < sinh(st)
< sinh(st)z + cosh(st) — i sinh(st)

wi(z) =

with s = \/|c\27—’y2 ;
(1 +idty)z + tc
wt(z) = = 1
tcz + 1 — ity
In the first case, the flow w is elliptic, i.e. fixes one point in A and
is periodic with period 27 /r. In the second and third cases, the flow w is
respectively hyperbolic and parabolic and has no fixed point in A.
In the elliptic case, the periodicity of @ and (6.2) show that the group T
is almost periodic.
It was shown in [40] that, if the flow @ is not elliptic, there is some k& > 0
such that

1
T (t)e]] > 3 Vit > k.
In conclusion, the following theorem holds, [40].

THEOREM 6.5. The group T is almost periodic if, and only if, its confor-
mal flow w is elliptic.

Let now T : R — L£(A%) be a strongly continuous group of (surjective)
linear isometries of AY. Arguing as in the case of H* one shows that 7T is
represented by

Tt)f =e . fouw

for all t € R and all f € A°, where § € R and @ : t — @ is a continuous flow
of Moebius transformations of A.

As before we see that, if the continuous flow w is elliptic, the group T is
almost periodic.

On the other hand, if the flow w is hyperbolic or parabolic, by Proposition
5.2 the only eigenspace of T'(t) is a complex line. Theorem 2 of [3] shows then
that the group T is not almost periodic.
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7. SOME REMARKS ON THE NON-COMMUTATIVE CASE

In both the Banach-Stone and the Gleason-Kahane-Zelazko approaches,
the existence of weighted composition operators depends on the presence of a
wealth of continuous homomorphisms into the complex field, which is granted,
via the Gelfand theory, by the commutativity of the algebra. On the other
hand, these homomorphisms may be rare - or even not exist at all - in the case
of some non-abelian Banach algebra. For example, an elementary computation
shows that, for any integer n > 1 and for any linear form A on the matrix
algebra £(C™), there is some invertible element = € £(C™) such that (z, \) =
0.

A similar result holds for the W*-algebra L£(H) of all continuous linear
operators on any separable, infinite-dimensional complex Hilbert space H and
for a non-vanishing normal linear form A\ on £(H):

THEOREM 7.1. ([39]) If dimH > 1, for any normal linear form A on
the W*-algebra L(H)® there is some invertible element x € L(H) such that
(x,\) =0.

Proof. [42] We shall prove that there is no non-vanishing normal linear
form A on L£(H) such that

(xy, \) = (z,\) (y,\) Vaz,y € L(H). (7.1)

The polar decomposition of A is expressed by A\ = R, u, where: p is a
normal positive functional on £(H), v is a partial isometry on ‘H and R, acts
ony € L(H) by

(o, Ryy) = (ve,7).

Therefore,
(x,\) = (zv,u) Vo e L(H).

Since u is a positive normal functional, there is a sequence {&, : n =
1,2,...} of mutually orthogonal elements &, € H such that 37> €11 < oo

and
400

(, 1) = Z (2&nlén)

n=1

84.e. a linear form which is continuous for the topology defined in £(#) by the norm-

topology on its pre-dual; see, e.g,, [32]
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for all x € L(H) ([32], Corollary 1.15.4). Thus, letting n, = v&,, then
400 2
n=1 ||777ZH < 00 and

+o0
(@, ) = (zmnl&) Yo € L(H).
n=1
Hence, (7.1) becomes
+o00 —+00 +oo
Z (zynpl&p) = Z (@nplép) Z (ynplép)  Va,y € L(H). (7.2)
p=1 p=1 p=1

Note at this point that the set {&, } contains infinite non-vanishing elements
because, if that set contains only N > 0 non-vanishing elements &1,..., ¢,
there are x,y € L(H) such that

N N

Z (2np[&p) Z (ynplép) # 0

p=1 p=1

and
y'x*é, =0 for p=1,...,N,

contradicting (7.2).
Choosing now x and y with eigenvectors 7, and eigenvalues (,, and 7, for
n=12,... ie.,
TN = Cutin and Yny = Tpin,

with . .
STl <00 Y Imal* < o0, (7.3)
n=1 n=1
(7.2) reads
400 —+o0 +00
Z G (Mplép) = Z Cp (Mpl€p) Z 7p (1p[&p) (7.4)
p=1 p=1 p=1

for every choice of the sequences {(,} and {7,} satisfying (7.3).
Fixingn > 1, {, = 7, = 1 and (,, = 7, = 0 whenever m # n, (7.4)
becomes

(nn’&l) (1 - (nn‘gn)) =0,

and implies that either (1,|,) = 0 or (7,|§,) = 1. Hence (n,]&,) = 0 when
n > 0.
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Choose n and m in such a way that (7,|¢,) = 1 and (9,|&,) = 0 and
choose z,y in L(H) such that: zn,yn, = 0 whenever p # n, m, and

{lfn = a11&p + a12ém, {y M = b11&n + b12&m,

T &m = a21&n + a226m, YNm = b21&n + b2,

with aq1,...,b9 € C.
Then, xyn, = 0 for all p # n,m, and

TY Nm = CQlfn + CQZﬁm-

€11 C12
C21 C22
is the product of the matrices

< b1 b1 ) < ail a2 >
bo1  boo ’ a1 a2 ‘

{ Y Ny = c11€n + c12§m,

The matrix

Since
+oo
(z,\) = Z (znpl€p) = a11 (§nlén) + a22 (§mlém) = a11 (&nlén) ,
p=1
+oo
(y,\) = Z (Ynpl€p) = b11 (€nlén) + 22 (Em|Em) = b11 (€nlén) ,
p=1
+0o0
(zy,\) = Z (xynp|§p) = c11 (€nlén) + c22 (EmlEm)
p=1

=cC11 (fn|l‘n) = (b11a11 + b12a21) (gn‘gn) >

choosing b12a2; # 0 we contradict (7.1), proving thereby Theorem 7.1. |

An attempt to extend the Banach-Stone and the Gleason-Kahane-Zelazko
approaches to the non-commutative case faces the problem how to replace
the continuous maps into C which play a relevant role in Theorem 2.2 and
Theorem 4.2. A preliminary exploration in this direction is carried out in
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[42], where some linear idempotents are singled out among all continuous
homomorphisms with a higher dimensional range. Here are some scattered
findings of this exploration.
Let A be a unital Banach algebra, let A € A’ and let A € £(A) be defined
by
Az (2, N1y VzeA

Then, X is an idempotent of £(A) mapping A~ into itself if, and only if,
A is a continuous character of A.

If \is an idempotent of £(A) mapping A~} into itself, then \ is a module-
map of A as a two-sided ker(\ — I)-module.

Let B be a unital Banach algebra, let E(B) be the set of all invertible
elements of B which have logarithms, and let f : C — B be a holomorphic

map for which

and there is ¢ > 1 such that

0<|If(2)] <acll vzec.

If, for any two distinct points x,y of f(C) there is A € B’ for which 0 ¢
(E(B), ) and (,\) # (y, \), then

f(z)=15 VzeC.

As a consequence of this result, if A is a unital Banach algebra, and if
A € L(A,B) is such that

AA™Y Cc E(B) and A(ly) = 13,

then
Alz)=0 = A(=z")=0 Vn=1,2,....
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