Xiaoman Chen
Kunyu Guo

Analytic Hilbert Modules

oH

CHAPMAN & HALL/CRC

A CRC Press Company
Boca Raton London New York Washington, D.C.

© 2003 by Chapman & Hall/CRC



Library of Congress Cataloging-in-Publication Data

Chen, Xiaoman.
Analytic Hilbert modules / by Xiaoman Chen, Kunyu Guo.
p. cm. — (Research notes in mathematics series)
Includes bibliographical references and index.
ISBN 1-58488-399-5 (alk. paper)
1. Hilbert modules. I. Guo, Kunyu. II. Title. III. Chapman & Hall/CRC research notes
in mathematics series.

QA326.C44 2003
5127.55—dc21 2003040911

This book contains information obtained from authentic and highly regarded sources. Reprinted material
is quoted with permission, and sources are indicated. A wide variety of references are listed. Reasonable
efforts have been made to publish reliable data and information, but the author and the publisher cannot
assume responsibility for the validity of all materials or for the consequences of their use.

Neither this book nor any part may be reproduced or transmitted in any form or by any means, electronic
or mechanical, including photocopying, microfilming, and recording, or by any information storage or
retrieval system, without prior permission in writing from the publisher.

The consent of CRC Press LLC does not extend to copying for general distribution, for promotion, for
creating new works, or for resale. Specific permission must be obtained in writing from CRC Press LLC
for such copying.

Direct all inquiries to CRC Press LLC, 2000 N.W. Corporate Blvd., Boca Raton, Florida 33431.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation, without intent to infringe.

Visit the CRC Press Web site at www.cr cpress.com

© 2003 by Chapman & Hall/CRC

No claim to original U.S. Government works
International Standard Book Number 1-58488-399-5
Library of Congress Card Number 2003040911
Printed in the United States of America 1 2 3 456 78 90
Printed on acid-free paper



http://www.crcpress.com/

Contents

3.1
3.2
3.3
3.4
3.5

4.1
4.2
4.3
4.4
4.5

5.1
5.2

5.3
5.4
5.5
5.6
5.7
5.8

1 Introduction
2 Characteristic spaces and algebraic reduction
2.1 Characteristic spaces for ideals of polynomials
2.2 Algebraic reduction for analytic Hilbert modules
2.3 Submodules with finite rank
2.4 AF-cosubmodules
2.5 Finite codimensional submodules of Bergman modules
2.6 Remarks on Chapter 2

Rigidity for analytic Hilbert modules

Rigidity for analytic Hilbert modules

Rigidity for quotient modules

Rigidity for Hardy submodules on the polydisk
Rigidity for Bergman modules

Remarks on Chapter 3

Equivalence of Hardy submodules

Preliminaries

Unitary equivalence of Hardy submodules on the unit polydisk
Similarity of Hardy submodules on the unit polydisk
Equivalence of Hardy submodules on the unit ball

Remarks on Chapter 4

Reproducing function spaces on the complex n-space

Algebraic reduction for quasi-invariant subspaces

Some basic properties of reproducing Hilbert spaces on the
complex plane

Equivalence of quasi-invariant subspaces on the complex plane
Similarity of quasi-invariant subspaces on the complex n-space
Quasi-invariant subspaces of the Fock space

Finite codimensional quasi-invariant subspaces

Beurling’s phenomenon on the Fock space

Remarks on Chapter 5

© 2003 by Chapman & Hall/CRC



6 The Arveson module
6.1 Some basic results on the Arveson module
6.2 The Toeplitz algebra on the Arveson space
6.3 Submodules of the Arveson module
6.4 Rigidity for Arveson submodules
6.5 Remarks on Chapter 6

7 Extensions of Hilbert modules
7.1 The basic theory of extensions
7.2 Extensions of hypo-Silov modules over unit modulus algebras
7.3 Extensions of Hilbert modules and Hankel operators
7.4 Extensions of normal Hilbert module over the ball algebra
7.5 Remarks on Chapter 7

References

© 2003 by Chapman & Hall/CRC



Preface

These notes deal with the aspects of analytic Hilbert modules in several com-
plex variables that have been the focus of considerable attention from the
authors in recent years. This volume has been inspired primarily by the work
initiated on the topic by Douglas and Paulsen in Hilbert Modules over Func-
tion Algebras [DP]. Briefly, the Hilbert module theory provides an appropriate
framework for the multi-variable operator theory. In this module context, op-
erator theory has proved mutually enriching for other areas of mathematics,
including algebra, geometry, homology theory and complex analysis in one
and several variables.

Without the help and encouragement of many friends this volume would
never have been finished. First, we would like to express our thanks to Profes-
sors R. G. Douglas, S. Z. Yan and S. H. Sun for their encouragement, sugges-
tions and support. We are also grateful to Professor J. X. Hong, Y. N. Zhang,
Y. S. Tong and J. M. Yong for interest and support. In particular, it is a plea-
sure to thank Professors G. L. Yu and D. C. Zheng for inviting us to Vanderbilt
University in the summer of 2001 as visiting Professors in the Mathematical
Department. Several others have made comments and helpful suggestions and
this is a good opportunity to publicly thank them: D. Sarason, D. X. Xia,
R. R. Rochberg, J. McCarthy, B. R. Li, L. M. Ge, G. H. Gong, R. W. Yang,
K. H. Zhu, K. Izuchi and S. Z. Hou.

We are deeply indebted to the referees for numerous suggestions that helped
make this book more readable. We also wish to express our gratitude to
Jasmin Naim and Naomi Lynch at Chapman & Hall/CRC who helped in the
preparation of the book.

The research for this work is partially supported by the NNSFC in China,
the Shuguang Project in Shanghai, the Teaching and Research Award Pro-
gram for Outstanding Young Teachers in Higher Education Institutions of
MOE, P. R. China and the Laboratory of Mathematics for Nonlinear Science
at Fudan University.

Kunyu Guo: Department of Mathematics, Fudan University, Shang-
hai, 200433, P. R. China, E-mail: kyguo@fudan.edu.cn
Xjaoman Chen: Institute of Mathematics, Fudan University, Shang-
hai, 200433, P. R. China, E-mail: xchen@fudan.edu.cn

© 2003 by Chapman & Hall/CRC



Chapter 1

Introduction

These notes arose out of a series of research papers completed by the authors
and others. This volume is devoted to recent developments in some topics of
analytic Hilbert modules.

In the last decades, the study of nonself-adjoint operator algebras has en-
joyed considerable success, but the development has largely excluded spectral
theory. Multi-variable spectral theory can be viewed by analogy as “non-
commutative algebra geometry,” and such a development was the goal of the
module approach to the multi-variable operator theory presented in Hilbert
Modules over Function Algebras by Douglas and Paulsen [DP].

The theory of Hilbert modules over function algebras, largely due to
R. Douglas, provides an appropriate framework to the multi-variable oper-
ator theory. In this module context, function algebras play important roles
rather than “n-tuples,” and one considers Hilbert spaces as modules over it.
The change of viewpoint has some remarkable consequences. At the very least,
it facilitates the introduction of techniques and methods drawn from algebraic
geometry, homology theory and complex analysis in one variable and several
variables, etc.

Now we will simply describe the background and developments of ana-
lytic Hilbert modules; of course, the description is never complete. Let T be
the unit circle in the complex plane and let L?(T) be the Hilbert space of
square integrable functions, with respect to arc-length measure. Recall that
the Hardy space H?(D) over the open unit disk D is the closed subspace of
L?(T) spanned by the nonnegative powers of the coordinate function z. In
the language of the Hilbert module [DP], the Hardy space H?(DD) is a module
over the disk algebra A(D) with multiplication defined pointwise on T. If M
is a submodule of H?(D) (which means that M is invariant for the multiplica-
tion by polynomials), then Beurling’s theorem [Beu] says that there exists an
inner function 7 such that M = 1 H?(D). Therefore, each submodule M of
the Hardy module H?(DD) has the form M = n H?(D). For the Hardy module
H?(D") in the multi-variable version, a natural problem is to consider the
structure of submodules. However, one quickly sees that a Beurling-like char-
acterization is impossible [Rul]. Perhaps the earliest results showing that a
straightforward generalization of Beurling’s theorem fails in H?(D") involve
considering cyclic vectors and are due to Ahern and Clark [AC].
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Theorem 1.0.1 (Ahern-Clark) If f1, ..., fi are in H*(D") with k < n, then
the submodule generated by fi, ..., fx is either all of H*(D™) or is of infinite
codimension.

Therefore, in particular, no submodule of finite codimension in H?(D") can
be of the form nH?(D"). However, there are infinitely many submodules of
finite codimension. To describe these we let C denote the ring of complex
polynomials in several variables. For an ideal I in C, we set Z(I) = {z € C™:
p(z) =0, Vp € I}, the zero variety of I. We also let [I] be the closure of I in
H?(D").

Theorem 1.0.2 (Ahern-Clark) Suppose M is a submodule of H?(D") of
codimension k < oo. Then C N\ M is an ideal in the ring C such that

(1) CN M is dense in M;
(2) dim C/CNM = k;
(3) Z(CN M) is finite and lies in D™.

Conversely, if I is an ideal of the ring C with Z(I) being finite, and Z(I) C D™,
then [I] is a submodule of H?(D™) with the same codimension as I in C and
[IInC=1.

The above theorem shows that the description of finite codimensional sub-
modules is, at least conceptually, an algebraic matter. We also get our first
glimpse of the interplay between the algebra and analysis. “Algebraic reduc-
tion,” the starting point of this topic, is Theorem 1.0.2. Along these lines,
many authors, including Douglas, Paulsen, Sah and Yan [DP, DPSY], Axler
and Bourdon [AB], Bercovici, Foias and Pearcy [BFP], Agrawal and Salinas
[AS], Guo [Guol, Guo2, Guo4, Guol2|, Putinar and Salinas [PS], Putinar
[Pul, Pu2], and Chen and Douglas [CD1, CD2], have developed a series of
techniques to investigate algebraic reduction for analytic Hilbert modules over
some domains.

For Hilbert modules in several variables, most of them arise from reproduc-
ing analytic function spaces. This leads us to introduce the notion of analytic
Hilbert modules. Let © be a bounded nonempty open subset of C™, Hol(2)
denote the ring of analytic functions on 2, and X be a Banach space con-
tained in Hol(§2). We call X to be a reproducing Q2-space if X contains 1 and
if for each A € Q the evaluation functional, Ex(f) = f(\), is a continuous
linear functional on X. We say X is a reproducing C-module on Q if X is a
reproducing )-space, and for each p € C and each z € X, px is in X. Note
that, by a simple application of the closed graph theorem, the operator 7,
defined to be multiplication by p is bounded on X. Note also that C C X
follows from the fact that 1 is in X. For A € C", one says that A is a virtual
point of X provided that the homomorphism p +— p(\) defined on C extends

to a bounded linear functional on X. Since X is a reproducing {)-space, every
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point in  is a virtual point. We use vp(X) to denote the collection of virtual
points, then vp(X) 2 Q. Finally we say that X is an analytic Hilbert module
on {2 if the following conditions are satisfied:

(1) X is a reproducing C-module on Q;
(2) C is dense in X;
(3) vp(X) = Q.

In Chapter 2, we give a rather extended consideration to algebraic re-
duction of analytic Hilbert modules by using the characteristic space the-
ory. The characteristic space theory in several variables, developed by Guo
[Guol, Guo2, Guo4, Guol?2], is a natural generalization of the fundamental
theorem of algebra. This theory allows us to treat algebraic reduction of
analytic Hilbert modules in several variables (see Theorem 2.2.5, Corollary
2.2.6) uniformly. In fact, for the topics discussed in Chapters 2 through 5,
our main technique is the characteristic space theory. Let X be an analytic
Hilbert module over a domain 2. Recall that a submodule M of X is an
AF-cosubmodule if M is equal to the intersection of all finite codimensional
submodules that contain M. We found that AF-cosubmodules enjoy many
properties of submodules of finite codimension. Therefore, an algebraic re-
duction theorem for AF-cosubmodules was proved (see Theorem 2.4.2).

It is well known that “rank” is one of the important invariants of Hilbert
modules. Submodules with finite rank enjoy many algebraic properties, for
example, the Hilbert-Samuel polynomials introduced by Douglas and Yan
[DY2]. In addition, we proved that if M is a submodule of the analytic
Hilbert module X over the domain {2 generated by fi,..., fx, then for each
f € M, there are analytic functions gi,...gx on € such that f = Zle fig:
(see Theorem 2.3.3). This result will be applied to study equivalence of Hardy
submodules over the polydisk in Chapter 4.

Chapter 3 explores the topic of “rigidity” of analytic Hilbert modules in
several variables. By rigidity we mean that an analytic Hilbert module in
several variables exhibits a much more rigid structure than is expected from
the single-variable theory. This section starts by introducing the following
definitions.

Definition. Let M;, M, be two submodules of X on 2. We say that

1. they are unitarily equivalent if there exists a unitary module map X :
My, — Mo, that is, X is a unitary operator and for any polynomial p,
X(ph)=pX(h), Vh e My

2. they are similar if there exists an invertible module map X : M; — Mo;
3. they are quasi-similar if there exist module maps X : M; — My and

Y : My — M, with dense ranges.
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By Beurling’s theorem, submodules of H?(D) are all unitarily equivalent.
However, for the higher dimensional Hardy module H?(D"), an earlier result
on non-unitarily equivalent submodules, due to Berger, Coburn and Lebow
[BCL], started to indicate just how much rigidity there is among those sub-
modules with finite codimension. They considered the restriction of multipli-
cation by the coordinate functions to submodules obtained as the closure of
certain ideals of polynomials in several variables having the origin as zero set.
By applying their results on commuting isometries, they showed that differ-
ent ideals yield inequivalent submodules. Almost at the same time Hastings
[Ha2] even showed that [z —w] is never quasi-similar to H?(D?), where [z —w]
denotes the submodule generated by z — w. The rigidity theorem for finite
codimensional submodules of H?(D") is due to Agrawal, Clark and Douglas
[ACD]. This theorem showed that two submodules of finite codimension are
unitarily equivalent only if they are equal. By using localization techniques,
Douglas, Paulsen, Sah and Yan [DPSY] gave a complete generalization of
the rigidity theorem above. Actually they obtained a stronger result [DPSY,
Corollary 2.8] than stated here.

Theorem 1.0.3 (DPSY) Let X be an analytic Hilbert module over the do-
main Q, and let Iy and Iy be ideals of the polynomials ring C in n-complex
variables. Suppose that dim Z(I;) < n — 2, and each algebraic component of
Z(1;) intersects Q for i = 1,2. Then [I1] and [I3] are quasi-similar only if
I =1Is.

The condition dim Z(I) < n—2 is sharp because there exists a unitary equiva-
lence between the submodules [2] and [w] of H?(D?) but they are never equal.
Note that this condition is also equivalent to the fact that the ideal I has the
greatest common divisor 1 (see Chapter 3). Therefore, Theorem 1.0.3 pro-
vides more examples for nonquasi-similar submodules. A simple example is
that the submodules [21, 23] and [z1, 23] of the Hardy module H?(D?) are not
quasi-similar. By using the characteristic space theory, Guo [Guol] obtained
a generalization for the rigidity theorem above (see Theorem 3.1.6).

Another kind of rigidity theorem closely related to the preceding considera-
tion (but different, since the submodules involved do not possess an algebraic
model) was obtained by Douglas and Yan [DY1]. Given a submodule M of
H?*(D"), let Z(M)={z€D" : f(z) =0,Vf € M}. For f in H*(D"), let oy
be the unique singular measure on n-torus T™ for which P, (log|f|—oy) is the
least harmonic majorant of log|f|, where P, denotes the Poisson integral.

Theorem 1.0.4 (Douglas-Yan) Let M; and M, be submodules of H(D")
such that

(1) the Hausdorff dimension of Z(M;) is at most n —2, i =1,2;
(2) inf{oy : f e My} =inf{oy : f € M}

Then My and My are quasi-similar if and only if My = M.
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The above theorem relies heavily on the function theory of H2(D"), and al-
though some generalizations are known [Guo8, or see Section 3.3], it is not
clear yet what a generalization of this result is to other analytic Hilbert mod-
ules.

Chapter 3 is devoted to these remarkable rigidity features of analytic Hilbert
modules in several variables. From an analytic point of view, appearance of
this feature is natural because of the Hartogs phenomenon in several variables.
From an algebraic point of view, the reason may be that submodules are not
singly generated.

The equivalence problem is, in general, quite difficult. On one hand, under
the hypotheses of Theorem 1.0.3, the equivalence necessarily preserves the
ideal. On the other hand, for the submodules [2] and [w] of H?(D?) the
unitary equivalence U : [z] — [w] defined by multiplication Zw does not even
preserve the zero sets of the ideals. Yan has examined the case of homogeneous
principal ideals [Yanl].

Theorem 1.0.5 (Yan) Let p; q be two homogeneous polynomials. Then [p]
and [q], as the submodules of H*(D"), are unitarily equivalent if and only if
there exists a constant ¢ such that |p| = c|q| on T"; similar if and only if the
quotient |p|/|q| is bounded above and below on T™.

While in the case of the unit ball B”, Chen and Douglas [CD1] proved that
[p] and [g] are quasi-similar only if p = cq for some constant c. From these
facts one finds that the equivalence problem depends heavily on the geometric
properties of domains.

Chapter 4 considers the equivalence problem of Hardy submodules gener-
ated by polynomials in the cases of both the polydisk and the unit ball. Let I
be an ideal of the polynomials ring C. Since C is a Noetherian ring [AM, ZS],
the ideal I is generated by finitely many polynomials. This implies that I has
a greatest common divisor p. Thus, I can be uniquely written as I = p L,
which is called the Beurling form of I. The following classification theorems
were proved in [Guo2](see Theorem 4.2.1, Corollary 4.2.2 and Theorem 4.4.2
in this volume).

Theorem 1.0.6 (Guo) Let I and Iz be two ideals of polynomials and let
Iy = p1Ly, Is = poLy be their Beurling forms. Then

(1) on the polydisk D™, [I] and [I5], as submodules of H*(D"), are unitarily
equivalent if and only if there exist two polynomials q1, qo with Z(q1) N
D™ = (QQ) NnDh" = @ such that |P1Q1| = ‘quQ‘ on Tn, and [plLl] =

[p1La].

(2) on the unit ball B,,, [I1] and [I2], as submodules of H*(B,,), are unitarily
equivalent only if [I] = [I2].
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As an immediate consequence, we have

Corollary 1.0.7 (Guo) Let p1, p2 be two polynomials. Then on the polydisk,
principal submodules [p1] and [p2] are unitarily equivalent if and only if there
exist two polynomials q1, qo with Z(q1) N D™ = Z(g2) N D™ = @ such that
IP1g1| = |p2qz| on T™.

Chapter 4 is devoted to the necessary background to understand these equiv-
alence problems, and to proofs of the above theorems.

In Chapter 5 we return to considering the case of reproducing function
spaces on C™, and exploring the structure of such spaces. First let us examine
the Segal-Bargmann space, or the so-called Fock space. It is the analog of the
Bergman space in the context of the complex n-space C". Let

du(z) = e_lz‘z/de(z) (2m)~"

be the Gaussian measure on C™ (dv is the usual Lebesgue measure). The Fock
space L2(C", dy) (in short, L2(C™)), by definition, is the space of all u-square-
integrable entire functions on C". It is easy to check that L2(C") is a closed
subspace of L?(C") with the reproducing kernel functions Ky (z) = e**/2,
The Fock space is important because of the relationship between the operator
theory on it and the Weyl quantization [Be]. As is well known, the Fock space
preserves many properties of the Bergman space. However, the Fock space
exhibits many new features since its underlying domain is unbounded. Just as
we have shown in Proposition 5.0.1, such a space has no nontrivial invariant
subspace for the coordinate functions. Thus, an appropriate substitute for
invariant subspace, the so-called quasi-invariant subspace is needed. Namely,
a (closed) subspace M of L2(C") is called quasi-invariant if p M N X C M for
each polynomial p. Quasi-invariant subspaces enjoy many properties of invari-
ant subspaces which are shown in Chapter 5. However, unlike the Bergman
space L2(D) (or the Hardy space H?(D)), Beurling’s theorem fails in general
for the Fock space. Recall that on the Bergman space L2 (D), Beurling’s the-
orem [ARS] says that M & zM is a generating set of M for each invariant
subspace M. The next example shows that there are infinitely many quasi-
invariant subspaces for which Beurling’s theorem fails.

Example 1.0.8 Let a # 0, and let [z — a] be the quasi-invariant subspace
generated by z — . Then [z — a] ©[z(z — a)] is not a generating set of [z — a.

In fact, it is easy to check that the subspace [z — o] S [2(z — )] is one
dimensional, and the function f(z) = €/®’/2—¢%/2 is in it. Since the function
fa(2) has infinitely many zero points {«a + 4nmi/@ : n range over all integer}
in C, but z — a has a unique zero point «, this implies that f,(z) does not
generate the quasi-invariant subspace [z — «].

The preceding example exhibits an important difference between the Fock

space and the Bergman space on the unit disk. Just as one has seen, the
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differences arise out of the underlying domain of the Fock space being un-
bounded.

Since the Fock space and reproducing function spaces enjoy many common
properties, Chapter 5 will explore the structure of general reproducing func-
tion spaces on C™. This requires us to introduce the following notion. Let
Hol(C™) denote the ring of all entire functions on the complex n-space C",
and let X be a Banach space contained in Hol(C™). We call X a reproducing
Banach space on C” if X satisfies:

(a) the polynomial ring C is dense in X;

(b) the evaluation linear functional Ey(f) = f(X) is continuous on X for
each A € C".

The basic example is the Fock space mentioned above. Chapter 5 will mainly
be concerned with the following:

1. the structure of quasi-invariant subspace,
2. algebraic reduction of quasi-invariant subspaces, and
3. the equivalence problem of quasi-invariant subspaces.

We refer the reader to Chapter 5 for more details on these questions.

To generalize the operator-theoretic aspects of function theory on the unit
disk to multivariable operator theory, Arveson began a systematic study for
the theory of d-contractions [Arvl, Arv2, Arv3]. This theory depends essen-
tially on a special function space on the unit ball, namely, the Arveson space
H? which is defined by the reproducing kernel 1/(z, A). It is not difficult to
verify that the Arveson space is an analytic Hilbert module on the unit ball.
In Chapter 6, we collect some basic results from [Arvl, Arv2] which are related
to preceding Chapters. In the preceding Chapters we are mainly concerned
with Hardy modules and Bergman modules. However, the Arveson module,
unlike Hardy modules and Bergman modules associated with some measures
on underlying domains, is not associated with any measure on C? and it is
distinguished among all analytic Hilbert modules on the unit ball, which have
some natural property by being the largest Hilbert norm (cf. [Arvl]). Hence
the Arveson module is included in each other analytic Hilbert module on the
unit ball which has the above required property. Since the Arveson mod-
ule is never given by some measure on C?, this leads to the fact that the
d-duple (M,,,---,M,,) of the coordinate multipliers on the Arveson space
(called the d-shift) is not subnormal. Just as we will see, the d-shift plays an
essential role in this modification of dilation theory, especially in the theory
of d-contractions [Arvl, Arv2]. By the d-shift an appropriate version of Von
Neumann’s inequality was obtained by Arveson (cf. Theorem 6.1.7). The
Toeplitz algebra 7¢ (d > 1) on the Arveson space, unlike the Toeplitz algebra

on the Hardy space H?(B,), enjoys many interesting properties, one of which
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is that the identity representation of the 7% is a boundary representation
for d + 1-dimensional space span{I,S1,---,Sq} (cf. [Arvl] or see Corollary
6.2.4). From this one finds that there is no nontrivial isometry that commutes
with d-shift (cf. Corollary 6.2.5). This yields that there is not a nontrivial
submodule that is unitarily equivalent to the Arveson module itself. In fact,
we see from Section 6.4 that Arveson submodules have stronger rigidity than
Hardy submodules. We call the reader’s attention to Chapter 6 for detailed
results on the Arveson submodule.

Chapter 7 turns to the extension theory of Hilbert modules over function
algebras. In view of Hilbert modules, the theory of function algebras is em-
phasized since it plays the analogous role of ring theory as in the context
of algebraic modules. In the purely algebraic setting there are two differ-
ent methods of constructing the Ext-functor. One is as a derived functor of
Hom and the other is the Yoneda approach (see [HS]), which realizes Ext
as equivalence classes of resolutions. Let A be a function algebra, and let
H(A) be the category of Hilbert modules over A together with Hilbert mod-
ule maps. What seems to make things most difficult is, in general, that the
category H(A) lacks enough projective and injective objects, and hence it is
not possible to define the functor Ext as the derived functor of Hom as in
[HS]. However, the Yoneda construction applies to our situation, as done by
Carlson and Clark in [CC1]. Since extensions have some interesting applica-
tions to operator theory and analytic Hilbert modules, Chapter 6 is mainly
concerned with a situation of extensions (i.e., l-extensions), where we only
consider 1-extensions, but not n-extensions (n > 1). We refer the interested
reader to [Pau3, HS] for some results concerning n-extensions.

In studying Hilbert modules, as in studying any algebraic structure, the
standard procedure is to look at submodules and associated quotient mod-
ules. The extension problem then appears quite naturally: given two Hilbert
modules H, K, what module J may be constructed with submodule H and
associated quotient module K, ie., K = J/H(= J © H)? We then have a
short exact sequence

E:0—H 7% K 0

of Hilbert A-modules, where «, 8 are Hilbert module maps. Such a sequence
is called an extension of K by H, or simply J is called an extension of K
by H. By definition Ext (K, H) is the extension group whose elements are
equivalence classes of K by H (defined in Chapter 7). For the purposes of this
volume we omit the superscript “1” on Ext because we shall only consider
the l-extensions. For the analyst, the homological invariant Ezt(—,—) is
important because it is closely related to function theory and operator theory.
To illustrate this connection, let us mention results obtained by Carlson and
Clark [CC1, CC2].
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Theorem 1.0.9 (Carlson-Clark) The following are true:
(1) Extam)(H*(D), H*(D)) = 0;
(2) Extgmm) (H2(D"), HX(D")) £ 0,if n > 1.

By a simple analysis, all extensions of the Hardy modules on the unit disk
are trivial because the resulting function theory is one dimensional and the
module is isometric. However, for nonvanishing of the extension group of
the Hardy module on the polydisk, the reason may be based on the Har-
togs phenomenon in several complex variables. Actually, Guo and Chen [GC]
obtained an explicit representation for the extension group of the Hardy mod-
ule by the restricted BMO function space introduced in [CS] (see Example
7.2.13). We mention work of Ferguson [Fel, Fe2], where the extension theory
is applied to operator theory. To see the connection between the extension
theory and operator theory, recall that “the Halmos problem” is to ask if each
polynomially bounded operator is similar to a contraction. Pisier has pro-
duced examples of polynomially bounded operators which are not similar to
contractions [Pi2]. We say that a Hilbert module over A(D) is cramped if it
is similar to a contractive Hilbert module. In [CCFW], Carlson, Clark, Foias
and Williams introduced the category € of all cramped Hilbert modules over
A(D), and proved that in the category €, a module is projective if and only
if it is similar to an isometric module. Hence, the Hardy module H?(D) is
projective in the category €. A natural problem is: is H?(ID) projective in the
category H(A(D))? Although this problem remains open, a negative answer
for this problem will lead to negation of “the Halmos problem.” Applications
of extension theory to rigidity of analytic Hilbert modules are presented in
[CG, GC, Guo3] (see Chapter 7 for more details).

Finally, we should mention the book of Helemskii [Hel], and the paper of
Paulsen [Pau3], which reported a systematic study of the homology of Banach
and topological algebras, and of operator spaces, respectively. The ideals
of the homology in [Hel, Pau3], of course, can be adapted to study Hilbert
modules over function algebras.

This volume is mainly based on our work. Therefore there are many im-
portant works in Hilbert modules that are not included here, for example, the
geometric invariants on quotient modules by Douglas, Misra and Varughese
[DM1, DM2, DMV], and curvature invariants on Hilbert modules by Arveson
[Arvl, Arv2, Arv3]. We refer the interested reader to these works for more
topics related to Hilbert modules.
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Chapter 2

Characteristic spaces and algebraic
reduction

In this chapter, we first introduce a notion of characteristic spaces for ideals of
the polynomial ring, and we use the characteristic space theory to study the
structure of ideals. Then we extend the method to the case of analytic Hilbert
modules. This allows us to obtain results on algebraic reduction of analytic
Hilbert modules. The characteristic space theory is essential for the study of
rigidity of analytic Hilbert modules. This will be discussed in Chapter 3.

2.1 Characteristic spaces for ideals of polynomials

Algebra fundamental theorem says that a polynomial p in one variable is
completely determined by its zeros (counting multiplicities). We state this
fact in the following manner. Set I = pC, where C is the polynomial ring in
one variable. For A € C, define

In={qeC: q(D)r|x=0, Vr € I},

where ¢(D) = Y1, ai% if ¢ = Y, a;z". Notice that for any analytic
function f in some neighborhood of A, one easily verifies the equality

a(D)) s = Aa(D)flx + (D) 1.

Therefore, the space Iy is invariant under %. Furthermore, we have the
following observations:

1. X is the zero of p if and only if dim I, > 0, and in this case;

2. multiplicity of A, as a zero point of p, is equal to dim I}.

Based on the above observations, one finds that the space I, carries key
information of the multiplicity of p at A.

We will generalize this idea to an ideal of the polynomial ring in several
variables by introducing the characteristic spaces of the ideal.
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We also let C denote the ring of all polynomials on C™, and let

— my ma2 m
q= E Omy..mn?1 %2 " Ap "

be a polynomial. We use ¢(D) to denote the linear partial differential operator

omitmet+my
q(D) = E Gy, .
( ) my--m 62?182;”'2 . 8227'71

Let I be an ideal of C, and Z(I) be the zero variety of I, that is,
Z(I)={ e C": q(\) =0,VqgeI}.

For A € C™, set
Ix={qeC: q(D)p[x=0, Vpe I},

where ¢(D)p|x denotes (g(D)p)(A). Just as in the case of one variable, a
careful verification shows that for any polynomial ¢ and analytic function f,

9q :
J
Therefore I, is invariant under the action of the basic partial differential
operators {8%1, 8%2 iy ,8%"}, and I # 0 if and only if A € Z(I). We call I

the characteristic space of I at A\. The envelope, I5, of I at X is defined as
Iy ={qeC: p(D)glx =0, Vpe L}

The preceding equalities imply that I§ is an ideal of C and it contains 1.

For the next results we need to recall some concepts from commutative
algebra. General references on commutative algebra are [AM, ZS|. For the
polynomial ring C, a basic fact is that it is Noetherian. This means that
each ideal of C is finitely generated. An ideal @ of C is called primary if the
conditions p,q € C, pg € @ and p ¢ Q imply the existence of an integer m
such that ¢ € Q. For a primary ideal @, its radical ideal P, which is defined
by

P={peC: p' € Q for some positive integer 1},
is prime, and it is called the associated prime ideal of (), while @) is said to
be P-primary. In general, for an ideal of C, the most important thing is the
following Lasker-Noether decomposition theorem[ZS]. For this theorem, the
following definition is needed: a primary decomposition I = N7,/ of an
ideal I, as an intersection of finitely many primary ideals I;, is said to be
irredundant if it satisfies the following conditions:

(a) no I; contains the intersection of the other ones;

(b) the I; have distinct associated prime ideals.
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We can now state the Lasker-Noether decomposition theorem for the polyno-
mial ring: let I be an ideal of polynomial ring on C™, then I has an irredundant
primary decomposition,

where each I; is Pj-primary for some prime ideal P;. While the set {I; : 1 <
J < m} is not uniquely determined by I, the set {P; : 1 < j < m} is, and
these are the associated primes of I. Note that

and we will call each Z(P;) = Z(I;) an algebraic component of I.

Now let A be an ideal of C. Then one can define the A-adic topology on
C by the powers of A. This means that the closure of a subset E of C in the
A-adic topology is
E = ﬂ (E+ A%).
Jj=>1
By Krull’s theorem (see [ZS, Vol(I), p. 217, Theorem 13]), if I = ﬂ;nzl 1;
is an irredundant primary decomposition, then the closure of I in the A-adic

topology is equal to the intersection of those I; with I; + .4 # C. This fact
will be used in the proof of the following theorem.

Motivated by polynomials in one variable, Guo proved the following theo-

rem in [Guol].

Theorem 2.1.1 Let I = ﬂjmzl I; be an irredundant primary decomposition
of the ideal I, and X\ € Z(I). Setting >, = {j : A € Z(I;)}, we then have

that
5= L
JEX A
Proof. For A € Z(I), let Uy denote the maximal ideal of polynomials that
vanish at A, that is, Uy = {g € C: ¢(A\) = 0}. We claim
I$ = (U +u).
j=1

In fact, the inclusion D is straightforward and the reverse inclusion goes as
follows: for each polynomial p € C, let Ly(p) denote the linear functional on
C defined by

(¢, La(p)) = q(D)plx-
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Fix j > 1 and let p € I§. To see that p € I—l—Uﬁ;, we need to find a polynomial
p € I such that the linear functional L (p) agrees with Ly (p) on P;, the space
of polynomials of degree less than j. Since p is in I§, Iy € Ker(Lx(p)) and so

I\OPj € Ker(La(p)) N'P; = Ker(LA(p)[P;)-

By definition, Ix N'P; = NKer(Lx(p)|P;) where the intersection is over all
p € I. Now the map defined on I by p — Lx(p)|P; has finite dimensional

range and so there exist polynomials py,--- ,p; contained in I, such that
ﬂKer (Lx(p)|P ﬂKer L (pr)|Pj).
pel k=1

Hence,

!
ﬂ er(Lx(pr)|Pj) € Ker(Lx(p)|P;).

It follows that there exist constants «y, such that

La(®)|P; = arLa(pi)|Py = Ia(_ cnpi) [P;-
k k

Since the polynomial p = )", agpy is in I, the claim follows immediately.
Note that the above claim means that the envelope of I at A, I, equals the
closure of I in the Uy—adic topology. The preceding statements immediately

imply that
N5
JEI A
and hence Theorem 2.1.1 follows.

Applying Theorem 2.1.1 gives the following.

Corollary 2.1.2 Let 2 be a subset of C™. If each algebraic component of the
ideal I meets Q) nontrivially, then

I= 1.
AEQ
In particular, if P is a primary ideal and A € Z(P), then P = Px.

The next corollary generalizes Theorem 2.7 in [DPSY], and it will be used
in the study of algebraic reduction of analytic Hilbert modules.

Corollary 2.1.3 Let Q2 be a subset of C™, and I, J be two ideals of C. If each
algebraic component of I meets Q) nontrivially, and for each A € Q, I C J,
then J C I.
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Proof. Write J = J; N J; such that each algebraic component of J; meets )
nontrivially, and each of J; does not. From J; J, C J C Jj, one obtains that
Jy = Jiy for every A € Q2. By Corollary 2.1.2, it follows that

I=O2>2NZE=(/="217
AEQ AeQ AEQ

which completes the proof of Corollary 2.1.3.

Remark 2.1.4 Corollary 2.1.2 shows that every primary ideal is completely
determined by its characteristic space at any zero point. This is a very useful
localization property which says that if P1, Ps are primary ideals such that
Z(P) N Z(Py) # 0, then Py # P if and only if for each A € Z(Py) N Z(Ps),
Py # Py, if and only if for some A € Z(P1) N Z(Py) Pix # Poyx. In an
attempt to generalize this result to an ideal of polynomial ring, we introduce
terminology about the characteristic set of the ideal. For a finite set Q) of C"
such that each algebraic component of the ideal I meets Q) nontrivially, we
use |Q| to denote the cardinality of Q. The minimum cardinality of such a
set is called the characteristic cardinality of I and is denoted by C(I). For
such a set Q with | = C(I), we call Q a characteristic set of I. It is easy
to see that the characteristic cardinality C(I) of I is less than the cardinality
of the algebraic components of I unless the algebraic components of I do not
mutually intersect. Moreover, for two ideals Iy and I, we have that

C(Il ﬁ[g) é C(Il) + C(Ig)

For the ideal I, Corollary 2.1.2 implies that I is completely determined by a
characteristic set.

From Remark 2.1.4, one sees that a prime ideal P is completely deter-
mined by characteristic space at any zero point. Then we want to know how
characteristic space of P at any zero point behaves.

Theorem 2.1.5 Let P be a prime ideal. Then the following statements are
equivalent:

(1) for A € Z(P), the ideal P has the same characteristic space at any zero
point in some neighborhood of \;

(2) the ideal P is generated by polynomials with degree 1, i.e., by linear
polynomials;

(3) the ideal P has the same characteristic space at any point in Z(P).

Before proving Theorem 2.1.5, let us translate the theorem into geometric
language. Let V be an algebraic variety and A € V. The characteristic space
of V at A is defined as that of I(V) at A, here I(V) = {p € C : p|y = 0}.
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Hence, the theorem says that for an irreducible algebraic variety V', V has the
same characteristic space at any point if and only if V' is a linear variety.
Proof. For simplicity, all proofs are sketched for the prime ideal of polyno-
mials in two variables, while the conclusions hold in several variables.
(1)=(2). Without loss of generality we may assume that A = 0 and O is a
neighborhood of 0 such that for any p € O N Z(P), P, = Py. By Corollary
2.1.2, we have that

P=P§ =P

From the definition of the envelope and the equality P = Fy = Pg, one
immediately obtains that

P={p(z—p1,w—p2): p€ P} for p=(u1,p2) € ONZ(P).

For any ¢ € P, since there exists a polynomial p € P such that ¢(z,w) =
p(z — p1,w — p2), it follows that for each natural number n, ny = (npy, nus)
isin Z(P). Let F € P, and let F = Fy + Fy + - - - + Fy be the decomposition
of F' into homogeneous polynomials F}, of degree k. Note that

d d

F(nu) = ZFl(n,u) = anFl(,u) =0, n=1,2,---.

i=0 i=0
Thus, for any p € ONZ(P),
Fz(:u’):()a ZZO,I,,d

Since P is prime, applying [Ken, Theorem 2.11] gives that F; is in P for
1=20,1,---,d. The above discussion thus shows that the ideal P is generated
by homogeneous polynomials. Since any homogeneous polynomial p in z and
w has the decomposition

p(z,w) = H(akz + Brw),

k

and P is prime, we conclude that the ideal P is generated by polynomials
with degree 1, i.e., by linear polynomials.

(2)=(3). We may assume that P is generated by a1z+ S1w+7v1, asz+ Bow+
v2. One immediately finds that for any 4 € Z(P), P, = Iy, where I is the
ideal generated by ayz 4+ SLw, asz + Bow.

(3)=(1). Trivially.

We now return to the comparison between ideals of polynomials by using
characteristic space theory. Actually, arising from the observation for poly-
nomials in one variable, for an ideal I of polynomial ring in several variables
we define the multiplicity of I at A € C™ by the dimension of characteristic
space, dim Iy. Of course, we allow the case that the multiplicity is infinite.
Let Iy, I> be ideals of polynomial ring, and A € C”. We say that I; and I
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have the same multiplicity at A if Iy = Iy, and use the symbol Z(I2)\Z (1)
to denote the set {\ € Z(I3) : Iox # I1n}. If 1 D Ir and X € Z(I:)\Z(I1),
the multiplicity of I relative to I; at A is defined by dim I5y/I;. In this way,
the cardinality, card (Z(12)\Z(I1)) of Z(I2)\Z(I1), is defined by the equality

card(Z(\Z(L))= > dim Iy/I1x.
ANEZ(I2)\Z(11)

The following theorem was proved originally in [Guo4]. Here, its proof is
based on characteristic space theory.

Theorem 2.1.6 Let I, I be ideals in C, and I1 D I. If the set Z(I;)\Z(I1)
is bounded, then dim Iy /I < oo, that is, Is, is finite codimensional in Iy.

Proof. First note that the Lasker-Noether decomposition theorem implies
that any ideal J can be uniquely decomposed into J; N Jy such that Z(Jy) is
bounded, and each algebraic component of J5 is unbounded. Let

=000, j=12
be the decompositions of I; as mentioned above. Set
¥ =Z(I) U Z(I5) U (Z(I)\Z(1h)).
Since I} meets C"\X trivially, and
IJ'I]’/ cl;C I]'/ for 7=1,2,

one obtains that
Ijx=1Tj, foreach XeCm"\X.

By the assumption and Corollary 2.1.2, we have
= () 5= ) K= &= () &=1
AECT\T AEC™\T AEC™\S AEC™\S
Let L = I} = 1. Therefore
L =IinL, I=I,NL.

Since an ideal is of finite codimension in C if and only if its zero variety is
bounded (see [AC] or [ZS]), I{, I} are finite codimensional. Define a linear
map o by

o: I/l —» (I} + 15)/13; o(p+ L) =p+ 15, Vpel.

By the above equalities, it is easy to check that o is injective. Because I} is
of finite codimension in C, hence I} is of finite codimension in I7 + I}. This
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implies that I is of finite codimension in I, that is, dim I;/Is < oo. The
proof is complete.

Now suppose that Iy D Ir. Let {M, ,M,,,---, M, } be the n-tuple of
operators that are defined on the quotient module I /15 over the ring C by

Mz@f:(Z;f)7 221,771,

We use 0,(M,,, M,,,---,M,,) to denote the joint eigenvalues for the tuple
{M,,,M,,,---,M,, }. This means that

A=A, Ay A) €0p (M, M, -+, M)
if and only if there exists a ¢ € I but ¢ ¢ I5 such that
(zi—=Ni)g€lz, i=1,2,-- ,n.

We will now give the following theorem due to Guo [Guo4].

Theorem 2.1.7 Let I1, Iy be ideals in C, I; D Iy and dim I; /I = k < c.
Then we have

(1) Z(I2)\Z(Il) = O'p(MzuMzw"' ;Mzn)§
(2) Iy = {g€ I : p(D)g|x =0, p € Iax, A € Z(I2)\Z(I1)};

(3) dim 11/12: Z dimlg)\/fl)\: CCLT‘d(Z(IQ)\Z(Il))
NeZ(I2)\Z(I1)

It is worth noting that (3) of Theorem 2.1.7 says the codimension dim I; /15
of I in I is equal to the cardinality of zeros of I, relative to I;. In this way,
the equality (3) is an interesting codimension formula whose left side is an
algebraic invariant, but right side is geometric invariant.
Proof. (1) Write

I = L+R

where R is a linear space of polynomials with dim R = dim I /I;. We may
consider the n-tuple {M,,, M.,, -, M, } being defined on R by

M,,q = decomposition of z;q

on R for any ¢ € R. By [Curl], they can be simultaneously triangularized as

Here ¢ = 1,2,---,n and k = dim Iy /I3, so that o,(M;,,M,,,--- ,M,,) is
equal to {A\(, ... A1 Then we have

Uy - UneUyy I S 1o C 14
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This implies
Z(I\Z(I) Cop(M,,, M,,,--- ,M,,).

Let X € 0,(M;,, M,,,--- , M., ), that is, A is a joint eigenvalue of the operator
tuple {M,,, M.,,--- , M, }. This means that there is a polynomial ¢ in R such
that U, C I,. Setting Ig to be the ideal generated by Is and g, then for any
A #£ A, it holds that

(I)n = Do

Therefore, by Corollary 2.1.2, we have that
(I G Iox.
Since (I;)A D I, this yields that
Iy G Iy,
that is, A is in Z(12)\Z(I1). The above discussion gives that

Z(IQ)\Z(Il) = UP(MZNMZW e 7Mzn)'

(2) Set
I3 = {g€li: p(D)alr =0, p € Iox, A € Z()\Z(1)}.
Then Ig is an ideal which contains I. It follows that
(I5)x C Iy, forall \eCm™
By the representation of I?, we have that
(I5)x D Iy, forall \eCm™

According to Corollary 2.1.2, we obtain that Ig = I5. The proof of (2) is
complete.

(3) The proof is by induction on numbers of points in Z(I)\Z([1). If
Z(I2)\Z (1) contains only a point A, then by (2), I can be written as

Iy={qe€li: p(D)glx =0, p € I}
We define the pairing
[—,—] : Ig,\/[l)\ X [1/]2 — C

by [p,q] = p(D)qlx. Clearly, this is well defined. From this pairing and the
representation of I, it is not difficult to see that

dim 11/12 = dim 12)\/[1A = card (Z(IQ)\Z(Il))
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Now let [ > 1, and assume that (3) has been proved for Z(I2)\Z(I1) con-
taining different points less than I. Let Z(I3)\Z(I;) = {A1, -+, N/}, here
Ai # Aj for @ # j. Writing

‘[5 = {q € Il : p(D)q|)\1 = 07 pe 12)\1}7
then I3 is an ideal, and (I3)x, = Iax,. Just as the above proof, we have that
dim Il/Ig = dim IQAl/IlAl

Set
Ig)\l = Il)\l -i-}%7 where dim R = dim IQ)\l/Il)\l.

Let R denote linear space of polynomials generated by R that is invariant
under the action of {6%1’ s, 22-) Put

? Oz,

QR:{pGC: Q(D)phl :07 QER}

Then it is easily veriﬁeq that Qg is a finite codimensional ideal of C with only
zero point Ay because R is finite dimensional. Thus

Qrli CI5 C I.
From the above inclusions, we see that
Iy = (I3)a if XN# A,
and hence
Z(IN\Z(13) = {A2, -+ A}
By the induction hypothesis, we have
1 1
dim I3 /I = " dim Ipy /(I3)x, = Y _dim Iy, /T,
j=2 j=2
This gives that

l
> dim Ipy, /11,

j=1
= card(Z(I3)\Z(I1)).
The proof is thus completed.
Combining Theorem 2.1.6 and Theorem 2.1.7 gives the following corollary.

Corollary 2.1.8 Let I, Iy be ideals in C, and Iy O I>. Then the following
are equivalent:
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(1) Iy is finite codimensional in Iy,
(2) Z(I:)\Z(I1) is a bounded subset of C™,
(8) Z(I;)\Z(I1) is a finite set,
and in the above case, we have
dim I /Iy = card (Z(I2)\Z(11)).
In particular, we have the following.
Corollary 2.1.9 Let I be an ideal in C. Then the following are equivalent:
(1) 1 is finite codimensional,
(2) Z(I) is a bounded subset of C",
(3) Z(I) is a finite set,
and in the above case, we have
codim I = dimC/I = card (Z(I)).
As an application of Corollary 2.1.9, it will be shown that for a finite codi-

mensional ideal I of the polynomial ring C on C", the cardinality of zeros of

I* is of polynomial growth as k is large enough. We assume that I = ﬂ;”zl I;

is an irredundant primary decomposition of I, where I; is primary for a maxi-
mal ideal of evaluation at some point A;. Since I; +1; = C for ¢ # j, it follows

that
m
=1
This gives that for any natural number k,

H I = ﬂ 1.
Thus,
codim I* = Z codim Ik

It is well known that for large integer k:, codim(/ Jk) is a polynomial of k£ with
the degree n which is called the Hilbert-Samuel polynomial of I; (see [AM, ZS]

r [DY2]). Therefore, for each finite codimensional ideal I, the codimension
of I*¥ in C, codim(I*), is a polynomial of k with the degree n, and denoted by
Pr(k). The leading coefficient of P;(k) thus is directly related to the number
of zeros of I. By Corollary 2.1.9, it holds that

card(Z(I)) = codim I.
This gives the following.
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Proposition 2.1.10 Let I be a finite codimensional ideal of C. Then for
large integer k, the cardinality of zeros of I*, card(Z(Ik)), is a polynomial of
k with the degree n; more precisely,

card(Z(I%)) = P (k).

2.2 Algebraic reduction for analytic Hilbert modules

Let T be the unit circle in the complex plane, and let L?(T) be the Hilbert
space of square integrable functions with respect to arc-length measure. Recall
that the Hardy space H?(D) over the open unit disk D is the closed subspace
of L?(T) spanned by the nonnegative powers of the coordinate function z.
If M is a (closed) subspace of H?(D) that is invariant for the multiplication
operator M, then Beurling’s theorem [Beu] says that there exists an inner
function n such that M = n H?(D). In terms of the language of Douglas’s
Hilbert module [DP], each submodule M of Hardy module H?(D) over the
disk algebra A(D) has the form M = n H?(D). For the Hardy module H?(D")
in the multi-variable version, a natural problem is to consider the structure of
submodules of H?(D"). However, one quickly sees that a Beurling-like char-
acterization is not possible (see [AC, Rul]). Now we again return to the case
of the Hardy module H?(D) and consider finite codimensional submodules. A
routine verifying shows that M is a finite codimensional submodule if and only
if there is a polynomial p whose zeros lie in I such that M = p H?(D), and
the codimension of M in H?(D) equals the degree of p. At this point, Ahern
and Clark [AC] first obtained the following characterization of submodules of
H?(D") having finite codimension.

Theorem 2.2.1 (Ahern-Clark) Suppose M is a submodule of H?(D") of
codimension k < co. Then C N\ M is an ideal in the ring C such that

(1) CN M is dense in M;
(2) dim C/CN M =k;
(8) Z(CN M) is finite and lies in D™.

Conversely, if I is an ideal of the ring C with Z(I) being finite, and Z(I) C D",
then [I, the closure of I in H*(D"), is a submodule of H?(D") with the same
codimension as I in C, and [I]NC = 1.

The above theorem shows that the description of finite codimensional sub-
modules is, at least conceptually, an algebraic matter. Along this line, many
authors, including Douglas, Paulsen, Sah and Yan [DP, DPSY], Axler and
Bourdon [AB], Bercovici, Foias and Pearcy [BFP], Agrawal and Salinas [AS],
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Guo [Guol, Guo2, Guo4|, Putinar and Salinas [PS], Putinar [Pul, Pu2] and
Chen and Douglas [CD1, CD2], have developed a series of techniques to inves-
tigate algebraic reduction for Hilbert modules consisting of analytic functions
on domains.

To provide an appropriate framework for study of algebraic reduction of
analytic Hilbert modules on domains, we introduce some terminologies and
notations that will be used throughout this chapter and the next chapter.

Let 2 be a bounded nonempty open subset of C"™, Hol(2) denote the ring of
analytic functions on €2, and X be Banach space contained in Hol(2). We call
X a reproducing Q-space if X contains 1 and if for each A € ) the evaluation
functional, Ex(f) = f()), is a continuous linear functional on X. We say X
is a reproducing C-module on 2 if X is a reproducing (2-space, and for each
p € C and each z € X, px is in X. Note that, by a simple application of
the closed graph theorem, the operator 7}, defined to be multiplication by p
is bounded on X. Note also that C C X follows from the fact that 1 is in
X. For A € C", one says that A is a virtual point of X provided that the
homomorphism p +— p(A) defined on C extends to a bounded linear functional
on X. Since X is a reproducing €2-space, every point in {2 is a virtual point.
We use vp(X) to denote the collection of virtual points, then vp(X) 2 Q.
Finally we say that X is an analytic Hilbert module on 2 if the following
conditions are satisfied:

(1) X is a reproducing C-module on Q;
(2) Cis dense in X;
(3) wp(X) = 0.

Remark 2.2.2 Note that the above conditions (2) and (3) are equivalent to
the following statement: for each X ¢ Q, Uy, the mazimal ideal of C that
vanishes at A, is dense in X. In fact, if for each X ¢ Q, Uy is dense in X.
Then condition (2) is immediate. If there is a Ao & 2, while \g € vp(X), then
there exists a constant ¢ such that for any polynomial p, |p(Xo)| < co ||pll. By
the assumptions, the mazimal ideal Uy, is dense in X. It follows that there
exists a sequence {pn}(C Uy,) converges to 1 in the norm of X. Note the
inequality
1= [pn(do) = 1| < co[lpn — 1.

This contradiction says that vp(X) = Q. In the opposite direction, suppose
that there is a Ao ¢ S such that Uy, is not dense in X. Then there exists
a bounded linear functional x* on X that annihilates Uy,. Therefore for any
polynomial p,

z*(p) = 2" (p — p(Xo)) + p(Xo)z™ (1) = p(Xo)z™(1).

By the condition (2), x*(1) # 0. This ensures that there exists a constant
¢o such that [p(Ao)| < co|Ipl| for each polynomial p. This is contradictory to
condition (3). We thus achieve the opposite direction.
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For most “natural” reproducing (2-spaces, they are analytic Hilbert modules
on (). The basic examples are the Hardy modules, the Bergman modules and
the Ditchless modules on both the ball and the polydisk. Especially, we will
also study the Arveson module on the unit ball in Chapter 6. In the following
we will use submodule to mean a closed subspace of X that is invariant under
the multiplications of polynomials. For an ideal I of polynomials, we let [I]
denote the closure of I in X; then [I] is a submodule of X. Let M be a
submodule of analytic Hilbert module X on . The zero variety of M is
defined by

ZM)={2€Q: f()=0,Vfe M}

We are now in a position to give a complete generalization of Ahern-Clark’s
result. The next theorem is due to Douglas, Paulsen, Sah and Yan [DPSY].
Actually they obtained a stronger result in [DPSY, Corollary 2.8] than stated
here.

Theorem 2.2.3 (DPSY) Let X be an analytic Hilbert module on Q. Then
the maps I — [I] and M — M N C define bijective correspondence between
the ideal I of C of finite codimension with Z(I) C Q and the submodule M
of X of finite codimension. These maps are mutually inverse and preserve
codimension.

Given submodules My, M, of X, and M; D Ms, we can define a canonical
module homomorphism over the ring C,

T M1 ﬁC/MgﬂC — Ml/MQ,

by 7(p) = p. If M1 NC is dense in My, and My is finite codimensional in My,
then it is not difficult to verify the following proposition.

Proposition 2.2.4 Under the above assumption, we have
(1) M2nNC is dense in M,

(2) the canonical homomorphism 7 : M; NC/Ms N C — M;/Msy is an
isomorphism.

To obtain further generalization for Theorem 2.2.3, we will be concerned
with the following problems:

1. How do we describe the structure of Z(Ms) relative to Z(My)?

2. How is the submodule M5 represented by M7 and the zeros of My via
considering multiplicity?

3. How is codimension dim M /M relative to the zeros and their multi-
plicities of My, My 7

4. Conversely, if I, Iy are ideals of C, I; 2 I> and the set Z(I3)\Z(I) is
bounded. We want to know how [I3] is related to [I1].
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Based on the characteristic space theory of analytic Hilbert modules, we
will completely answer the problems mentioned above. First, as in the case of
polynomials, we introduce the concepts of characteristic space and envelope
of a submodule.

Let M be a submodule of X on €. For A € €, set
My={qeC: q(D)f[x=0, VfeM}

Then as in the case of polynomials, M) is invariant under the action by the

basic partial differential operators {a%l, 6%2 cee 8‘3 }, and M) is called to be
the characteristic space of M at A. The envelope of M at X, My, is defined
by

My ={feX :q(D)f[x=0, Vg€ M,}.

The same reasoning as in the case of polynomials shows that M5 is a submod-
ule of X, and M5 O M. We now define the multiplicity of M at A to be the
dimension of characteristic space, dim My. Let My, M5 be submodules, and
A € Q. We say that M7 and M5 have the same multiplicity at X if M7y = May.
The symbol Z(M2)\Z (M) denotes the set {A € Z(Msz) : May # My}, If
M; O Ms and X € Z(M2)\Z(My), the multiplicity of My relative to My at A is
defined by dim May/Mjix. In this way, the cardinality, card (Z(M2)\Z(M1)),
of Z(M2)\Z (M) is defined by the equality

card (Z(Mx)\Z(My)) = > dim Moy /M.
ANEZ(M2)\Z (M)

The next theorem strengthens the conclusions of Theorem 3.1 in [Guo4].
In [Guod], we deal only with the case of the Hardy module on the polydisk.

Theorem 2.2.5 Let X be an analytic Hilbert module on ). Suppose Ms is
finite codimensional in My, and My NC is dense in My. Then we have

(1) M2NC is dense in Ma,

(2) the canonical homomorphism T : My NC/MaNC — My /My is an iso-
morphism,

(8) Z(MaNC\NZ(M1NC) = Z(M)\Z (M) = 0p(M,, M, -+, M,,) C Q,
(4) My ={f € My: p(D)f|x =0, p€ Max, A € Z(M2)\Z(M1)},

(5) dim Ml/Mg = dim M1 N C/M2 NneC = Card(Z(Mg N C)\Z(Ml n C)) =
card(Z(Ma)\Z(My)).

Conversely, if I, I are ideals in C, Iy 2 I and Z(I2)\Z(I1) C Q. Then
dim [Il]/[[g] = dim Il/IQ,

that is, the canonical homomorphism 7 : I /Iy — [I1]/[I2] is an isomorphism.
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Notice that (5) of the theorem says that the codimension of Ms in M; equals
the cardinality of zeros of Ma relative to M; by counting multiplicities. This
is an interesting codimension formula whose left side is an algebraic invariant,
while the right side is a geometric invariant.

Proof. We first claim that M7 can be expressed as

M; = My+R

where R is a linear space of polynomials with dim R = dim M;/Ms. In fact,
since M7 NC is dense in My, there exists a polynomial ¢ in My NC, q ¢ Mo.
Let ¥ be the collection

{L : L is linear space of polynomials, L C M; NC, and L N M = {0}}.
Then ¥ is not empty. If
S CB, C Py D, C -

is an ascending chain in ¥, then J, ®, is a linear space of polynomials, and
U, @ao is in X. It follows that there exists a maximal element R in ¥ such
that My N R = {0}. Since My+R C M;j, and M, is finite codimensional in
M, R is finite dimensional, and hence M>+R is closed. If My+R # M,
then there is a polynomial p € Mj, but p ¢ My+R. This yields that the
linear space {R, p} spanned by R and p satisfies {R, p} N My = {0}. This
is impossible, and it follows that M; = My+R with dim R = dim My /Ms.
From this assertion we immediately obtain

M;NC = M>NC+R.

By the above equality, M>NC is dense in Mo, and the canonical homomorphism
7: My NC/MyNC — M;/Ms is an isomorphism. This completes the proofs
of (1) and (2).

To prove (3), pick any A € Z(M; NC)\Z(Mz N C). By Theorem 2.1.7 (1),
we see that A = (A1, Az, -+, A,) is a joint eigenvalue of {M,,, M,,,--- , M, }
on My NC/My N C, that is, there is ¢ € M7 NC, but ¢ ¢ My N C such that
(zi = Ni)g € MonC fori=1,2,--- ,n. If A\ ¢ Q, then by Remark 2.2.2,
U, is dense in X. This implies that there exists a sequence of polynomials,
o (zi - Ai)pgﬁ)}m, such that {>°1 (2 — /\i)pg,ﬁ)}m converges to 1 in the

norm of X as m — oo, and therefore {} I | (z; — )\i)qufl)}m converges to q.
Therefore,
q € MynNC = Mo,

and hence ¢ € My NC. This contradiction shows that A € Q. Thus,
Z(MaNC\Z(MiNC) C Q.
By (1),(2) and Theorem 2.1.7 (1), we immediately obtain that
Z(MaNC\N\Z(M1NC) = Z(M)\Z (M) = 0p(M,, , M, -+, M, ) C S
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We notice that (4) is from (1) and Theorem 2.1.7 (2), and (5) is from (2),
(3) and Theorem 2.1.7 (3).

Conversely, assume that I;, Iz areidealsin C, I; D Iy and Z(I3)\Z(I1) C 2.
Then by Corollary 2.1.8, I5 is finite codimensional in I;, and by Theorem 2.1.7

(2),
.[2 = {q S Il : p(D)q‘)\ = 0, p e IQ)\, A e Z(IQ)\Z(Il) C Q}

Now write
I, = L+R

where R is a linear space of polynomials with dim R = dim I; /I5. Since each
function f in [I5] satisfies that

p(D)f‘)\ = 07 pE I2>\7 A€ Z(IQ)\Z(I1)7

this ensures that
[Io]N R = {0}.

By the fact that [I3]+R contains I, and [I3]+R is closed, we obtain that
[I]+R = [I].
Therefore, it holds that
Ii/I = [L]/[Is] = R.

The proof of Theorem 2.2.5 is complete.
Applying Theorem 2.2.5 and Corollary 2.1.9, we have

Corollary 2.2.6 Let M be a finite codimensional submodule of X. Then we
have the following.

('Z) Z(M) :UP(M217M227"' 7Mzn) - Q,

(2) M= (1 M;g,
\EZ(M)

(8) codim M = card(Z(M))= Y dim M,.
XeZ(M)

Remark 2.2.7 Notice that (3) of Corollary 2.2.6 shows that the codimension
codim M of M in X equals the cardinality of zeros of M by counting multi-
plicities. Corollary 2.2.6 can be considered as a generalization of the case of
the plane. In fact, let L2(D) be the Bergman module. Then M is a finite codi-
mensional submodule of L?(D) if and only if there exists a polynomial p with
Z(p) C D such that M = pL2(D). It is easy to check that the codimension
of M equals the number of zeros of p (counting multiplicities). We refer the
reader to the case of domains on the plane considered by Axler and Bourdon

[AB].
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Recall that the most simple submodules of H?(D) are p H?(D), where p
are polynomials with Z(p) C D. Since each ideal I of polynomials in one
variable is principal, this implies that [I] = p H?(D) for some polynomial
p with Z(p) € D. The above view suggests that we consider submodules of
analytic Hilbert module generated by ideals of polynomials. Equivalently, can
we characterize submodule M which has the property that the ideal M NC is
dense in M [DPSY, Paul]? Note that if M is as above and we let I = M NC,
then [I]NC = I. Thus the problem is to characterize those ideals I for which
[I[]NC = 1I. For the ideal I, we call I contracted if [I]NC = I.

The next theorem is due to Douglas and Paulsen [DP]. We refer the reader
to [DPSY] for considering a general case.

Theorem 2.2.8 (Douglas-Paulsen) Let X be an analytic Hilbert module
on Q. If every algebraic component of Z(I) has a nonempty intersection with
Q, then I is contracted.

Proof. If J = [I]NC, then J is an ideal in C which contains I. For each
A € Q, since Iy = [I]x C Jy, Corollary 2.1.3 implies that J C I, and hence
J = I. The proof is complete.

For various analytic Hilbert modules it would be interesting to classify
the contracted ideals. In particular, for H?(D"), Douglas and Paulsen [DP,
DPSY, Paul] conjectured that the contracted ideals are precisely the ideals
given by Theorem 2.2.8, that is, those ideals for which every algebraic compo-
nent of their zero varieties meets D™ nontrivially. We record this conjecture
here.

Douglas-Paulsen Conjecture: For the Hardy module H?(D"), if an ideal
I of C is contracted, then each algebraic component of its zero variety Z(I)
intersects D”.

Clearly, for the Hardy module H?(D), the problem is trivial. In the case
of n = 2, Gelca [Gel] affirmatively answered this problem. However, the
problem remains unknown for n > 3.

Now let I be an ideal of the ring C. Since C is a Noetherian ring [AM, ZS],
the ideal I is generated by finitely many polynomials. This implies that I has
a greatest common divisor p. Thus, I can be uniquely written as

I=plL,

which is called the Beurling form of I.

Before going on let us present several preliminary lemmas. First we give a
lemma, due to Yang [Yal].

Lemma 2.2.9 (Yang) Let I be an ideal of polynomials in two variables, and
let I = p L be the Beurling form of I. Then the ideal L is of finite codimension
in C.
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Proof. First of all, the ring C in two variables is a unique factorization domain
of Krull dimension 2. We claim: if p1,ps,- -, px are polynomials in two vari-
ables such that the greatest common divisor GCD{p1,pa, - ,pr} = 1, then
the ideal (p1,p2,- -+ ,pr) generated by p1,pa,- -+ ,px is of finite codimension.
Let

(P1,02, -+ s r) = Ny I

be an irredundant primary decomposition with the associated prime ideals
J1,J2, -+, Jn. Note that each Js is prime and it is either maximal or mini-
mal since the Krull dimension of the ring of polynomials in two variables is 2.
In a unique factorization domain, every minimal prime ideal is principal [ZS,
Vol(I) p. 238]. Since GCD{p1,p2,--- ,pr} = 1, the associated prime ideals
Ji,Ja, -+, J, must all be maximal, and hence each J; must have the form
(2 — 25, w — wg) with (25, ws) € C2, s =1,2,--- ,n mutually different. There-
fore we can choose an integer, say m, sufficiently large such that

I =(z — z5,w —wg)™ C I

for each s. Then
m;l:1J;n C m"s/L:l‘Z—S = (p17p27 e apk)

Obviously, the ideal N%_, JI™ is of finite codimension, and hence (p1, pa, - - , pk)
is of finite codimension. The claim is proved. Now for the ideal L, since it
is generated by finitely many polynomials, say pi,ps, - ,pr. Then clearly
GCD{p1,p2,- - ,pr} = 1. The preceding claim implies that L is finite codi-
mensional ideal. This completes the proof.

The next three lemmas are from [Gel].

Lemma 2.2.10 If |3 < |a| # 0 and 0 < r < 1, then
|6 —al/|r8—al <1/r

Proof. Lemma follows from |8 — a| < |8 — a/r|. The last inequalities are
obvious since the triangles formed by the points 3, a/r and « and the angles
at a are obtuse.

From Lemma 2.2.10, we immediately obtain

Lemma 2.2.11 Let p(z) = an(z—21)(z2—22) -+ (2 —2p). If1/2 <71 <1 then
for any z with |z| < min{|z1], |22, -, |2al}s [p(2)/p(rz)] < 2. Consequently,
for a polynomial p with the degree n, if p has no zero points in a disk V' with
the center 0, then for any z € V, and 1/2 <r < 1, |p(z)/p(rz)| < 2™.

Let © be a bounded complete Reinhardt domain (i.e., a bounded domain
with the property that for A = (A1, Aa, -+, Ap) € Q,if 25| < 1,i=1,2--- | n,
then (z1A1, 22X, -, 2zpAn) € Q). For a polynomial p, we denote by d(p) the
sum of the degrees of p in each variable.
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Lemma 2.2.12 Let p be a polynomial having no zeros in ). Then for every
(21,22, ,20) EQand 1/2 <r < 1,

Ip(21, 22, 20) /D(r21, 720, -+ 72,)] < 290,

Proof. The proof will be done by induction on the number of variables. By
Lemma 2.2.11, Lemma 2.2.12 is true for n = 1.

Fix (21,22, - ,2n) € Q. Let U = {2 : (2,22,- - ,2,) € Q}. Then U is a
disk with the center 0 and p(z, z2, - , 2,,) has no zero in U. Thus

|p(21,227~-~ ,Zn)/p(T,Zl,2’27--~ 72")‘ < 2d1’

where we denote by d; the degree of p in the variable z;. Applying the induc-
tion hypothesis to p(z1,---) we obtain that

Ip(rz1, 20, 2n)/p(r21, 122, - r2,)| < 2027 Hdn,
that is,
|p(21, 2, ’Zn)/p(rzl’ rZg, ,TZn)| < 2d(p).

The following result was proved by Gelca [Gel] for n = 2. Here the proof
comes from [Guo2].

Proposition 2.2.13 Let p be a polynomial having no zero in D™. Then pC
is dense in H?(D").

Proof. Set

fr(215227"' 7Z’n) :p(21a227"' azn)/p(rzlvr227"' ,TZn).

Then for 1/2 < r < 1, f. € pH?(D"). Let {r,}, be a sequence of positive
real numbers such that r,, — 1 as n — co. Now by Lemma 2.2.12, the family
fr,, is uniformly bounded, and f,,, — 1 almost everywhere as n — oco. By the
Dominated Convergence theorem, f,. converges to 1 in the norm of H?(D").

The conclusion follows by using the fact that the ring of polynomials is dense
in H?(D").

Remark 2.2.14 Using the proof of Proposition 2.2.13, we see that if Z(p) N
B, = 0, then pC is dense in the Hardy space H*(B,) on the unit ball B, .
Furthermore, if Q is a bounded complete Reinhardt domain and Z(p)NQ =0,
then pC is dense in the Bergman space L2(Q) on the domain Q (see [Ge2)).

The next theorem comes from [Gel].

Theorem 2.2.15 (Gelca) Let I be an ideal of polynomials in two variables.
Then I is contracted in H?*(D?) if and only if every algebraic component of
Z(I) has a nonempty intersection with D?.
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Proof. We shall merely indicate that if I is contracted in H?(D?), then
every algebraic component of Z(I) has a nonempty intersection with D?. Let
I = p L be the Beurling form of I. We decompose p as the product of the
powers of irreducible polynomials, say,

p=pi"- ).

By Lemma 2.2.9, L is of finite codimension and, hence, L has finitely many
zeros, say, A1, -, As. Therefore the algebraic components of I are Z(p;) for
j=1,--- 1, and zero points A1, -+ , As of L. Now we apply Proposition 2.2.13
to obtain the desired conclusion. The proof is complete.

Theorem 2.2.15 relies heavily on the ideal structure of polynomials in two
variables. Hence it extends with essentially no change to the Hardy mod-
ule H%(B3) and Bergman modules on bounded complete Reinhardt domains
[Ge2]. However, for general analytic Bergman modules, little is known about
the classification of contracted ideals. Some related results have been ob-
tained by Putinar and Salinas [PS]. However, we notice that Theorem 3.1
and Corollary 3.3 in [PS] are not valid in general for strongly pseudoconvex
domains because such domains are not necessarily so-called a-domains. An
example is the unit ball By. Let p(z,w) = 22 + w? — 1; then Z(p) N By = 0,
but Z(p) NOB2 (D {(cos,sinh)}) is a infinite set, and hence by the definition
of a-domains, By is not a a-domain.

Finally, we wish to record here the following result.

Proposition 2.2.16 Let I be an ideal of polynomials on C2. If Z(1)ND? = (),
then there exists a polynomial q € I such that Z(q) ND? = .

Proof. Let I = p L be the Beurling form of I. Obviously, Z(p) ND? = (). To
complete the proof, we will find a polynomial h in L such that Z(h) ND? = §.
By Lemma 2.2.9, L is of finite codimension and Z(L) N D? = ). Thus there
exist finitely many zeros A1, Ag, - -+, A\, of L for which they lie in C? \ D?. It
follows that L is decomposed as

L=nF L

where L; are Uy,-primary for ¢ = 1,2,--- , k. From [AM] or [ZS], we see that
there is a positive integer number m such that

UPC Ly, i=1,2,--- k.

Note that \; = (A, \/) ¢ D? for i = 1,--- , k. This means that for each i,
[Af] > 1 or || > 1. Now for each i, we may suppose that |[A;| > 1. This yields
that Hle(z — AJ)™ has no zero in D?, and obviously Hle(z —A))™ e L. Set

k
g=p[JGz=2)"
=1
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which gives the desired conclusion.

However, for n > 2, we do not know if the same conclusion is true.

Conjecture 2.2.17 Let n > 2 and I be an ideal of polynomials on C". If
Z(I)ND™ = 0, then there exists a polynomial q in I such that Z(q) ND™ = (.

Note that Conjecture 2.2.17 is equivalent to: for each prime ideal P, if Z(P)N
D™ = (), does there exist a polynomial ¢ in P such that Z(¢g) ND"™ = 7 It is
also equivalent to: for each irreducible variety V, if V N D™ = (), does there
exist an irreducible variety V' such that V' 2 V and V' ND™ = (7 Of course,
Conjecture 2.2.17 can be stated for general domains. Let I be an ideal of
polynomials on C™. If Z(I)NQ = 0, does there exist a polynomial ¢ in I such
that Z(q) N Q = 07?

Remark 2.2.18 If we assume Conjecture 2.2.17, then Douglas-Paulsen’s con-
jecture is immediate. That is, if I is contracted in H?(D") (i.e., [[]NC =1),
then each algebraic component of I meets D™ nontrivially. In fact, first let
I =nNiL,1; be an irredundant primary decomposition of 1. We may suppose
that there are I, I5- -, I, such that Z(I;) ND" =0 for j =1,2,--- ,k, and
Z(I;)ND"™ # 0 for j = k+1,--- ,m. By Conjecture 2.2.17, there exists a
polynomial g € I115 - - - Iy, such that Z(q) ND™ = (). Therefore, by Proposition

2.2.13,
H*(D"™) = [qC] = [I1]2- - Ii].
Note that
Ny I (NJlpya L) €T C N1
Thus,

1] = [N 1]
By Theorem 2.2.8, we see that

This contradicts the contractness of I. From the above discussion, we see that
if one assumes Conjecture 2.2.17, then Douglas-Paulsen’s conjecture can be
answered affirmatively.

2.3 Submodules with finite rank

It is well known that “rank” is one of the important invariants of Hilbert
modules. Recall that a submodule M of the analytic Hilbert module X is
finitely generated if there exists a finite set of vectors xy,x2, - ,x, in M
such that Cxy +Cxs+---+Cx, is dense in M. The minimum cardinality of
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such a set is called the rank of M and denoted by rank(M). If rank(M) = 1,
we call M a principal submodule. By Beurling’s theorem, each submodule
of H?(D) is principal. Even more generally, for any analytic Hilbert module
X on a domain in the complex plane C, a submodule generated by some
polynomials is principal because every ideal of polynomials in one variable is
principal. However for the Hardy module H?(D") in several variables, there
exist submodules with any rank [Rul, p. 72].

Let A € C™. We denote by O, the ring of all germs of analytic functions
at A. For detailed information about Oy we refer the reader to [DY1, Kr].
We summarize some properties of Oy. First O, is a unique factorization
domain (UFD), and the units of O are those germs that are nonvanishing at
A. Second, O, is a Noetherian local ring of Krull dimension n.

Let I be an ideal of Oy. As in the case of analytic submodules, we define
the characteristic space of I by

Ix={qeC: q(D)fIx=0,Vfel}]
The envelope of I, I, is defined by
Iy ={f€0x : q(D)fIx=0, Vg € I}

It is easy to check that I is an ideal of Oy, and I§ D I. Furthermore, by the
reasoning as in the proof of Theorem 2.1.1, we have

I = (U +M)),

j>1

where M, is the maximal ideal of Oy, that is, My = {f € Oy : f(\) =0}.
By using Krull’s theorem [ZS, Vol(I), p. 217, Theorem 12’] or Lemma 2.11 in
[DPSY], we have the following proposition [Guo2].

Proposition 2.3.1 Let I be an ideal of Oy. Then
I=1I5.
Hence I is completely determined by its characteristic space.

Let X be an analytic Hilbert module on Q(C C"), and let A € Q. For
f € X we denote by f) the element of O, defined by the restriction of f
to a neighborhood of \. For a submodule M of X, we denote by M) the
ideal of Oy generated by {f\ : f € M}. Let f1, fa, -+, fm be in X. Write
[f1, f2, -+, fm] for the submodule generated by fi, fo, -, fin-

Lemma 2.3.2 Let A\ € Q. Then

[f1s f2r o s f]®) = F10Ox + farOx + -+ fruaOn.
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Proof. From the inclusion
FINOx + forOx + -+ fraOx C [f1, for o+ s fn] Y,
we see that

{[f1, fos s Fndl M Fa C (F1aO + f2rOx 4 -+ + FmrOx)a.

For f € [f1, fo, -, fm], there exist polynomials p%l),pgf), e ,p%m) such that

f=lim 0 fr+pP fo b4 P fin)

in the norm of X. It is easy to check that for every polynomial ¢ and each
w € Q, the linear functional on X, f +— ¢(D)f]|w, is continuous. Let ¢ be in
(f12Ox + f2rOx + -+ + fmaOx)x. Since

a(D)PP fr + 0D fa+ -+ DY fn) I = 0,
this gives that
q(D)f|x = 0.
It follows that
(fixOx + forOx + -+ + [rrOx)x C [f1, f2, -+, fmla

It is easy to see that
[f1s fos-- s fndn = {[f1, for - s F] M s
and hence
{[frs for o o Fl VI = (IAOA + f220x + -+ + frnaO)a-
Applying Proposition 2.3.1, we obtain that
[fis oy fn]™ = FiaOx + f2aOx + - + furOn.

The next result states an important property of submodules with finite
rank, due to Guo [Guo2].

Theorem 2.3.3 Let M be the submodule of X generated by f1, fo, -, fm.
Then for each f € M, there are g1,ga2, - , gm in Hol(Q) such that

[ =figi+ faga + - + finGm-

Proof. The proof of Theorem 2.3.3 is based on the sheaf theory (see [Kr,
Chapters 6, 7]). Let O denote the sheaf of germs of analytic functions on
Q. The sheaf F = F(M) generated by M is defined as follows: for A € Q,
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Fx =MW, From Lemma 2.3.2, we see that F is the subsheaf of O generated
by fi, fa,---, fm. Consider the exact sequence of sheafs

0—R - 0™ F—s0

where a(gix, g2x, -+, gma) = 2oiey fingin, R is the kernel sheaf and i is the
inclusion. The Oka Coherence theorem [Kr, Theorem 7.1.8] implies that R
is coherent, so by Theorem B of Cartan [Kr, Theorem 7.1.7], H}(Q,R) = 0.
Now the long exact cohomology sequence [Kr, Theorem 6.2.22] gives

HO(Q,0™) 25 H(Q, F) 2= HY(Q,R) = 0.

Thus, «, is a surjective map. This shows that for every f € M, there exist
91,92, s gm in Hol(§)) such that

f=figi + faga+ -+ fimgm-

The proof is complete.

In Douglas-Paulsen’s book [DP, p. 42, Problem 2.23], it is asked when
a principal submodule of H?(D") is the closure of an ideal of polynomials.
Combining Theorem 2.3.3 with the characteristic space theory of ideals of
polynomials, Guo [Guo2] characterized that a principal submodule is gener-
ated by polynomials.

Theorem 2.3.4 Let I = p L be the Beurling form of I. If [I] is principal,
then Z(L) N Q = 0. Equivalently, if Z(L) N Q # 0, then rank([I]) > 2.

Proof. Let {p1,po2,---,pr} be a set of generators of L. Then the greatest
common divisor GCD{p1,p2,--- ,pr} = 1. Now suppose that there exists
A € Q such that p;(A) =0 fori=1,2,--- , k. Decompose p; = p, p/ such that
each prime factor of p} vanishes at A, and p}/(A\) # 0 and p = g1 g2 such that
each prime factor of ¢; vanishes at A and g2(\) # 0. Since [I] is principal, this
says that there exists some f in X such that

[f] = [pp1, P2, -+, PPR].

By Theorem 2.3.3, there exist analytic functions on €2, ¢1,92, -+ ,g9x and
hi,hs,- -+, hy such that

k

pp1 = fg1. pp2 = fg2. -, ppr = fgr, and f =Y hipp;.
=1

Therefore,
k
> higi=1.
i=1

©2003 CRC Press LLC



Therefore, the functions g1, g, - - - , g have no common zero in 2. This implies
that there is some g, such that gs;(\) # 0. From the equality pps = fgs one
has

[pps]x = [f]x-
According to Theorem 2.1.1,

[£15 = [pps]§ = ap'iC.

However, for each i, [f]x C [pp:]» and hence for every ¢,

[£1S 2 Ippil§ = aipiC.
Thus, for every i,
017:C D q1piC.
Thus each p} is divisible by p/. Thus, every p; is divisible by p,. This is
impossible. Therefore, p1, ps,--- , pr have no common zero in €2, that is,
Z(L)NnQ=0.

The proof is complete.

Corollary 2.3.5 Let I = pL be the Beurling form of the ideal I. If every
algebraic component of Z(I) has a nonempty intersection with Q, then [I] is
principal if and only if I = pC. In particular, if I is prime, and Z(I)NQ # 0,
then [I] is principal if and only if I = pC and p is prime.

Proof. If [I] is principal, then by Theorem 2.3.4,
Z(L)NnQ=0.
So for each A € Q,

[]x = [pC]a.

From Corollary 2.1.3 we see that I D pC, and hence I = pC. The opposite
direction is obvious.

When n = 2, one can obtain a more detailed result.

Corollary 2.3.6 Let X be an analytic Hilbert module on Q(C C?), and let
I = pL be the Beurling form of I. Then [I] is principal if and only if [I] = [p].

Proof. Let [I] be principal. By Theorem 2.3.4, Z(L)NQ = @. Using Lemma
2.2.9, we see [L] = X. Thus [I] = [p].

In commutative algebra it is shown in the presence of certain finiteness
hypotheses that the Hilbert-Samuel polynomial can be defined for a module,
thus providing an invariant for the module. However, the story does not stop
here. One seeks to interpret the coeflicients and degree of the polynomial in
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terms of algebraic and geometric properties of the modules and algebra. In the
context of Hilbert modules, Douglas and Yan [DY2] established the existence
of a Hilbert-Samuel polynomial for a Hilbert module and showed the power
of the polynomial for the study of Hilbert modules. For analytic Hilbert
modules, we will establish the existence of a Hilbert-Samuel polynomial that
is a special version of Hilbert-Samuel polynomials in [DY2].

We need the following lemma which first was proved by Douglas and Yang
[DYal], where proof is different to that of [DYal].

Lemma 2.3.7 Let M be a submodule of an analytic Hilbert module X with
finite rank and let I be a finite codimensional ideal of C. Then

dim M/[IM] < codim(])rank(M).

Proof. We assume rank(M) = m with a generating set {fi, fo, -+, fin}-
Now let P: M — M ©[IM] be the orthogonal projection. We write f;=Pfi
for i = 1,2,--- ,m. Since I annihilates the quotient module M /[IM], one
can consider M/[IM] as a C/I-module with a generating set {f1, fo, - , fm}-
Since C/I is finite dimensional, this ensures dim M/[ITM] < oo, and actually

dim M/[IM] < codim(I) rank(M).

Theorem 2.3.8 Let M be a finitely generated submodule of an analytic Hilbert
module X, and let I be a finite codimensional ideal of C. Then there exists a
polynomial pr pr with rational coefficients such that

pr. (k) = dim M/[T*M]

for large integer k. Moreover, the degree of prar is less than or equal to
rank(I).

Proof. Set

grI =@ 1* /1", and gr M = U*M)/ (1" M].
k>0 k>0

From Lemma 2.3.7, we see that gr M is a finitely generated graded module
on Noether graded ring grI. Let rank(I) = [ and let {p1,p2---,p} be a
generating set of I. Then gr I, as a C/I-algebra, is generated by the images
p; of p; in I/I% for i = 1,2,--- 1. Since deg(p;) = 1 for i = 1,2,---,1,
Hilbert’s original results (cf. [AM, Chapter 11]) imply that for large integer k,
dim [I* M]/[I***M] is a polynomial of k with rational coefficients. Moreover,
the degree of the polynomial is less than or equal to rank(l) — 1. Since

k
dim M/[IM] =" dim [I'M]/[I""" M],
=0
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this implies that there exists a polynomial py »s with rational coefficients such
that
pros(k) = dim M/[I*"M] and deg p; s < rank(I).

For an ideal I, recall that the radical ideal v/T of I is
VI = {peC: p™ eI for some positive integer m}.

If T is finite codimensional, then by [AM], there exists a positive integer m

such that
(VImcIC VI

Corollary 2.3.9 Let I;,I, be finite codimensional ideals with /I, = /I.
Then

deg pr, . m = deg pr,,m

Proof. Obviously, we only need to prove that for any finite codimensional
ideal I, deg prv = deg p /7 5, Since there exists a positive integer m such

that
(VI)™ c1¢ VI,
we have
Py (k) S prac(k) < piygym ar (k) = Pz ar(mk)

for large integer k. From the above inequalities, the desired result follows.

2.4 AF-cosubmodules

Recall that each submodule BH?(ID) (where B is a Blaschke product) of the
Hardy module H?(D) is equal to the intersection of all finite codimensional
submodules that contain BH?(D). Also, for any submodule M of H?(D), it
is easy to check that M can be uniquely decomposed into

=nH*(D)(|BH*(D

where 7 is a singular inner function and B a Blaschke product. One can
show that BH?(D) is just equal to the intersection of all finite codimensional
submodules that contain M. Motivated by these observations we introduce
the following notions. Let X be an analytic Hilbert module on €2, and let M be
a submodule of X. We call M approximately finite codimensional (in short, an
AF-cosubmodule) if M is equal to the intersection of all finite codimensional
submodules which contain M. Therefore when M is an AF-cosubmodule, M
is just the limit of decreasing net (2) of all finite codimensional submodules
containing M. For a submodule M, the AF-envelope of M is defined by the
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intersection of all finite codimensional submodules containing M, and denoted
by M¢€. Clearly, by the definition, the envelope of a submodule M is an AF-
cosubmodule.

The following theorem is from [Guol].

Theorem 2.4.1 Let X be an analytic Hilbert module and M a submodule of
X. Then we have

(1) iof Z(M) =0, then M¢ = X;
(2) if Z(M) # 0, then M C M° # X, (M®)¢ =M€, and Z(M) = Z(M®);
(3) if Z(M) # 0, then M*¢ = ﬂAeZ(M) M.
In particular, if My, Ms are two submodules of X, then My = M5 if and only
if Z(My) = Z(Ms), and for every A € Z(My), M1y = Ma).

Note that (3) says that the AF-envelope of M is equal to the intersection
of envelopes of M at all zero points.
Proof. Clearly, both (1) and (2) are true. We give the proof of (3). We define
the degree of a monomial z{"* --- 2" to be my + - - - + m,,, and the degree of
a polynomial p to be maximum of the degrees of the monomials that occur in
p with nonzero coefficients, and denoted by deg(p). For every A € Z(M) and
each natural number k, set

M)(\k) ={feX: p(D)f[»=0,pe My and deg(p) < k}.
Then M ik) is a finite codimensional submodule and it contains M. Since

M§={feX: p(D)flr=0,%e M} = ()M,
k>1

this gives

Mec () Mg
AeZ(M)
Let NV be a finite codimensional submodule of X, and N O M. Then by
Corollary 2.2.6, it is easily verified that

N= (] N5
AEZ(N)

Let A € Z(N). Then X also is in Z(M). From the inclusion N DO M, we have
that Ny C M). Consequently, M5 C N5. Therefore,

(1 M5 cN.
AEZ(N)
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This deduces the inclusion

(1 MicN
AeZ(M)
and hence
(| M5 =M-
XeZ(M)

For each A € Z(M), it is not difficult to verify that My = (M®),. From (2)
and (3), one easily deduces that for any two submodules My, Ms, M{ = M§
if and only if Z(M;) = Z(Ms) and My = May for each A € Z(M;). This
completes the proof of Theorem 2.4.1.

Now let {M,,, M.,,---, M, } be the n-tuple of operators that are defined
on the quotient module M;/M, by M, f = (zf) for i = 1,---,n, and
op(My,,- -+, M,,) denotes the joint eigenvalues of {M,,, M,,,---, M, }.

We will now generalize Theorem 2.2.5 to AF-cosubmodules. By modifying
the proof of Theorem 2.2.5, we have the following.

Theorem 2.4.2 Let My, My be submodules of X such that My O My and
dim My /My =k < oo. If My is an AF-cosubmodule, then we have

(1) Z(MZ)\Z(Ml) = Jp(Mszzzv T ’Mzn) CQ,
(2) M, = {h € M : p(D)hl,\ =0, S MQ)\, A€ Z(MQ)\Z(Ml)},
(3) dim Ml/Mg = E)\EZ(MZ)\Z(Ml) dim MQA/Ml)\ = CaTd(Z(MQ)\Z<M1))

Remark 2.4.3 It is worth noticing that the condition is necessary in the
above theorem that My is approximately finite codimensional. In fact, by
[Hed] we know that there exists a submodule M of the Bergman module L (D)
such that dim M/zM = 2, but Z(zM)\Z(M) = {0} and dim (zM)o/My = 1.

Proof. (1) Write
My =M;®R

and restrict {M,,,M,,,---, M, } on R. By [Curl], they can be simultane-
ously triangularized as

where ¢ = 1,2,---,n, and k = dim M, /M, so that o,(M,,,M,,,--- ,M.,)
is equal to {A\(M), ... A(®)1 Similarly to the proof of Theorem 2.2.5, we have
that

op(My, M, -+, M, ) CQ.
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Writing _
Uyy = {p: p are polynomials, and p(A)) = 0}
i=1,---,k, then

Uya - UneUyay My € Ma C M.

Therefore, for A € Q, but A ¢ 0,(M,,, M,,,--- , M, ), one sees that M7y =
Ms)y. This implies that

Z(MQ)\Z(Ml) - UP(MZNMsz te 7M2n)'

Let A € 0,(M;,, M.,,--- ,M,, ). Since X is a joint eigenvalue of the operator
tuple {M,,, M,,,--- , M, }, there is a function h in M; such that

Urh C M.

Setting Mg to be the submodule generated by Ms and h, then for A’ # X and
A € Q it holds that
(Mf)x = Moy

If (MJ})y = May, then by Theorem 2.4.1(4) we have that
M}® = M§ = M,.
This is impossible. Hence,
May 2 (M])x D M.
It follows that A belongs to Z(M2)\Z(M7). We thus conclude that

Z(Mx)\Z(My) = op(Mzy, My, - -+, M,) C Q.
(2) Set
M3 ={he M : p(D)h|x =0, p € Moy, A € Z(Mx)\Z(M;)}.

Then M2h is a submodule that contains Ms. It is easy to see that for every
A e,
(M3)x = May.

By Theorem 2.4.1(4), we have that
(M3)¢ = M§ = M.

This implies that M2h = M>. The proof of (2) is complete.

(3) The proof is by induction on numbers of points in Z(M3)\Z(M;). If
Z(M3)\Z (M) contains only a point A, then by (2), My can be written as

My = {h e M : p(D)hh =0,pe€e MQ)\}.
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We define the pairing
[—,—] : MQ,\/ML\ X Ml/Mz — C

by [p, iz} = p(D)h|x. Clearly, this is well defined. From this pairing and the
representation of Ms, it is not difficult to see that

dim Ml/MQ = dim MQ/\/ML\.

Now let I > 1, and assume that (3) has been proved for Z(Ms)\Z(M;)
containing points less than I. Let Z(M)\Z(M1) = {A1,--- , i} where \; # ),
for i # j. Writing

M; = {h € M : p<D)h|>\1 =0,pe MQ)\l}v
then
(Mg)/\1 = M2/\1-
Just as in the above proof, we have

dim Ml/Mg = dim M2)\1/M1)\1-

Write My, = My, +R with dim R = dim Msy, /Mj,,. Let $R denote linear
space of polynomials generated by R which is invariant under the action by

{%7... ,afn}. Put
Qr ={p€C: q(D)plr, =0, g € 4R}.

Then it is easily verified that Qx is a finite codimensional ideal of C with only
zero point A1 because R is finite dimensional. Thus

OrM; C Mj C M.

From the above inclusions, we see that for A # Ay, My = (MJ)s. Therefore
Z(Ma\Z(M3) = {2, s Mi}-
By the induction hypothesis, we have that

l l
dim M /My = dim Myy, /(M3)y, =Y dim Moy, /Miy,.

=2 =2
We thus obtain that
dim My /My = dim M, /M3 + dim M3 /M,
l

= dim May, /My,
j=1

= card(Z(M2)\Z(My)).
The proof of the theorem is thus completed.

Moreover, the same argument as the above proof enables us to obtain the
following.
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Theorem 2.4.4 Let both My and Ms be submodules of X. If My O My and
dim My /My = k < oo, then we have

(1) Z(Ma)\Z(My) € 0p(Mzy, My, -+, M, ) CQ,

(2) dim Ml/MQ Z Z dim MQA/MlA = Ca,I‘d(Z(]\42)\Z(]\41))7
AeZ(M)\Z(M;)
and “equal” if and only if My is an AF-cosubmodule.

We end with two examples.

Example 2.4.5 Let f be analytic on a neighborhood of the origin in C™, and
let f(z) =, fm(2) be the homogeneous expansion of f at the origin. Then
there is the smallest m such that f,, is not the zero-polynomial. This m is
called the order of the zero which f has at the origin.

Recall that Rudin’s submodule M [Rul, p. 71] of H*(D?) over the bidisk
is defined as the collection of all functions in H*(D?) that have a zero of
order greater than or equal to n at (0,1 —n=3) for n = 1,2,---. Douglas
and Yang [DYal] showed that M & (zM + wM) is finite dimensional, while
M o (zM + wM) is not a generating set of M. A natural problem is what
dim(M e (zM + wM)) 15 equal to. It is easy to check that both M and
zM + wM are AF-cosubmodules, and

Z(zM +wM)\ Z(M) ={(0,0)} and card(Z(zM +wM)\ Z(M)) = 2.
By Theorem 2.4.2, we get immediately that
dim(M & (M +wM)) = 2.

Example 2.4.6 Let M be a submodule of the Bergman module L?(D). By
Aleman, Richter and Sundberg’s work [ARS], we know that M © zM is a
generating set for M. By Lemma 2.3.7,

dim(M © zM) < rank(M),

and it follows that

dim(M & zM) = rank(M).
Notice that for any natural number n, unlike the Hardy module H*(D), the
Bergman module L2(D) has a submodule M with rank n [Hed]. Now let M

be an AF-cosubmodule of L2(D) with rank(M) < co. Then zM also is an
AF-cosubmodule and rank(zM) = rank(M). It is easy to check that

card(Z(zM)\ Z(M)) =1,

and hence by Theorem 2.4.2, dim(M © zM) = 1. Thus, rank(M) = 1. This
shows that every AF-cosubmodule of the Bergman module with finite rank is
generated by a single function.
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2.5 Finite codimensional submodules of Bergman
modules

In this section, we will let domain 2 be the unit ball B,, or the unit poly-
disk D™. For a submodule M of Bergman module L2(f2), our interest is to
study the structure of M+ when M is of finite codimension. In [GZ], Guo
and Zheng completely characterized orthogonal complements of finite codi-
mensional submodules of Bergman modules on bounded symmetric domains.
Here we present a special case of this general result, but the idea is completely
the same.

Let © be the unit ball or the unit polydisk in C™ and let Aut(2) be the
automorphism group of € (all biholomorphic mappings of  onto ). Here
we collect some properties of the automorphism group of 2. First we can
canonically define (cf. [Ru2]) for each A € €, an automorphism ¢ in Aut(2),
such that

L. ¢xoda(z) = 2
2. ox(0) = A, da(A) =0;
3. ¢ has a unique fixed point in Q;

4. if ¢ € Aut(Q) and X = ¢~1(0), then there is a unique operator U on C"
such that ¢ = Udy.

Let M be a finite codimensional submodule of L2(2). Then by Corollary
2.2.6, the submodule M has only finitely many zero points Aj, Ag,---,A; in
Q, such that M can be uniquely represented as

where each M; is a finite codimensional submodule having a unique zero A;.

Since €2 is circular, the functions z®, « ranging over all nonnegative multi-
indices, are orthogonal in L2(£2). Also, the uniqueness of the Taylor expansion
implies that {z® : a > 0} is a complete set. Thus {z%/||z%| : « > 0} is an
orthonormal basis for L2(Q). This implies that for any polynomial p, the
Toeplitz operator T maps C to C. Now let P be a linear space consisting
of polynomials. We say that P is an invariant polynomial space, if for any
polynomial p, P is invariant under the action of Tj. It is easy to see that
in the case of n = 1, an invariant polynomial space with the dimension m
(1 <m < o00) is the linear space with the basis {1, z!,-- z™}.

Lemma 2.5.1 Let M be a finite codimensional submodule with a unique zero
A =0. Then M~ is a finite dimensional invariant polynomial space.

©2003 CRC Press LLC



Proof. Since M is a submodule of L2(2), M is invariant under the action
of the Toeplitz operator T}, for any polynomial p. Hence M* is invariant
under the action of Tj. To complete the proof, we need the characteristic
space theory. Let My be the characteristic space of M at A = 0, that is,
My={p e C: p(D)f|la=o = 0,V¥f € M}. Since {z%/||z%|| : o > 0} is the
orthonormal basis for L2(£2), the Taylor expansion gives that

ol

[0 £1(0) = W(f, 2%,

for each f € L2, where a! =[], a;!. Let p(z) = > an2® be a polynomial.
Then

p(D)flx=0 = Y aa[0° £](0)
= Z @a”;la!|2<fa Za>
_ <f,zaa”;!2,za>.

Define the conjugate linear map v: C — C by

_al
130 = Y Aar i

It is easy to verify that -y is one to one, and onto. Thus the image of My under
the conjugate linear operator + is a subspace of M~+. By Corollary 2.2.6,

codim M = dim M,.

Therefore, we get that M+ = ~(My). Hence M~ is a finite dimensional
invariant polynomial space, completing the proof.
Let M be a finite codimensional submodule of L2(£2). Then M has finitely

many zero points Ai, Ag, -+ , Ay in Q such that M can be uniquely represented

as
l

M = (M,
i=1
where M; is a finite codimensional submodule and has a unique zero \;.

For A € Q, let K,(2) be the reproducing kernel of L2(£) at A. This means
that f(\) = (f,K\) for each f € L2(Q2). Let ky(z) be the normalized re-
producing kernel, that is, ky = K, /||Ky||. On the Bergman space L2(Q), we
define the operator Uy by

Unf = fodrkx,

where ¢y is an element in Aut(2). Note that det[0dx(z)] = (—1)"kx(2).
Hence U, is a unitary operator from L2 () onto L2(2).

©2003 CRC Press LLC



Theorem 2.5.2 Under the above assumption, there are invariant polynomial
spaces P;,i =1,2,--- 1, such that

l
Mt =3 "P;opx, ka,.
i=1

Proof. Let N be a submodule. We claim that U\N = {f o ¢rkr: f € N} is
also a submodule. It is not difficult to verify ky k) o ¢ = 1. We thus get

UAN:{équA: feEN}={fodr: fEN}
From the equation

Px o PA(2) = 2,

we see that each coordinate function z; = g\z) o ¢x(2), where d)E\z) is the ith
argument of ¢,. This ensures that Uy N is invariant under the multiplication
by all polynomials, and hence Uy N is a submodule. Now let N be a submodule
of finite codimension with a unique zero point A. Since

L}’ =N@N*=UNaU\N"*,
the submodule Uy N is of the same codimension as N. Note that Ux/N has
only the zero point 0. Thus from Lemma 2.5.1, UyN* is a finite dimensional
invariant polynomial space. We denote Uy N+ by P, thus,
N* =U\P =Pogrkx.

Since M = N!_, M;, we have

k
Mt = Z M.
i=1
Thus there are finite dimensional invariant polynomial spaces P;,i =1,2,--- .,

such that
l

M* = "Piogy, ky,.

i=1
This completes the proof of the theorem.
Let A(Q) be the so-called Q-algebra, that is, A(2) consists of all functions

f that are analytic on Q and continuous on the closure Q of €.

Corollary 2.5.3 Let M be a submodule of L2(Y). Then M is of finite codi-
mension if and only if M+ C A(f).
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Proof. The necessity is given by Theorem 2.5.2. The sufficiency of the
corollary comes essentially from the proof of Theorem 5.2 in [Ru5]. Indeed,
by the assumption M+ C A(2) each f € M~ is a bounded analytic function
on . From the inequality ||f]l2 < ||f|leo it is easy to verify that M* is
complete under the L>°—norm. By the open mapping theorem, there exists a
constant 7 such that ||f||ec <7 || fll2 for each f € M*. Let {fi, fo, -, fi} be
a unit orthogonal set in M+. On Q\N,_, Z(fx), we define functions ry(z) by

re(z) = T(z) k=1,2,---,1
SN TTE B

where Z(f) ={A € Q: f(\) =0}. For every w € Q\N,_, Z(fx), since

l

Hzrk(w)kaQ =1,
we get

1> k() fr(z)| <7, Yz Q.

Consequently, for each w € Q\NL_, Z(fx),

l
3 i) fil Z el < 5.
k=1

Thus,
!
S )’ <97, Yw e NN Z(fi).

k=1

Since NL_,Z(fx) is a null-measurable set, integrating the above inequality
gives | < 2. We conclude that dim M= is finite. This completes the proof of
the corollary.

In the cases of both the unit ball B,, and the unit polydisk D", their au-
tomorphisms and reproducing kernels are rational functions. This gives the
following result.

Corollary 2.5.4 Let Q be the unit ball B,, or the unit polydisk D™, and let
M be a submodule of L2(2). Then M is of finite codimension if and only if
M consists of rational functions.

Remark 2.5.5 As the reader has seen, the results in this section are easily
generalized to the case of the Hardy modules on the unit ball and the unit

polydisk.
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2.6 Remarks on Chapter 2

This chapter is mainly based on Guo’s papers [Guol, Guo2, Guo4, Guo6.
The starting point for algebraic reduction is Theorem 2.2.1 of Ahern-Clark,
which characterized submodules of H?(D") of finite codimension as closures of
ideals. Significant generalization and simplification of this result to reproduc-
ing Banach modules were done by Douglas, Paulsen et al. [DP, DPSY, Paul].
There are numerous references concerning this topic. Here we have made no
attempt to compile a comprehensive list of references. We call the reader’s
attention to [AB, AS, Ber, CD2, CDo2, DPSY, DY3, JLS, Ri2] for more infor-
mation. We also refer the reader to the references [Curl, Cur2, Guoll, ?, Jew]
for index theory of the tuple of the coordinate multipliers associated with an
analytic Hilbert module.

For the research of analytic Hilbert modules, part of the difficulty lies in the
analysis of zero varieties of submodules. Douglas’s localization technique has
always played an important role (see Douglas’s survey paper [Dou]). Another
technique developed by Guo, so-called “characteristic space theory for ana-
lytic Hilbert modules,” has exhibited its power, just as we have seen in this
chapter. In fact, Chapters 2 through 5 in this monograph are mainly devoted
to analytic Hilbert modules and reproducing analytic Hilbert spaces on C"
by using characteristic space theory. We also notice that Bercovici have even
used a similar method to the characteristic space theory to deal with finite
codimensional invariant subspaces of Bergman spaces [Ber].

In [Guol], Guo introduced the notion of analytic Hilbert modules and estab-
lished the characteristic space theory for analytic Hilbert modules. Theorems
2.1.1, 2.1.5 and 2.4.1 and Corollaries 2.1.2 and 2.1.3 were proved in [Guol].
For the notion of multiplicity of zero variety of an analytic submodule, it was
introduced by Guo [Guo4]. In that paper he obtained Theorems 2.1.6, 2.1.7
and 2.2.5 and Corollaries 2.1.8 and 2.2.6. The extension of Theorem 2.2.5 to
AF-cosubmodules was considered in [Guo6]. Theorems 2.4.2 and 2.4.4 and
Examples 2.4.5 and 2.4.6 appeared in [Guo6]. In the case of Hilbert mod-
ules with finite rank, Douglas and Yan [DY?2] first established the existence
of a Hilbert-Samuel polynomial for such a module. We presented Theorem
2.3.8 for analytic submodules as a special version of the result of Douglas and
Yan. Related to the research of submodules with finite rank, Theorems 2.3.3
and 2.3.4 and Proposition 2.3.1 are due to Guo [Guo2]. Concerning orthog-
onal complements of finite codimensional submodules of Bergman modules,
Lemma 2.5.1, Theorem 2.5.2 and Corollaries 2.5.3 and 2.5.4 appeared in [GZ].
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Chapter 3

Rigidity for analytic Hilbert modules

The classic paper of Beurling [Beu] led to a spate of research in operator
theory, HP-theory and other areas which continues to the present. His explicit
characterization for all submodules of the Hardy module H?(D), in terms of
the inner—outer factorization of analytic functions, has had a major impact.
Since the Hardy module over the unit disk is the primary nontrivial example
for so many different areas, it is not surprising that this characterization has
proved so important.

Almost everyone who has thought about this topic must have considered
the corresponding problem for higher dimensional Hardy module H?(D").
Although the existence of inner functions in the context is obvious, one quickly
sees that a Beurling-like characterization is not possible [Rul], and hence this
directs one’s attention to investigating equivalence classes of submodules of
analytic Hilbert modules in reasonable sense.

Let M;, My be two submodules of the analytic Hilbert module X. We say
that A : My — M> is a module map if A is a bounded linear operator, and
for any polynomial p, A(ph) = pA(h), h € M;. Furthermore, we say that

1. they are unitarily equivalent if there exists a unitary module map
A . M; — M,, that is, A is both a unitary operator and a module
map;

2. they are similar if there exists an invertible module map A : M7 — Mo;

3. they are quasi-similar if there exist module maps A : M; — My and
B : My — M; with dense ranges.

From the Beurling theorem, any two submodules of the Hardy module
H?(D) are unitarily equivalent. However, for higher dimensional Hardy mod-
ule H?(D"), an earlier result on nonunitarily equivalent submodules is due to
Berger, Coburn and Lebow [BCL], who considered the restriction of multi-
plication by the coordinate functions to invariant subspaces obtained as the
closure of certain ideals of polynomials in two variables having the origin as
zero set. By applying their results on commuting isometries, they showed
that different ideals yield inequivalent submodules. Almost at the same time
Hastings [Ha2] even showed that [z — w] is never quasi-similar to H?(D?). In
[ACD], Agrawal, Clark and Douglas introduced the concept of unitary equiv-
alence of Hardy-submodules. In particular, they showed that two submodules
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of finite codimension are unitarily equivalent if and only if they are equal.
Furthermore, Douglas and Yan [DY1] proved that under some technical hy-
potheses on the zero varieties, two submodules that are quasi-similar must be
equal. More recently, Douglas, Paulsen, Sah and Yan [DPSY] showed that
under mild restrictions, submodules obtained from the closure of ideals are
quasi-similar if and only if the ideals coincide. From an analytic point of
view, appearance of this phenomenon, the so-called “rigidity phenomenon,”
is natural because of the Hartogs phenomenon in several variables. From an
algebraic point of view, the reason may be that the submodules are not singly
generated.

The present chapter is devoted to these remarkable features of analytic
Hilbert modules in several variables to understand the connection between
function theory, operator theory and some related fields.

3.1 Rigidity for analytic Hilbert modules

In this section, we will use the characteristic space theory to obtain general
results of rigidity. This section is mainly based on Guo’s paper [Guol]. Now
we suppose that X is an analytic Hilbert module over © in C" (n > 1). Let
M, and Ms be two submodules of X, and o : M; — Ms be a module map.
We say that the map o is canonical if

oMY Co(MP), forany =ze€Q\ Z(M),
where MZ-(Z) ={h € M;: h(z) =0} for i = 1, 2. An equivalent description is
given by the following proposition.

Proposition 3.1.1 Let My and My be submodules of X, and o : My, — My
be a module map. Then the map o is canonical if and only if there exists an
analytic function ¢ on Q\Z(My) such that for any h € My and z € Q\ Z (M),
o(h)(z) = ¢(2)h(z).

Proof. For hy € M;, we define an analytic function on Q\ Z(h;) by
a(h1)(z)

=~ Q\ Z(hy).
O, (2) z) Vz e Q\ Z(h)
For another hy € M, we also define an analytic function on Q\ Z(hs) by
o(ha)(z)
== Q\ Z(hs).
O,y (2) ha(z) Vz e Q\ Z(hg)

Since o is canonical, we have that
Ony(2) = dny(2), V2 € Q\(Z(h) U Z(h2)).
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The above argument shows that for any z € Q\ Z(M;), we can define

for any h € My with h(z) # 0. Clearly, ¢ is independent of h and is analytic
on Q\ Z(My). It follows that

for any h € My and z € Q\ Z(M;), completing the proof of necessity. Suffi-
ciency is obvious.

Using the proof of Proposition 3.1.1, we can prove the following.

Corollary 3.1.2 If there exists an open set O contained in Q\ Z(My) such
that for each z € Q\ Z (M), O’(Ml(z)) C (MZ(Z)), then the map o is canonical.
Equivalently, if there exists an analytic function ¢ on O such that for any
he M and z € O, o(h)(z) = ¢(2)h(2), then the map o is canonical.

For most “natural” function spaces, module maps are canonical.

Example 3.1.3 Let X be the Hardy module H*(D") (or H*(Q) where Q is
a strongly pseudoconvex domain in C™ with smooth boundary). Then each
module map o : My — My is canonical.

In fact, from [DY1], one knows that there exists a function ¢ € L*(T™) (or
¢ € L*>°(09)) such that for each h € My, o(h) = ¢h. One can extend ¢
to a meromorphic function ¢ on D" (or Q) and ¢ is analytic on D™ \ Z(M,)
(or Q\ Z(M;y)) such that for each z € D"\ Z(M;) (or z € Q\ Z(My)),
a(h)(z) = ¢(z) h(z). From the above discussion one sees that the map o is
canonical.

Example 3.1.4 Recall that a submodule M of X is said to have the codi-
mension 1 property if dim M/[U,M] = 1 for each z € Q\ Z(M), where
U, = {p € C: p(z) = 0}. It is easy to check that if a submodule M
contains a dense linear manifold A with the Gleason property, then M has
the codimension 1 property, where the Gleason property means that for each
A= (A, ) € QN Z(M) if h(A) = 0 (here h € A), then there exist
hi, -+, hy, € A such that h = Z;L:l(zi —X)h;. Let o : My — Ms be a mod-
ule map and M, have the codimension 1 property. Then it is easy to verify
that the map o is canonical.

For the analytic Hilbert module X, we let A(2) denote the closure of all
polynomials in the operator norm. Then A(?) is a Banach algebra consisting
of analytic functions in X. It is easy to know that each C-module map extends
uniquely to an A(Q2)-module map.
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Example 3.1.5 Let My, Ms be submodules of X, and My N A(Q) # {0}. If
o : My — M is a module map, then the map o is canonical.

In fact, taking a nonzero p € M; N A(Q)), we define an analytic function é on
Q\ Z(p) by

V2 e Q\ Z(p).

For any h € M, there exists a sequence of polynomials {p,} such that {p,}
converges to h in the norm of X. It follows that pp, — ph in the norm of X.
This implies that for each z € Q\ Z(p),

a(ppn)(2) = pn(2)a(p)(z) — a(ph)(2) = p(z)o(h)(2).

Since pn(z) — h(z), one concludes easily that for any h € M; and every
z € Q\ Z(p), i

o(h)(z) = ¢(2)h(z).
Now let z be any point in Q\ Z(M;). Then there exists a function h € M;
such that h(z) # 0. We can define an analytic function ¢ on Q\ Z(h) by

5o = 200

The preceding discussion implies that
$(z) =(2), zeQ\(Z(p)UZ(h)).

This means that ¢ analytically extends to (2 \ Z(M), and for each h € M;
o(h)(2) = ¢(2)h(z), VYzeQ\ Z(M,).

Therefore, by Proposition 3.1.1, the map o is canonical.

For two submodules M7 and M of X, we say that M7 and M, are subsimilar
if there exist two canonical module maps o1 : M7 — My and oo : My — M,
with dense ranges.

The following is the main result in this section.

Theorem 3.1.6 Let My and Ms be two submodules of X. If My and My
are subsimilar, and hop—o(Z(M1)) = hon—o(Z(Msz)) = 0, then Mf = M§. In
particular, if My and Ms are AF-cosubmodules, then My, = Ms.

Remark 3.1.7 For a submodule M of X, the condition hon_o(Z(M)) = 0
simply says that the complex dimension of the analytic variety is less than
n—1, or equivalently that the codimension of this variety is at least 2. It is well
known that analytic varieties in C™ of codimension at least 2 are removable
singularities for analytic functions [KK]. We use the notion of the Hausdorff
measure to avoid the dimension theory of analytic varieties.
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The proof of Theorem 3.1.6 From Proposition 3.1.1, one sees that there
exist analytic functions ¢; on Q\ Z(M;) and ¢2 on Q\ Z(M;) such that for
each f € M; and each g € Mo,

o1(f)(z) = ¢1(2)f(2), 2 € Q\ Z(M1), and 02(g) = d2(2)g(2), 2 € Q\ Z(Ma).
Since
han—2(Z(My)) = hon—2(Z(Ms)) = 0,

the theorem [KK] on the removability of singularities implies that ¢; and ¢
can be analytically continued onto 2. Therefore, on 2, we have that

o1(f) =¢1f and oa(g) = ¢ag

for any f € M; and g € M>. From the above equalities and Leibnitz’s rule, it
is easy to check that Z(M;) = Z(Ms), and for each A € Z (M)

M\ = May.
Hence, by Theorem 2.4.1, it holds that
My = Ms.
In particular, if M; and M, are AF-cosubmodules, then M; = M,. This
completes the proof of the theorem.
We are now in a position to give some examples to illustrate applications

of Theorem 3.1.6.

Example 3.1.8 Let X be the Hardy module H*(D") (or H?(Q), where Q is
a strongly pseudomonades domain in C™ with a smooth boundary). If the sub-
modules My and Ms are quasi-similar and hop—o(Z(M1)) = hap—2(Z(Ms)) =
0, then My = Ms. In particular, if My and My are AF-cosubmodules, then
My = Ms.

Example 3.1.9 Let the submodules My and My of X have the codimension 1
property. If they are quasi-similar and hay—o(Z(M1)) = han—2(Z(Ms3)) = 0,
then My = Ms. In particular, if My and My are AF-cosubmodules, then
My = M.

Example 3.1.10 Assume that the submodules My and Ms of X have the
properties

MiN A(Q) #£0, ManN A(Q) #0, and hgn,Q(Z(Ml)) = hgn,Q(Z(Mg)) =0.

Then their quasi-similarity implies My = M$5. In particular, if M1 and My
are AF-cosubmodules, then My = M.
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To obtain the next example let us first state a theorem on ideals of polyno-
mials whose proof will be placed in the end of this section.

Let P be a prime ideal. The height of P, denoted by height(P), is defined
as the maximal length [ of any properly increasing chain of prime ideals

O0=FPChP---CP =P

Since the polynomial ring C is Noetherian, every prime ideal has finite height
and the height of an arbitrary ideal is defined as the minimum of the heights
of its associated prime ideals. For an ideal I, one has

dime Z(I) =n—1,

where [ = height(I) is the height of I, and dim¢ Z(I) the complex dimension
of the zero variety of I (cf. [DPSY, KK] or [ZS]). When ideals are a height
of at least 2, this condition guarantees that the zero variety of the ideal is a
han—o null set, and hence removable singularity for analytic functions [KK].

The following theorem was proved by Guo.

Theorem 3.1.11 Let I be an ideal of the polynomial ring C and I = pL be
its Beurling form. If p = p*p5? - - - pi* is the product of its prime factors, and
L= ﬂﬁzlLi a primary decomposition with their associated primes Py,--- , P,
then there exists an irredundant primary decomposition of I,

_ At+l
I=ntth;,

such that /I, = ppC for k=1,2,---t, and \/I, = P, for k > t.

Note that height of a prime ideal P equals 1 if and only if P is principal.
Theorem 3.1.11 thus implies the following.

Corollary 3.1.12 Let I = pL be its Beurling form. Then height(I) = 1 if
and only if p is not a constant. Equivalently, height(I) > 2 if and only if the
greatest common divisor GCD(I) = 1. In particular, height(L) > 2.

Remark. From Corollary 3.1.12, we see that Z(I) is a removable singularity
for analytic functions if and only if GCD(I) = 1.

The following example will show that one can reobtain the main result in
[DPSY] by using the characteristic space theory.

Example 3.1.13 Let Iy and Iy be ideals of polynomials with GCD(I;) =
GCD(Iy) = 1. If each algebraic component of their zero varieties meets €
nontrivially, then [I] and [I2] are quasi-similar if and only if I = I5.

In fact, by Corollary 3.1.12, we see that the ideals are a height of at least 2.
Note that the algebraic condition on the height of the ideals just guarantees
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that the zero varieties of the ideals are hsy, o null sets. From Example 3.1.10,
we see that
(L] = [L2]°.

Setting
J=1[L]°NC,

then for each A € ),
Iy = [Il],\ = ([Il]e)/\ - ([Il]e ﬂC)A = Ji.

By Corollary 2.1.3, J C I;. This implies that I; = J. The same reasoning
shows that Is = J, and hence I; = I, completing the proof.

The proof of Theorem 3.1.11 Let I = ﬂ;vzllj be an irredundant primary
decomposition of I. For each k(1 < k < t), we claim that there is some
positive integer m such that every element of I,,, is divisible by px. In fact, if
for each m there exists some element ¢, of I,,, that is not divisible by pg, then
q = q1q2---qn € I is not divisible by pi. This is not possible, and therefore
there is some m such that every element of I, is divisible by p;. Note that
Py is a prime polynomial, and hence each element of /I, is divisible by ps.
Since v/I,, is prime, this ensures that

V I, = Pk:c

Now we may rearrange the order of Iy, I5,--- , Ix such that

\/Ik:pk(,’, ]{7:1,2,'~-t.

Now suppose that there is some k(> t) such that /T, is principal. Since /Ty,
is prime, there is a prime polynomial pg such that /I, = poC. It follows that
each element of [ is divisible by pg, and hence every element of I is divisible
by po. Since GCD(L) = 1, this means that p is divisible by py. Hence there
exists an 7 such that py = p;. This contradicts the fact that the primary
decomposition I = ﬁ;-v:ll ; is irredundant. Therefore, v/I) is not principal if
k > t. Let J be an ideal of polynomials. Then by [ZS, Vol(I), p. 210, Theorem
6] or [AM, Theorem 4.5], a prime ideal P is the associated prime ideal of J
if and only if there exists an element = of C such that P = v/J : z. Now for
each associated prime ideal P; of L, there exists an element x; € C such that
P; = +/L: x;. From the equality

\/L::E,- = \/pL:pa:,»,

P; are the associated prime ideals of I for ¢ = 1,--- |I. Furthermore, assume
that @ is an associated prime ideal of I, and @ is not principal; then there
exists an element = € C such that

Q=vIie= Lz
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Since @ is not principal, there is a set {q1, - ,¢.} of generators of @) such
that GCD{q1, -+ ,¢-} = 1 and r» > 2. Consequently, for each g¢;, there is a
positive integer k; such that qfx € pL fori=1,2,---,r. Since

GCD(qfl7 anT) = 17

this ensures that z is divisible by p. Thus, there exists an element y € C such
that £ = py. We thus have that

Q:\/pL:x:\/pL:py:\/L:y.

Therefore, @ is equal to some P;. From the above discussion, there exists an
irredundant primary decomposition of I,

At
I=nh

such that /T, = piC for k=1,2,---t, and /I, = P, for k > t. The proof of
the theorem is complete.

3.2 Rigidity for quotient modules

While the study of canonical models for contraction operators on Hilbert
space has been fruitful and useful [NF] this can be said for multi-variate analo-
gies. Besides the troubling existence problem, there is also the nonuniqueness
of models when they do exist. Douglas and Paulsen’s module theoretic ap-
proach [DP] provided, in part, multi-variate analogies. In this section, we will
examine some special cases in which the canonical model is unique. Using
module theoretic language, this means that quotient modules are necessarily
equal if they are unitarily equivalent (similar or quasi-similar).

Let M; and M> be two submodules of analytic Hilbert module X, and
M; O M. Then we form the quotient module M;/Ms on the ring C. The
module action is given by p - (h + My) = ph + Ms. It is easy to see that
this action is bounded. In the following we will give a coordinate free method

to deal with rigidity of quotient modules. The next theorem is due to Guo
[Guol].

Theorem 3.2.1 Let My and My be two submodules of X. If X/M; and
X/My are quasi-similar, then M{ = M$. In particular, if My and My are
AF-cosubmodules, then My = Ms.

Proof. Let { M} }nea be the collection of all finite codimensional submodules
containing M. If o : X/M; — X/Mj is a C-module quasi-similarity, then
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there exists a collection of submodules of X, {M§},ea, each of which contains
Mo, so that o induces the following quasi-similarity:

o: My/My — M$ /My, «€A.
This implies that ¢ induces again a C-module quasi-similarity for each a:
O @ X/M — X/M5'.

Since M{* is of finite codimension, Ms* is finite codimensional.
For a submodule M of X, let Ann(X/M) denote the annihilator of X/M,
that is,

Ann(X/M)={peC:p-2=0,YT € X/M}.
Then Ann(X/M) is an ideal of C. In particular, if M is of finite codimension,
then by Theorem 2.2.3 Ann(X/M) is of the same codimension as M, and
[Ann(X/M)] = M.
Since each o, is quasi-similar, this gives

Ann(X/M7) = Ann(X/M3),
and hence
MY =M35, acA.

This implies that M{ D M5. The same reasoning shows that M5 D My, and
hence we have My = M5.

In particular, if M7 and My are AF-cosubmodules, then clearly My = Mo.
This completes the proof of the theorem.

By Theorem 3.2.1 and the proof of Example 3.1.13, we immediately get the

following.

Corollary 3.2.2 Let I; and Iy be ideals of polynomials such that each alge-
braic component of their zero varieties meets Q nontrivially. If X/[I1] and
X/[Is] are quasi-similar, then Iy = I.

For the analytic Hilbert module X, we define the multiplier ring M () of
X by

MQ)={fe€Ho): fre X,VeeX}.

It is easily checked that
XD M) DAQ) DC.

Theorem 3.2.3 Let My and Ms be two M (2)-submodules of X generated by
multipliers. If X/M; and X /My are quasi-similar over M (Q), then My, = M.
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Proof. By quasi-similarity, the equality Ann(X/M;) = Ann(X/Ms) is im-
mediate, where Ann(X/M;) denote annihilator of X/M;, that is,

Ann(X/M;) ={feM®Q): f-2=0, Vi € X/M;}, i=1, 2.
By the assumption it follows easily that

The proof is thus completed.

Let M; and My be two submodules of H?(D"). Douglas and Foias [DF]
proved that H?(D")/M; and H?(D")/M, are unitarily equivalent only if M;
and M> are equal. The techniques used in the proof of this result are strictly
restricted to the polydisk since they depend on the fact that the coordinate
functions are inner, which implies that the operators defined by the coordinate
multipliers are isometries. Up to similarity or quasi-similarity, uniqueness of
Hardy-quotient module remains unknown. Moreover, although there exist a
lot of inner functions in the unit ball B, of C™ [Rud], it is never obvious to
extend Douglas-Foias’s result to H?(B,,).

Below we present Douglas and Foias’s result.

Theorem 3.2.4 (Douglas-Foias) Let My and My be submodules of H?(D").
Then H?/M; and H? /My are unitarily equivalent only if My = Ms.

Proof. For a submodule M of H?, we identify H?/M with H?> & M. Then
the action of the ring C on H? © M is given by

p-h = Py2onph,

where P20,/ is the orthogonal projection from H? onto H? © M.
Set
Ny =H?6 M,, Ny,=H?6S M.

We let V : N; — N5 be a unitary equivalence. To obtain the desired result
we will proceed by induction on n recalling first the proof for the case n = 1.
If we set K1 = V2" N1, then we can extend V to K7 by defining

V(D 2hm) =Y 2"V (h).

This is the fundamental construction [NF]. It is clear that V' takes K; onto
K5, the corresponding space defined using N», and both K; and K, are re-
ducing subspaces for M, since

M:(D 2" hm) = MZho+ Y 2" b1,

which is in K; because M} hg is in N3 C K;. The analogous argument holds
for K5. Moreover, it follows that V' is a unitary operator on H?(D) which
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extends V. Finally, since

(V'M)M"™h =V'M™ ' h = MV
= M, (M"Vh) = (M, V')M™h

for h in N7, we see that
V'M, = MV’

and hence V' = p I for a complex number p, |u| = 1, and M7 = M.

Now suppose n = 2 and we have extended V to V' | a unitary operator
from K onto K. This time K; and K3 need not be all of H?(D?). Again K
and Ky are reducing subspaces for M,. Moreover, K; and Ks are invariant
subspaces for M. This follows for K; because

ML M ) = MM hy,
is in K since M, M} = M} M, and Nj is invariant for M. The proof for K,

is the same. We now repeat the previous construction to extend V' : K; — Ky
to a unitary operator V" on H?(D?) by setting

V(> M hy) =Y MZV hay,
for {hp} C Ky for m=0,1,---.

Since VMK, and VM Ko are reducing subspaces for both M, and M,,,
it follows that each is equal to H?(D?). That V" extends V is obvious. Finally

we have
(V' M) M h = V' M+ th = M2 V'
= My(M'V'h) = (M, V" )M 'R
and

(V' M)Mh = V" MIM.h = MJ'V' M. h
= MIM.V'h = M.MJV'h = (M. V)M

for h in K. Therefore, we see that V" commutes with both M, and M,,
which implies that V" = p I for some complex number p with |u| = 1, and
that My = M,. This completes the proof for the case n = 2.

The preceding is the induction step necessary to establish the result for
all n. To see that, suppose V has been extended to V*) from the re-
ducing subspaces for k-tuple {M,,,M,,, -, M., } generated by N; to the
corresponding space generated by Ns. Then we repeat the above construc-
tion to obtain V*+1)  where the k-tuple {M.,,, M,,,--- , M., } is replaced by
{M.,,M.,,--- ,M,,, M., }. This proves the theorem.
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3.3 Rigidity for Hardy submodules on the polydisk

In the preceding sections, we studied rigidity of general analytic submod-
ules. In this section we will concentrate attention on the case of Hardy sub-
modules on the polydisk. As we have previously seen, rigidity depends heavily
on properties of zero varieties. When zero varieties meet domains nontrivially,
then the problem can be solved by using characteristic space theory. However,
when the common “zeros” of submodules lie on boundary of domain, the prob-
lem becomes quite complex. Results in this section are restricted to Hardy
submodules on the polydisk. By the same reasoning, the results are also valid
for Hardy submodules on the ball. However, for general domains, the diffi-
culty lies with the lack of corresponding results on the boundary behavior for
analytic functions.

First we begin with the following observation. By the Beurling theorem,
each nontrivial submodule M of the Hardy module H?(D) has a unique rep-
resentation

M =nBH?*(D) = nH?*(D) N BH*(D),

where 7 is the singular inner function and B the Blaschke product. The “ze-

ros” of the submodule lying on the boundary T depend on the singular com-
ponent nH?(D). From [Gar] or [Hof], we see that the singular inner function
7 is determined by a singular measure o, on T. Although higher dimensional
Hardy submodules have no Beurling form, we can define the relevant analogue
of the singular component of submodules.

Let N(D™) denote the Nevanlinna class defined in [Rul]. Then for each
f € N(D"), f has radial limits f* on T™ a.e. Moreover, there is a real
singular measure do; on T" determined by f such that the least harmonic
majorant u(f) of log|f]| is given by

u(f) = P.(log|f*| + doy),

where P, denotes Poisson integration. Use N, (D™) to denote the class of
all f € N(D") for which the functions log™ |f,.| form a uniformly integrable
family. Therefore

HP(D") C N.(D")

for any p > 0. Furthermore, by [Rul, Theorem 3.3.5],

N,(D") = {f € N(D") : dos < O}

For M a submodule of H?(D"), let Zs(M) be the singular component of
M on T, defined by

ZB(M) :inf{—dof s feM, f 7& 0}.
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As shown by Douglas and Yan [DY1], the singular component Zj is directly
related to rigidity of Hardy submodules.
We recall that a submodule M of H?(D") satisfies the condition (%), if

(1) hgn_Q(Z(M)) =0 and

(2) Zo(M) =0.
Remark 3.3.1 From [Rul, Theorem 3.3.6], we see that for a function
f € H*(D"), dof = 0 if and only if for almost all w € T™, the inner fac-
tor of the slice function f,,(z) = f(zw) is a Blaschke product. Hence if there

is such a function in M, then Zg(M) = 0. In particular, if M N A(D™) #£ 0,
then Zo(M) = 0, where A(D™) is the polydisk algebra.

We can now state Douglas and Yan’s technical result [DY1], whose proof can

be found in [DY1].

Theorem 3.3.2 (Douglas-Yan) If M satisfies the condition (1) in (%), and
¢ € L>®(T"), then ¢ M C H?(D") if and only if ¢ € N(D"™) N L>°(T") and
doy < Zo(M). Moreover, if M satisfies (x), then ¢ M C H*(D™) if and only
if 6 € H(D™).

Before giving applications of Theorem 3.3.2, we need a lemma.

Lemma 3.3.3 If My and Mo are submodules of H*(D"™) and A : My — My is
a module map, then there exists a function ¢ € L>°(T™) such that A(h) = ¢h.

Proof. Set
D = {ijh : n are inner functions and h € M }.

It is easy to check that D is a dense linear subspace of L(T"). We define a
map R
A: D — L*(T")
by R
A(ih) = nA(h).
Since A is a module map, the definition is well defined. From the relation

IA@) | = A < 1Al 701,

we can extend A to a bounded map from L?(T") to L*(T"). Also, we denote

this extension by A. It is obvious that A satisfies
AM, = M, A
for any g € L*°(T"), and hence there exists a function ¢ € L°(T") such that
A= My.
This ensures that A(h) = ¢h for any h € M;.

As direct consequences of Theorem 3.3.2, Douglas and Yan [DY1] obtained
the following.
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Corollary 3.3.4 If M and N are quasi-similar and M satisfies (x), then
N C M. Furthermore, If M and N satisfy (x), then M and N are quasi-
similar only if M = N.

Proof. Since M and N are quasi-similar, there exists a function ¢ € L>(T")
such that ¢ M is dense in N. By Theorem 3.3.2, ¢ € H>°(D"). It follows that

N =¢M C M.
The remaining case is obvious.
Corollary 3.3.5 Let M, N be submodules of H*(D"™) satisfying
(1) hon—2(Z(M)) = han—2(Z(N)) = 0;
(2) Zo(M) = Zs(N).
If M and N are quasi-similar, then M = N.

Proof. From Theorem 3.3.2, there exists a function ¢ in N(D™) N L>(T™)
such that ¢M is dense in N. For any f € M, ¢f = g in N, and hence we
have

dog +doy = doy,

that is,
doy + (—doy) = —doy.

It follows easily that
dog + Zy(N) < Zy(M).

This implies that doy < 0. From [Rul, Theorem 3.3.5], it follows that
log |¢(2)| < P.(log|¢*|).
This yields ¢ € H>(D"). Thus,
N =¢M C M.

Using the same reasoning we conclude M C N, and hence M = N, completing
the proof.

From Corollary 3.3.4, one sees that when M satisfies (x), each submodule
which is quasi-similar to M is necessarily contained in M. Hence before
continuing we will introduce some concepts for submodules. Let M be a
submodule of H?(D"). We recall that

(1) M is podal if each submodule that is unitarily equivalent to M is a
submodule of M;

(2) M is s-podal if each submodule that is similar to M is a submodule of
M;
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(3) M is quasi-podal if each submodule that is quasi-similar to M is a
submodule of M.

By the definitions, podal submodule, s-podal submodule and quasi-podal
submodule are the maximum in their unitary orbit, similarity orbit and quasi-
similarity orbit, respectively. The reader easily verifies that the following
inclusions are true:

{all quasi-podals} C {all s-podals} C {all podals}.

Now by Corollary 3.3.4, one sees that if M satisfies (x), then M is quasi-podal,
that is, M is the maximum in its quasi-similarity orbit. Although each podal
submodule M is the maximum in its unitary orbit orb, (M), the next example
will show that not every unitary orbit has the maximum.

Example 3.3.6 Considering the Hardy module H?(D?), it is easy to verify
that the submodules [z + 3w] and [w + 12] are unitarily equivalent because

2+ 2] = Jw + 24

on T?. Assume that there is the podal submodule M in the unitary orbit
orby([z + 3wl]). Then

1 1
[z+§w]gM and [w+§z}§M

and therefore the functions z and w are in M. Thus,
M D M.

where My = {f € H?(D?) : f(0,0) = 0}. This means that M = My, or
M = H?(D?). Note that rank([z + w]) = 1, but rank(My) = 2. This implies
that M # My. Since both [z + Fw] and H*(D?) are homogeneous principal
submodules, by Theorem 2 in [Yani] or Corollary 4.2.7 in Chapter 4, we see
that [z+3w] and H?(D?) are not unitarily equivalent, and hence M # H?*(D?).
This shows that the unitary orbit orb,([z + $w]) has no mazimum. Notice the
inclusion

orby([z + %w]) C orbs([z + %w]),

where orbs denotes the similarity orbit. This example also shows that the
inclusion is strict because H*(D?) is the s-podal point in orb,([z + w]).

Proposition 3.3.7 Let M be a submodule of H*(D"), and ¢ € L (T"). If
oM C M, then ¢ € H>*(D™).

Proof. By using an idea of Schneider [Sch], as done in the proof of Proposition
3 in [ACD], one can show that ¢ € H>°(D"). Here we give a proof that is
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slightly different to that. First we may assume |¢| < 1 and pick a nonzero
f € M. For every natural number k, set g = ¢*f. Then we extend ¢* to
those z in D™ where f(z) # 0 by defining

0" (2) = gr(2)/ f(2).
Since
Gk+1/9k = Gk/Gk—1 =" =g2/91 = 1/ = ¢,
this implies that for any z ¢ Z(f),

¢"(2) = (¢'(2)".
Since
(0" f)(2) = ¢"(2)f(2) = P.[¢" f]
for z ¢ Z(f), one sees that
(' (2)*F(2) < Po[l6" FI] < P.[|f]]

for each natural number k. This implies that |¢!(z)| < 1 for each 2 ¢ Z(f).
Now the fact that ¢(z) = ¢'(z) is analytic in D" follows from Hartogs’ the-
orem, and hence ¢ is a bounded analytic function in D™. The proof is com-
pleted.

Applying Proposition 3.3.7, we can modify an example given in [DY1] to
show that not every quasi-similarity orbit has a quasi-podal point.

Example 3.3.8 From [Ru3], there exist two functions f,g in H?*(D?) such
that

(1) |fI = lg| a.e. on T?;
(2) f/g is not the quotient of two H*> functions.

Then, obviously, [f] and [g] are quasi-similar. However, there exists no maxi-
mum in the quasi-similarity orbit orby([f]). If there were one, say M, then M
is principal. This means that there is a function h € H?(D?) such that M =
[h]. Now applying Proposition 3.3.7, there exist functions ¢1; ¢2 € H>(D?)

such that L
¢1[h] = [¢1h] = [f] and  ¢2[h] = [p2h] = [g].
Since
G2(p1h] = 2[f] and  ¢1[p2h] = ¢1[g],
this gives

[p1P2h] = [p2f] = [b19]-

Then by Proposition 4.4.1 in Chapter 4, or [Yanl], there is a Nevanlinna class
function r without zeros in D? such that

pof = P1g7.
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Because %¢2f = ¢19 this shows that 1/r is in the Nevanlinna class. Since
r% =1, this means that

do, <0 or doi <O0.

Therefore we may assume do,. < 0. Now combining the equalities |f| = |g|,
dof = ¢1gr and Proposition 2 in [DY1] give that ¢1r is in H*®. This thus
implies that f/g is the quotient of two H™ functions. This contradiction
shows that the quasi-similarity orbit orb,([f]) has no mazimum, that is, there
exists no quasi-podal submodule in orby([f]).

Before going on, recall that a function f in the Hardy module H?(ID) is outer
if and only if |g| < |f| a.e. on T, then fl|g, that is, there exists a function
h € H?(D) such that g = fh. Equivalently, f is outer if and only if for any
¢ € L>(T), the relation ¢f € H?(D) implies ¢ € H>°(D). Motivated by this
observation, we say that a function f € H?(D") is quasi-outer if |g| < |f] a.e.
on T", then f|g, that is, there exists a function h € H?(D") such that g = fh.
Then by the definition, f is quasi-outer if and only if for any ¢ € L (T"),
the relation ¢f € H?(D") implies ¢ € H>°(D).

This is different from the concept of outer function in the sense of Rudin
[Rul]. A function f is outer in the sense of Rudin if

log|f(2)| = P.[log|f]]

for some z € D™ and hence for all z € D™ (we call it R-outer). For conve-
nience, we say that a function f € H?(D") is outer separately if for each i,
flz1, ,2i21,2, %11, , 2n) is outer in H?(D) for a.e. fixed

n—1
(Zl,”',Zi_1,Zi+1,"',Zn)ET .

Obviously, in the case of n = 1, these concepts are identical. In the case
of n > 1, from the proof of Theorem 2 in [Izu], one sees that every R-outer
function is outer separately. In fact, R-outer functions are actually a sub-class
of separately outer functions; for example, z + w is outer separately, but not
R-outer. More general, by Sarason [Sar], for two inner functions 7, 73 in the
unit disk, 71(z) 4+ n2(w) is outer separately, but, in general, not R-outer.

The following proposition says that if a function is outer separately, then it
necessarily is quasi-outer.

Proposition 3.3.9 Let f in H?(D") be outer separately. Then f is quasi-
outer.

Proof. For simplicity, we only prove the case in two variables. Let ¢ €
L°°(T?) such that ¢f € H?(D?). For a.e. fixed w € T, since f(-, w) is outer
in H?(D) and ¢(-, w)f(-, w) € H*(D), it follows that ¢(-, w) is in H>°(D).
By the same argument, for a.e. fixed z € T, ¢(z,-) is in H*°(D). Therefore,
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for any z"w™ (n > 0) and @™z (n > 0),

(¢, 2"w™) = 2 ¢anmd91d92
md92
and
_ 1 _
(p,0"2™) = —— / dw™z™dh, db-
(2m) T2
Z"™db, w" dfy

It follows that ¢ € H?(D?) and hence ¢ € H°(D?). This shows that f is
quasi-outer, completing the proof.

Proposition 3.3.10 Let p be a polynomial in two variables. Then p is outer
separately if and only if Z(p) N (D x TUT x D) = 0.

Proof. In fact, if the condition is satisfied by p, then obviously p is outer
separately. Now assume that p is outer separately. If there is some point
(20, wp) € D x T such that p(zg,wg) = 0, by slightly perturbing wy on T and
using the continuous dependence of the roots on the coefficients, one deduces
that for each w near wy, there exists z € D such that p(z,w) = 0. This shows
that p is not outer separately. Therefore,

Z(p)ND x T = 0.
The same reasoning shows that
Z(p)NT x D= 0.

This completes the proof.

Below we will see that quasi-outer functions play an important role in the
study of rigidity of Hardy submodules.

Theorem 3.3.11 Assume that a submodule M satisfies the condition (x).
Then the submodule [f M] is quasi-podal if and only if f is quasi-outer.

Proof. First assume that f is quasi-outer, and a submodule N is quasi-
similar to [fM]. Then there exists a function ¢ € L°(T™) such that ¢[fM]
is dense in N. Then by Theorem 3.3.2, ¢f € H*(D"). Thus, ¢ € H>(D").
This ensures that N is a submodule of [fM]. We thus conclude that if f is
quasi-outer, then [fM] is quasi-podal.
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Now let [fM] be quasi-podal, and ¢ € L°(T") such that ¢f € H?(D").
Our aim is to prove that ¢ is in H*°(D"). We may assume that 1 < |¢| on
T"™; otherwise, we replace ¢ by ¢ adding a large positive constant. One can
thus establish a quasi-similarity:

My [fM] = [opfM]; Y : Mg-: [pfM] — [fM].
Since [fM] is quasi-podal, we see that

plfM] C [fM].

Applying Proposition 3.3.7 gives that ¢ is in H>°(D™). This proves that f is
quasi-outer.

Corollary 3.3.12 A principal submodule [f] is quasi-podal if and only if f
1S quasi-outer.

Combining Theorem 3.3.11 with Corollary 3.1.12, we have the following.

Corollary 3.3.13 Let I be an ideal of polynomials and I = pL be its Beurling
form. Then [I] is quasi-podal if and only if p is quasi-outer. In particular, if
GCD(I) =1, then [I] is quasi-podal.

Corollary 3.3.14 Let polynomial p be quasi-outer, and let the zero variety of
each prime factor of p meet D™ nontrivially. If [p] and [q] are quasi-similar,
then plq. Furthermore, if the polynomial q also satisfies these conditions, then
there exists a constant ¢ such that p = cq.

Similar to the proof of Theorem 3.3.11, we have the following.

Proposition 3.3.15 Let M be a submodule of H?(D"). If M contains a
quasi-outer function, then M is quasi-podal.

Before ending this section, we will look at the connection between Hankel
operators and s-podal submodules. For ¢ € L°°(T"™), the Hankel operator
Hy: H?(D") — L?(T") & H*(D") with symbol ¢ is defined by

Hyf = (I - P)¢f, VfeH*D"),

where P is the orthogonal projection from L?(T™) onto H?(D"). It is easy to
see that the kernel, ker Hy, of Hy is a submodule. By the Beurling theorem
[Beu], each submodule of H?(D) is a kernel of some Hankel operator. However,
in the case of n > 1, there is a submodule that is not contained in the kernel
of any Hankel operator. An example is to pick the s-podal submodule M =
[z+w], then M is not contained in the kernel of any Hankel operator. In fact,
if there exists some Hankel operator Hy such that M C ker Hy, then

(2 +w) € H*(D?).
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Since z 4+ w is quasi-outer, ¢ is in the H°°(D?), and hence Hy = 0. This
means that the s-podal submodule [z + w] is not contained in the kernel of
any Hankel operator.

This example, in fact, gives a general conclusion.

Proposition 3.3.16 Let M be a submodule. Then M is s-podal if and only
if M is not contained in the kernel of any Hankel operator.

Proof. Assume that M is s-podal, and M C ker H;. We may suppose that
|¢] > 1 on T"; otherwise, we replace ¢ by ¢ adding a large positive constant.
Then ¢ M is similar to M. Since M is s-podal, M C M. Applying Proposi-
tion 3.3.7 gives ¢ € H*(D"), and hence Hy = 0. Thus, M is not contained
in the kernel of any Hankel operator.

To prove the opposite direction we may assume that M is not contained in
the kernel of any Hankel operator, and a submodule NV is similar to M. Then
there exists an invertible function ¢ € L*°(T") such that N = ¢ M. This
deduces that M C ker Hy, and hence Hy = 0. Therefore, ¢ is in H>(D").
We thus obtain that N C M. This shows that M is s-podal.

Corollary 3.3.17 Let M = ker Hy. If the similarity orbit orbs(M) of M
contains the s-podal point N, then N = H?(D").

Proof. Let N be the s-podal point in the orbs(M). Then there is an invertible
function ¢ in L>°(T™) such that M = ¥ N. Since M C N, using Proposition
3.3.7 gives ¢ € H>(D"). Note that N = ker Hy,. By Proposition 3.3.16, we
see that ¢1p € H>°(D™). The relation ¢ip € H>°(D™) implies that ¢ € ker Hy,
that is, 1» € M. This ensures 1 € N, and hence N = H?(D").

The next example shows that not each similarity orbit has the maximum.

Example 3.3.18 Let f;g be as in Example 3.3.8, that is, |f| = |g| a.e. on
T2, and f/g is not the quotient of two H* functions. Take M = ker Hy,y.
Then orbs(M) contains no s-podal point. If there is the s-podal point N in
orbs(M), then by Corollary 3.5.17, N = H?*(D?). Since M is similar to
H?(D?), there is a function ¢ € L>(T") such that M = ¢ H*(D?), and hence
¢ € M. Thus,

f

J o0 ()2
[0 € H= (D)

This contradicts the fact that f/g is not the quotient of two H™ functions.
Therefore, orbs(M) contains no s-podal point. By a similar reason, one sees
that orb, (M) contains no podal point.
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3.4 Rigidity for Bergman modules

Let Q be a bounded domain in C". Recall that the Hilbert space L2(£2)
consists of all square integrable functions on 2 with respect to the volume
measure. The Bergman module L2(Q) on Q is the closed subspace of L*(Q)
which is spanned by all square integrable analytic functions.

For a bounded domain 2 on the complex plane, Richter proved that two
submodules of the Bergman module L2(§)) are unitarily equivalent only if
they are equal (in fact, Richter proved a stronger conclusion than stated here
[Ril]). Putinar proved an analogue of this result in the case of bounded
pseudoconvex domains in C™ [Pu2]. In fact, this result is easily generalized
to general bounded domains in C™.

Theorem 3.4.1 Let My and My be two submodules of L2(2). Then M is
unitarily equivalent to My only if My = M.

Proof. Let U : My — M, be a unitary equivalence. Suppose f € M;. We
have to show that f € M. This will imply that M; C M. By symmetry we
shall then have proved that M; = M.

We may assume that f # 0. Set g = U f. Then we have that

llafllz = llagll2

for any polynomial ¢, and it follows that

Lmuﬁuﬂaﬁ—mwmmm@:o
By the equality

1 L : :
pa=5(p+al* +ilp+ia” = G+ Dpf* = G+ 1laf*)

we get
%gQQEMﬂ@F—memma=o

for any polynomials p and g. Note that (|f(2)|? — |g(z)|*)dv(2) is a regular
Borel measure on 2, and it annihilates p(z)q(z) for any polynomials p and g.
It follows from the Stone-Weierstrass theorem that it annihilates C(€2), the
algebra of all continuous functions on €. Now applying the Riesz Represen-

tation theorem gives that

(1f(2)]” = lg(=)*)dv(z) = 0,

and thus f(z) = yg(z) for some constant v with |y| = 1. This gives the desired
result.
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From Theorem 3.4.1, one sees that there is not a multiplier ¢ of L2(Q)
such that MjMy = I (except constants). Indeed, if there is a multiplier ¢
satisfying the condition mentioned above, then it is easy to see that ¢L2(Q)
and L,(Q) are unitarily equivalent, and hence L2(Q) = ¢L2(Q2). From this it
is easy to deduce that ¢ is an invertible function in H*°(2). By the condition
mentioned above we have the equality Mq’; = My-1, and hence

PN KN = MjK\ =My K\ =¢ 'K,

for each A\ € Q, where K, is the reproducing kernel of L2(Q2). The above
equality ensures that ¢ is a constant. However, in the case of the Hardy space
H?(B,,) we have MM, = I for each inner function 7.

In fact, for the Bergman space L2(f2), we have a more general conclusion.

Proposition 3.4.2 If ¢1, ¢, -+ is a finite or infinite sequence of multipliers
of L2(Q) satisfying

My My, + Mg, Mg, + - =1,
then each ¢y, is a scalar constant.

Proof. For each A € Q, we have (¢, — ¢ (A))kx L ¢ (N)ky for all k, where
kx = Ky /||Kx|| is the normalized reproducing kernel of L2(€2). Consequently,

[ Mg kx> = [(dx — ¢u(N)Eall? + [k (M) > [dr(N)]*.

We thus conclude that

D10k < Y 1My, ks * = 1.
k k
By the assumption we have

<1,1>:/dV:Z<M;kM¢k1,1>:/Z|¢k(z)|2dv,
Q k Qg

and hence

/Q (1= lon(=)P)av = o.

k

The preceding reasoning implies that Y, |¢x(2)|> = 1 for each z € . Thus,

fori=1,---,n we have
Po1(2)|* | 0*|¢2(2) _19¢1(2) o 092(2) 2
9205 0mon T an | ey | =0

for z € Q). This means that each ¢y, is a scalar constant on €2, completing the
proof.
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This proposition is sharp in some sense. To show this we consider the Hardy
space H%(B,,), as one knows, on this space,

M M., +~~+M;Mzi +~~~+M§ann =1.

In general, characterizing the similarity of submodules seems a little diffi-
cult. Now we proceed in the case of the classical Bergman module L2 (D). Let
M be a submodule of L2 (D). If M contains a Nevanlinna function, then from
Theorem 13 [Zhu3], M is generated by an inner function. This means that
there is an inner function v such that

M = pH>(D).

Now we assume that M contains a Nevanlinna function, and N is a sub-
module that is contained in M.

Proposition 3.4.3 If M and N are similar, then under the above assump-
tion, there exists an inner function n such that N =nM.

Proof. Let A: M — N be a similarity. Note that there is an inner function
1) such that

M =y H>(D).
Set G = Av. Then it is easy to see that

Afzgf, for all fe M.
(G
Set G' = G /1. Then
N=G'M.
For A € D, we denote the reproducing kernel of M at A by K&M), and the
normalized reproducing kernel by kg\M). For A ¢ Z(%), Since

(@R =G,

we get

IG'(N)] < [I4].

This implies that G’ is analytic and bounded on . We decompose G’ = nF,
where 7 is the inner part of G’, and F, the outer part of G’. It follows that
there exists a positive constant p such that

plfIF< NG fI < IFFIl for every  f € M.

This says that the multiplication operator Mg is bounded below on M, and
hence the space F'M is closed. Since F' is outer, there exists a sequence of
polynomials, {p,}, such that, in the norm of H?(D),

Fp, —1, as n— oco.
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Also note that the inequality

A< ILA1

for every f € H?(D), where || - ||" is the norm of H?(D). Therefore, in the
norm of L2(DD),

Fpnpf = 4f, as n — oo,

for each f € H*> (D). Thus,
FM = M.

From this it is easy to derive that F' is an invertible function in H*°(D). The
above discussion gives that
N =nM.

Combining Proposition 3.4.3 and Proposition 22 in [MSu], we can deduce
the following result which first appeared in [Bou].

Corollary 3.4.4 Let M be a submodule of L%(D). Then M is similar to
L2(D) if and only if there exists the product of finitely many interpolating
Blaschke products, B, such that M = BL?(D).

3.5 Remarks on Chapter 3

“Rigidity phenomenon” appear in the study for analytic Hilbert modules
in several variables. From an analytic point of view, appearance of these phe-
nomenon is natural because of the Hartogs phenomenon in several variables.
From an algebraic point of view, the reason may be that the submodules are
not singly generated.

Two earlier results on inequivalent submodules of the higher dimensional
Hardy module appeared in [BCL] and [Ha2]. Agrawal, Clark and Douglas
introduced the notion of unitary equivalence of Hardy submodules [ACD] and
made a deep investigation. There is an extensive literature on “rigidity”; cf.
[AS, CD1, CDo2, Dou, DP, DPSY, DPY, DY1, Guol, Guo2, Guo4, Guos,
HG, HKZ, Pu2, Yan2].

Section 3.1 is mainly based on Guo’s paper [Guol], except Theorem 3.1.11
and Corollary 3.1.12. Theorem 3.1.11 is due to K. Y. Guo (an unpublished
result). Corollary 3.1.12 was proved in [Guo8]. Concerning Example 3.1.13, it
was first obtained by Douglas, Paulsen, Sah and Yan [DPSY], where its proof
is based on the characteristic space theory (see [Guol]).

Theorem 3.2.1, Corollary 3.2.2 and Theorem 3.2.3 are all from [Guol]. For
Theorem 3.2.3, Yang proved the case of the Hardy module over the polydisk
[Ya5]. Theorem 3.2.4, including its proof, comes from [DF].
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Theorem 3.3.2, Corollary 3.3.4 and Corollary 3.3.5 appeared first in [DY1].
For Lemma 3.3.3 and Proposition 3.3.7, there are several different proofs; here,
the proofs are given by us. Example 3.3.6 is due to Guo [Guo8]. Proposition
3.3.9 appeared in [Guol]. Proposition 3.3.10 seems to be new. Theorem 3.3.11
and Corollaries 3.3.12, 3.3.13 and 3.3.14 were obtained in [Guo8]. In [Guo§],
Propositions 3.3.15, 3.3.16 and Corollary 3.3.17 were also proved. Example
3.3.8 (Example 3.3.18) is a modification of an example given in [DY1] to show
that not each quasi-similarity (similarity) orbit contains the maximum.

In the case of domains in the complex plane, Theorem 3.4.1 is a special case
of the rigidity theorem by Richter [Ril]. In the case of bounded pseudoconvex
domains, this theorem appeared in [Pu2]. A more general rigidity theorem
for Bergman submodules was proved in [GHX]. Proposition 3.4.2 is a special
case of a general result in [GHX]. Although Proposition 3.4.3 is new, its
proof comes essentially from [Bou]. Corollary 3.4.4 was given in [Bou]. For
a different proof of Corollary 3.4.4, see [Zhu2]. We refer the reader to [Zhul]
for operator theory in function spaces.
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Chapter 4

Equivalence of Hardy submodules

In this chapter we will give a complete classification under unitary equivalence
for Hardy submodules on the polydisk which are generated by polynomials.
Furthermore, we consider classification under similarity for homogeneous sub-
modules. We note that the techniques used for the polydisk are also available
for the ball. This chapter is mainly based on Guo’s paper [Guo2].

Hastings’s example shows that the submodule [z + w] is not quasi-similar
H?(D?) [Ha2]. Therefore, deciding when the principal ideals {p} = pC and
{q} = ¢C give equivalent submodules must involve more analysis since all
principal ideals are isomorphic as modules. Douglas, Paulsen and Yan also
point out that the equivalence problem is, in general, quite difficult [DPY].

Let us recall Yan’s work [Yanl]. Let p; ¢ be two homogeneous polynomials.
Yan proved that [p]; [¢], as the submodules of H?(D"), are unitarily equivalent
if and only if there exists a constant ¢ such that |p| = ¢|g| on T"; similar if
and only if the quotient |p|/|¢| is bounded above and below on T™. While in
the case of the unit ball B”, Chen and Douglas [CD1] proved that [p] and [¢]
are quasi-similar only if p = ¢q for some constant c. From the fact mentioned
above one finds that the classification of submodules depends heavily on the
geometric properties of domains.

To exhibit main results let us begin with preliminaries associated with func-
tion theory in polydisks.

4.1 Preliminaries
The Nevanlinna class N(D™) consists of all f € Hol(D™) that satisfy the

growth condition

sup / log™ | f|dm,, < oo,
0<r<1 n

where, as usual, f.(w) = f(rw) for w € T". That is, the functions log™ | f|
are required to lie in a bounded subset of L'(T™). Recall that the function
log"z =logzifz > 1, and log" z =0if z < 1.

The Smirnov class N, (D™) consists of all f € N(D"™) for which the functions
log™ |f,| form a uniformly integrable family. This means that each € > 0
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should correspond with a § > 0 such that m,(E) < ¢ implies

sup / log™ | frldm, < e.
0<r<1JE

As shown by [Rul], for each f € N(D") and f # 0, log|f| has a least n-
harmonic majorant which will be denoted by u(f). From [Rul, Theorem
3.3.5], every f in N(D™) has radial limits f* defined on T" a.e. Moreover,
there is a real singular measure oy on T™ determined by f such that the least
harmonic majorant u(f) is given by

u(f)(z) = P.(log | f*| + doy),
where P, denotes Poisson integration. In particular, f € N,(D") if and only
! doy <0.
Proposition 4.1.1 Let f; g € H*(D"), and f # 0. If there is an analytic

function h such that f = gh, then h € N(D"). In particular, if g € A(D"™),
then h € N,.(D").

Proof. Since f,g € H*(D"), we see that log|f,| and log |g,| lie in a bounded
set in L'(T™) for 0 < r < 1. From the equalities

log |fr| = log |9r‘ + log |hr’|a
one derives
| log |h.|| < [log|f:|[ + [log|g-||-
Thus,

sup/ |log |h.||dmy, < o0,
o<r<i1 n

and therefore, h € N(D").

When g € A(D™), then the slice function g,, has no singular inner factor,
and hence from Theorem 3.3.6 [Rul], we have that do, = 0. Since

doy = dog + doy,

this ensures that
dCTh = dO'f S 0.

Applying Theorem 3.3.5 (2) in [Rul], we see that h € N,(D"). The proof is
complete.

Let f € N,(D"). We say that f is R-outer (in Rudin’s sense) if

08 (0 = | 1og]f*ldm,
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From the definition, f is R-outer if and only if

log |f(2)| = P.(log|f*]).
The importance of R-outer functions is based on the following proposition.

Proposition 4.1.2 Let f, g € N.(D"), and g be R-outer. If |f| < |g| a.e. on
T, then |f(2)| < |g(2)| for each z € D™.

Proof. Applying inequalities

log |f(2)] < u(f) < P.(log|f|)
< P, (loglg|) = log|g(2)I,

the proposition follows.

Proposition 4.1.3 Let f € A(D™). If g is a cyclic vector in [f], the submod-
ule of H2(D™) generated by f, then there is R-outer functions r1 and ro such
that

g=rif, [=rag.

Proof. Since the submodule [f] is also generated by g, that is, [f] = [g], then
by Theorem 2.3.3, there are analytic functions r; and ry such that

g=rif, [=rag.

By Proposition 4.1.1, r; € N,(D"). Defining the functional, A, on H?(D") by

A(h) :/ log |h*|dmy, — log |h(0)|,

then
A(hp) = A(h) + A(p) = A(h)

for each polynomial p. If h € [f], then there exists a sequence {p,,} of poly-
nomials such that A = lim fp,, in the norm of H?(D"). According to Lemma
4.4.5 in [Rul], A is upper semicontinuous on H?(D"), and hence

A(h) = A(f)
for each h € [f]. Therefore,

A(g) = A(f).
The same reasoning shows

A(f) = A(g)
Therefore we get that

A(f) = Alg)
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Note that
A(g) = A+ [ toglrildm, ~ log | (0]
This gives that
log 1 (0) = | Togrilam,.

and hence r; is R-outer.
Applying Proposition 4.1.1, we see that 7o € N(D"). From the equality
r1(2)r2(z) = 1 and the fact do,, = 0, one gets

do,, =0,

and hence 1 € N,(D"). Since 71 is R-outer, it is easy to derive that ro is
R-outer from the equality ri7mo = 1.

The following theorem comes from [Guo2].

Theorem 4.1.4 Let f = p/q be a rational function on a domain Q(C C"),
where p and q are without common factors. If f is analytic on €, then we

have Z(q) N = 0.
Proof. In fact, if there is a A € Q such that ¢(\) = 0, then
p(A) = f(A)q(A) = 0.
Let p;** be the primary factors of p with A € Z(p;), i =1,2,--- ,s. Then by

Theorem 2.1.1 and Theorem 3.1.11, we see

my , 1Mo

{p}S ="y - pitt - pdeC,

where {p} is the ideal of C generated by p, and {p}5 is the envelope of {p}
at A\. Let {p} and {fp}, be the characteristic spaces of {p} and {fp} at A,
respectively, where {fp} is the ideal of Hol(D™) generated by fp. Since

{phr = {fatr D {a}n,
we have
{p}s c{ais
Thus,
p;nlpgn’z P .p:r“ .. .pl;nsc C q?lqg2 PR q?’ PR q?tc7
where ¢;'* are the primary factors of ¢ with A € Z(¢;), i =1,2,--- ,¢. Therefore
there exists a polynomial 7 such that

mq 1Mo MG Ms ny n2 g n¢
pl p2 ...pi‘...psg_rql q2 ...qil...qt .

This is contradictory to our assumption. This completes the proof.

Let f € Hol(D™). For each w € T™, the slice function f,, on D is defined
by fuw(z) = f(zw), Vz € D.

The next theorem appeared in [Guo2]. It is a modification of Theorem 5.2.2
in Rudin’s book [Rul].
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Theorem 4.1.5 Let f be in the Nevanlinna class on D™, and let the slice
functions f., be rational (in one variable) for almost all w € T™. Then f is a
rational function (in n variables).

Proof. First of all, for a rational function r = p/q in one variable, we define
the degree of r to be the maximum of deg p, deg ¢, provided that the common
factors of p, ¢ have first been cancelled. If for almost all w € T", deg f,, =0,
it is easy to verify that f = c¢ for some constant ¢. Thus, without a loss of
generality, we assume that there exist a subset E of T" with m,,(F) > 0 and
a natural number k£ such that deg f,, = k for each w € E. This means that
fw(z) is uniquely written as

_ Br(w)zF + Br_1(w)zF~1 + -+ Bo(w)
B ap(w)zk + ap_1(w)zkF=1+ .-+ 1

fuw(2)

forevery w € E. Let f = Z?io F; be the homogeneous expansion of f. Hence
for every w € F, the infinite system of linear equations

Fr(w) 4+ Fog(w)zy + -+ Fp—p(w)zg, =0, (m > k)

has a unique solution (ay(w),as(w), -+ ,ar(w)). This uniqueness ensures
that the vectors

vm(w) = (Fp1(w), -, Fpg (W), (m > k)

span all of C* for each w € E. Now let wy € E. It follows that there
exist vectors vy, (Wo), Um, (Wo), -+, Um,, (wo) which are linearly independent.
Consider the determinant r(w) of these k vectors vy, (w), Um, (W), -+, vy, (w).
Then r(w) is a polynomial and r(wg) # 0. Notice that Z(r) N T" is a null-
measurable subset of T". If we write E’ for E — Z(r) N'T", then

mn(E') = my(E) > 0.
On E’, we can use the corresponding k equations
Fmt(w) + Fmt—l(w)xl +oeeet Fmt—k(w)‘rk = 07 (t = la 27 e ak)7

to solve for the «;. By Cramer’s rule, there are rational functions hq, ho, - - - , hg,
whose denominators have no zero on E’, such that «;(w) = h;(w) for all
wekFE,i1=1,2---,k The equalities

hi = Fi+ Fi_thi + -+ Fohi, (1=0,1,-- k),

then define rational functions hy, b7, - - - , h), whose denominators have no zero
on E’, such that

e hb(w) + B (w)z - B ()2
fu(2) = flzw) = = +hi(w)z+- -+ hk(g)zk
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for w € E'. Since f is in the Nevanlinna class, f(w) = lim,_,1 f(rw) exist for
almost all w € T™. Tt follows that there exists a subset E” of E’ such that
my,(E") >0, and on E”,

Fw)(1+ hy(w) 4 + hg(w)) = ho(w) + ki (w) + - - + Iy (w).

Since h;, h; are rational functions for all ¢ and j, we multiply the two sides of
the above equality by a polynomial p so that the functions p(w)(1 + hy(w) +
<+ hg(w)) and p(w)(hy(w) + By (w) + -+ + hj(w)) become polynomials.
Therefore, there exist polynomials ¢; and ¢ such that on E”,

fw)g1(w) = g2(w).

By [Rul, Theorem 3.3.5], we see that E” is a determining set for Nevanlinna
functions. Therefore, for almost all w € T",

f(w)qi(w) = ga(w).

Thus, for every z € D™, we have

f(2)q1(2) = ga2(2).

Now assume that the common factors of ¢; and g have been cancelled, and
hence by Theorem 4.1.4, f(z) = ¢2(2)/q1(2) is a rational function and the
intersection Z(q;) N D™ = (), completing the proof.

The following is the polynomial version of Theorem 4.1.5; it was first proved
in [Guol] (see also [Guo2]).

Theorem 4.1.6 Let f € Hol(D"). If for almost allw € T, the slice function
fw(z) = f(zw) are polynomials, then f is a polynomial.

Proof. Let f = Fy + Fy + - -+ be f’s homogeneous expression. For almost all
w € T", since

fu(2) =Y Fo(zw) = Y Fy(w)2",

n=0 n>0

there exists a measurable subset E of T™ with m,,(E) = 1 such that, for each
w € E, there is a natural number n(w) which satisfies F,(w) = 0 if n = n(w).
Assume that there exist infinitely many Fj,, ---, Fy, , --- that are not zero.
Since

n?

s

Ec|)(Z(F)nT)

=1

and each Z(F,) N'T™ is null-measurable on T", this leads to a contradiction.
We therefore conclude that there exist only finitely many F)s with F; # 0,
that is, f is a polynomial. This completes the proof.

Remark 4.1.7 Let E be a subset of T" with positive measure. Then for
Theorems 4.1.5 and 4.1.6, we can change condition “for almost all w € T™”
into “for almost all w € E”; the conclusions remain true.
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4.2 Unitary equivalence of Hardy submodules on the
unit polydisk
In this section we will prove the following classification theorem that was

given by Guo [Guo2].

Theorem 4.2.1 Let I; and Iy be two ideals of polynomials, and let I, =
p1L1, Iy = paLs be their Burling forms. Then [I1] and [I2], as submodules
of H?(D™), are unitarily equivalent if and only if there exist two polynomials
q1, g2 satisfying Z(q1) ND™ = Z(g2) ND"™ = 0 such that [p1g1| = |p2gz| on T",
and [plLﬂ = [plLQ].

As an immediate consequence of Theorem 4.2.1, we have the following.

Corollary 4.2.2 Let p1, ps be two polynomials. Then principal submodules
[p1] and [p2] are unitarily equivalent if and only if there exist two polynomials
1, g2 satisfying Z(q1) ND™ = Z(g2) ND™ = 0 such that [p1q1| = [p2gz| on T™.

To prove Theorem 4.2.1, we need a lemma.

Lemma 4.2.3 Let I = p L be the Beurling form of the ideal I. If there is a
function ¢ € L°°(T™) such that ¢ I C H*(D"), then pp belongs to H*(D™).

Proof. By Corollary 3.1.12, we see that the submodule [L] satisfies the con-
dition (%) in Section 3.3. Since pp[L] C H?(D"), using Theorem 3.3.2 gives
that pp € H>*(D").

The proof of Theorem 4.2.1.
(=) By assumption, there is a unimodular function 7 such that

p1gq1 = Mp29q2-
Since each ¢; is a generator of H?(D") (see Proposition 2.2.13), we have
(1] = [p1La] = [p1L2] = [prg1La] = n[p2g2 Lo]
= nlpaLo] = (L]
and hence [I;] and [I3] are unitarily equivalent.

(<) Suppose that [I1] and [I2] are unitarily equivalent. Then by Lemma 3.3.3,
there exists a unimodular function 1 such that

nlh] = L.

Let {p2q1,- - ,p2qr} be a set of generators of I, and hence a set of generators
of [I5]. By Theorem 2.3.3, every function g(z) in [[2] has the form

9(2) = p2(2)7(2),
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where (z) is analytic on D™. From Lemma 4.2.3, np; € H*(D"). This
implies that for each f € L, there is a unique analytic function Ay on D"
such that

(mp1)(2) f(2) = p2(2)hs(2).
Now for f; € Ly, we define an analytic function on D™\ Z(f1) by

hi(2)
z) = .
¢f1 ( ) fl (Z)
For another fo € Ly, we also define an analytic function on D™ \ Z(f3) by
hy,(2)
z) = .
(bfz( ) fQ(Z)

Since

(mp1)(2)f1(2) f2(2) = p2(2)hy, (2) f2(2) = p2(2)hy, (2) f1(2), V2 € D,

we have that
d)fl (Z) = d)fz(z)v Vz e D" \ Z(fl) U Z(fQ)

The above argument shows that for any z € D" \ Z(L;), we can define

_ hs(2)
f(z)

for any f € Ly with f(z) # 0 and ¢ is independent of f, and ¢(z) is analytic
on D™\ Z(Lq).

From Corollary 3.1.12, height L; > 2, and hence by [KK], the zero variety
D™N Z(Ly) is a removable singularity for analytic functions. This shows that
@(2) extends to an analytic function on all of D™. Now we regard ¢(z) as an
analytic function on D™, and notice that for f € L,

(mp1)(2)f (2) = p2(2)p(2) f (2).

¢(2)

This yields that

(p1)(2) = p2(2)9(2).
Also notice that

nllz] = [11].

Just as in the above discussion, there is an analytic function ¢(z) on D" such
that

(1p2)(2) = p1(2)¥(2).
Applying Proposition 4.1.1 gives that both functions ¢ and 1) belong to N, (D).
By the equality

(np1)(7Ip2) = p2p10Y,
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we have that ¢¢ = 1, and hence both ¢ and ¢ are R-outer.
Now let p(z,w) be the Poisson kernel for D™. Then

() = [ plevw) ) ()i (w)
This implies that

(o)) =1 [ plew) ) w)dm ) < [ plew)lps(w)ldmaw).
Set

A1) = [ ol wlp(w)ldm, (w).

Then p;(z) extends to a continuous function on the closure D™ of D", and
p1(w) = [p1(w)]

on T™. For each w € T", let (np1)i, be the radial limit of the slice function
(np1)w(2). Thus by the above inequality, one has that

(1), ()] < [prw ()],
Now by the equality
(np1)(2) = p2(2)9(2),

we get that

[p1w(e”)]
[p2w(e)]’
Just as in the above discussion, by the equality

(Mp2)(2) = p1(2)9Y(2),

b (e)] <

one has that | ( ‘0)|
; Paw(e’
Vo (e)] < 22
|thw (€*)] Prw ()]
Then from the equality ¢ = 1, the following is immediate:

oy, _ [P
|¢w( )| - |p2w(6i0)|.

Let us observe the fact that for a polynomial ¢ in one variable, then the outer
factor ¢’ of ¢ is also a polynomial, and |¢’| = |¢| on T. Now by Rudin [Rul,
Lemma 4.4.4], the slice functions ¢,, are outer for almost all w € T". Com-
bining the preceding observation and Proposition 4.1.2, there is a constant c,,
such that

)
e
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for almost each w € T", where p},,, P, are the outer factors of piy, Pow,
respectively (and hence are polynomials). This means that ¢,, is a rational
function in one variable for almost each w € T". Applying Theorems 4.1.4 and
4.1.5, there exist polynomials q;(2), g2(z) with Z(q1) ND"™ = Z(g2) ND™ =0

such that @)
q2(z
P(z) =
(2) )
Since np; = ¢p2, it follows that
Ip1g1| = |p292|

on T™.

Next we will show that [p1 L1] = [p1L2]. By the equality

|p1Q1| = |p2CI2|,

there is a unimodular function 7/, such that paga = 7'p1g1. Because each ¢;
is a generator of H?(D") for i = 1,2 we have

[I2] = [paLa] = [p2gaLe] = 1'[p1q1 L] = 1'[p1 La).

This implies that [I2] and [p; Ls] are unitarily equivalent, and hence [p;L1]
and [p; Lo] are unitarily equivalent. Therefore, there is a unimodular function
7 such that

nlp1L1] = [p1La].

Just as in the preceding proof, we see that there exists an R-outer function
@(z) such that

np1 = ¢p1,
and hence 1 = ¢. Note that
log |¢(2)| = P (log|¢|) = P.(log|n|) = 0

because ¢ is R-outer. This means that ¢(z) is a unimodular constant, and
therefore 1 is a constant. This gives that [p1Li] = [p1L2]. The proof is
completed.

Below is an example.
Example 4.2.4 Let
p(z,w) = z+w+2zw, q(z,w)=z+w-—2zw
be two polynomials on C2. Since on T2,
|z +w+2zw)(z+w—2)] = |(z +w — 2zw)(z + w + 2)|,

it follows that [p] and [q] are unitarily equivalent. In fact, they are all unitarily
equivalent to H?(D?) because |z +w + 2zw| = |z +w+2| on T? and z +w + 2
generates H*(D?).
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Corollary 4.2.5 Let p be a polynomial and let ¢ be a homogeneous polyno-
mial. Then [p] and [q] are unitarily equivalent if and only if there exists a
polynomial v with Z(r) ND"™ = @ such that |p| = |rq| on T". In particular, if
p, q are homogeneous, then [p] and [q] are unitarily equivalent if and only if
there exists a constant ¢ such that |p| = c|q| on T™.

Proof. By Corollary 4.2.2; the sufficiency is obvious. If [p] and [g] are uni-
tarily equivalent, then by Corollary 4.2.2; there exist two polynomials q1, ¢o
with Z(q1) ND"™ = Z(¢q1) N D™ = @ such that on T",

laq1| = [pgz|.

For any z € D", set
r(z) = ql(z)'
a2(2)

Since the slice functions q,,, g2, are outer in H 2(}D)), there exists a unimodular
constant ¢, such that for any z € D,

Q2w (Z)p(w) (Z) = Clew(Z)Q(w)v

where p(*)(2) is the outer factor of p,(z). Thus,

_awl) __ p()
Guw(z) " q(w)

T (2)

for almost all w € T™. Note that p(w)(z) is a polynomial. Theorem 4.1.6 thus
implies that r(z) is a polynomial, and Z(r) ND™ = . The remaining case is
obvious. This completes the proof.

One can compare the next example with Example 3.3.6.

Example 4.2.6 In this example we will look at whether the unitary orbit of
the submodules [z + aw] has the podal point, where a is a constant.

If a = 0, then obviously 2] is unitarily equivalent to H?(D?). If |a| = 1,
then the function z + aw is outer separately, and hence by Corollary 3.53.12,
the submodule [z + aw] is podal in its unitary orbit.

Now assume |a| # 0,1; then it is easy to verify that the submodules [z 4 aw]
and [w + &z are unitarily equivalent because

|z + aw| = |w + az|

on T?. For each such a, if there was the podal submodule M in the unitary
orbit orb, ([z + aw]), then

[z4+aw]C M and w4+ az] C M.
Therefore, the functions z and w are in M. This shows

MQMOa
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where My = {f € H*[D?) : £(0,0) = 0}. Hence M = My, or H*(D?).
Notice rank([z + aw]) = 1 and rank(My) = 2. This implies that M # M.
Because both [z + aw] and H?(D?) = [1] are homogeneous, then by Corollary
4.2.5, we see that [z+aw] and H?(D?) are not unitarily equivalent, and hence
M # H?*(D?). This shows that for each such o, the unitary orbit orb, ([z+aw])
has no maximum, that is, there exists no podal point.

Before giving the next corollary let us recall a theorem due to Rudin [Rul,
Theorem 5.2.6]. Set

Va={2€C": |z|>1, fori=1,2,--- ,n}.

Then by Theorem 5.2.6 in [Rul], a polynomial p is the numerator of a rational
inner function in D™ if and only if p has no zero in V;,.

Let p be a polynomial with Z(p)ND™ # (). We decompose p = p1ps such that
zero set of each prime factor of p; meets D™ nontrivially, and Z(py) ND™ = (.
Now define L(p) on C as follows: L(p) = 1 if Z(p) N D" = 0; L(p) = py if
Z(p)ND™ £ .

Corollary 4.2.7 Let I = pL be the Beurling form of the ideal I. Then [I]
and H?(D™) are unitarily equivalent if and only if L(p) has no zero in V,, and
L is dense in H*(D").

In particular, when n = 2, then [I] and H?(D?) are unitarily equivalent if
and only if L(p) has no zero in Va and L has no zero in D?.

Proof. From Proposition 2.2.13, each polynomial without zero point in D™
is a generator of H?(D™). This implies that

[pL] = [L(p)L].

Combining Theorem 4.2.1 with Corollary 4.2.5, we see that [L(p)L] and
H?(D") are unitarily equivalent if and only if there exists a polynomial r
with Z(r) ND" = () such that |L(p)| = |r| on T™ and L is dense in H?(D").
Since Z(r) ND"™ = @, r is a generator of H?(D"), and hence r is R-outer.
Then by Proposition 4.1.2, |L(p)(z)| < |r(z)| for every z € D™. This means
that the function L(p)/r is a rational inner function, and therefore by Rudin’s
theorem mentioned above, L(p) has no zero in V,,.

Conversely, if L(p) has no zero in V,,, then Rudin’s theorem implies that
L(p) is the numerator of a rational inner function. This means that there is a
polynomial r with Z(r) N D™ = §) such that the function L(p)/r is inner, and
hence |L(p)| = |r| on T™.

In particular when n = 2, by Lemma 2.2.9, the following two statements
are equivalent: (1) L has no zero in D? and (2) L is dense in H?(D?). This
completes the proof.

We have given several examples related to homogeneous principal submod-
ules. The next example will exhibit a nonhomogeneous case that seems more
interesting.
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Example 4.2.8 We consider the submodule |21 + 22 + ] of H?(D?), where o
is constant. If o = 0, then z1 + 29 is outer separately, and hence by Corollary
3.3.12 |21 + 23] is podal. If || > 2, then by Proposition 2.2.13, we have
[2’1 + 2o + Oz] = HQ(]D)Z).

Below we will show that for each «, 0 < |a| < 2, there exists no podal point
in the unitary orbit orb,([z1 + 22 + a]). For such an o, assume that there is
a podal point, say, M, in the unitary orbit orb,([z1 + 22 + «]). Since on T?,

|21 + 20 + | = |21 + 22 + @z 29),

this ensures that [z1 4+ 22 + & and [z1 + 22 + @z122] are unitarily equivalent.
From the inclusions

[214+ 22+ a] C M, [21+ 20+ a@z120] C M,

the function z122 — /@ belongs to M. By Proposition 2.2.13, M = H?(D?)
because Z(z122 — a/&) ND? = (). By unitary equivalence of [21 + z2 + o] and
H?(D?), applying Corollary 4.2.7 gives that the function z + 2o + « has no
zero in Va. Clearly, this is impossible, and hence [z1 4+ za+a] is never unitarily
equivalent to H*(D?). We conclude that the unitary orbit orb,([z1 + z2 + a])
contains no podal point if 0 < |a| < 2.

An ideal I is said to be homogeneous if the relation p € I implies that all ho-
mogeneous components of p are in I. Equivalently, an ideal I is homogeneous
if and only if I is generated by homogeneous polynomials.

Let I be homogeneous, and I = gL be the Beurling form of I. Then it is
easy to check that both ¢ and L are homogeneous.

The next corollary generalizes Theorem 2 in [Yanl].

Corollary 4.2.9 Let I, Is be homogeneous, and Iy = p1Ly, Is = paLo be
their Beurling forms. Then [I1] and [I3] are unitarily equivalent if and only if
there exists a constant ¢ such that |pi| = ¢|pa| on T"™ and Ly = Ls.

Proof. From Theorem 4.2.1, the sufficiency is immediate. Now assume that
[I1] and [I5] are unitarily equivalent. Then as in the proof of Corollary 4.2.5,
one sees that there exists a constant ¢ such that [p1| = ¢|p2| on T™. Note
that both p; Ly and p; Ly are homogeneous, and hence by [ZS, Vol(II), p. 153,
Theorem 9 and its corollary], each of their associated prime ideals is homo-
geneous. Now combining Theorem 2.2.8 with Theorem 4.2.1, the equality
[p1L1] = [p1L2] implies that p; Ly = p1 Lo, and therefore Ly = Lo, completing
the proof.

Now let us endow the ring C with the topology induced by the Hardy space
H?(D"). Tt is easy to see that studying the unitary equivalence of submodules
generated by ideals and by their closures is the same thing. For an ideal I,
we write I for the closure of I under the Hardy topology.

The following theorem is an equivalent form of Theorem 4.2.1.
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Theorem 4.2.10 Let I;,I, be two ideals of polynomials, and let I} = pi1L1,
Iy = paLs be the Beurling forms of their closures. Then [I1] and [I3] are
unitarily equivalent if and only if there exist polynomials qi, g2 satisfying
Z(q)ND™ = Z(q2) N D™ = 0 such that |p1q1| = |p2qz| on T, and Ly = Ls.

Proof. Tt is easy to see that the sufficiency is obvious. Now suppose that [I1]
and [I5] are unitarily equivalent. This means that [I;] and [[3] are unitarily
equivalent. By Theorem 4.2.1, there exist polynomials q1, ¢go which satisfy
Z(q1) ND™ = Z(g2) ND™ = (§ such that |p1q1| = |p2ga| on T™, and

[p1L1] = [p1Le], [p2Lo] = [p2L1]-

Since p1 L1, po Lo are closed ideals, we have
p1ly D p1La, pale 2 poly.

The above inclusions imply that L = L.

When n = 2 we can give simpler conditions for [I;] and [I5] to be unitarily
equivalent (cf.[Guo2]).

Theorem 4.2.11 Let I; and I be ideals in two variables, and let I = py L,
I = po Ly be their Beurling forms. Then the submodules [I1], [I2] are unitarily
equivalent if and only if there exist polynomials q1, qo that satisfy Z(q,)ND? =
Z(q2) ND? = 0 such that |p1q1| = |p2q2| on T?, and [L1] = [La).

Proof. It is easy to see that the sufficiency is obvious. Now we decompose p;
as the product of pj and pY such that the zero set of each of the prime factors
of p} meets D? nontrivially, and each of p/ does not. Then by Proposition
2.2.13,

[p1 L] = [Py La],  [p1Le] = [P} La].
From Theorem 4.2.1, one has
[Py L] = [Py La].

Note that both L, and L, are finite codimensional by Lemma 2.2.9. Now
combining Theorem 3.1.11 with Theorem 2.2.8, we see that p}[L1] = p}[L2]
and hence [L;] = [Lo].

4.3 Similarity of Hardy submodules on the unit polydisk

In this section, we will consider the similarity problem.
Let Iy = p1 L1, Iy = paLs be two ideals of polynomials, and let [I1] and [I5]
be quasi-similar. This means that there exist module maps X : [[;] — [[2]

©2003 CRC Press LLC



and Y : [Io] — [I1] having dense ranges. From Lemma 3.3.3, there exist
¢, ¥ € L>(T") such that X = My, Y = My. Moreover, by Lemma 4.2.3,
both f = ¢p1 and g = ps are in H>°(D™). As in the proof of Theorem 4.2.1,
there exist analytic functions r; and 75 such that f = rips, g = rop;.

Lemma 4.3.1 Under the above statements, both r1 and ry are in the class
N.(D™) and they have no zero in D™.

Proof. The fact that both r; and ro are in the class N,(D"™) comes from
Proposition 4.1.1. Now suppose that there exists a point zg € D™ such that
r1(z0) = 0. From Lemma 2.3.2, we obtain that

[FL1]%) = [r1paLn] G = 11 opo oo LT = [pa L] ) = py L5
and
[9La] ) = [rap1 L) *0) = 15 2yp1 2 L5 = [prLa]*) = pr o, LT,

where LEZO) denote the ideals of O, generated by {p., : p € L;}, and r; »,, Di 2,
denote the elements of O, defined by the restriction of r;, p; to neighborhoods
of zg, 1 = 1,2. By the above equalities, we see that

L(QZO) =T124T2 ZOL(QZO).

This is impossible by Nakayama’s lemma (see [AM, Proposition 2.6]), and
hence 1 has no zeros in D". Using the same reasoning, r» has no zero in D™.

Now we can strengthen Theorem 3.3 in [DPSY] as follows (cf. [Guo2]).

Theorem 4.3.2 Let Iy = p1L1, Is = paLls be two ideals of polynomials such
that each of their algebraic components meets D™ nontrivially. If [I1] and [I3]
are quasi-similar, then L1 = Lo.

Proof. By the assumptions, there exist module maps X : [I;] — [[2] and
Y : [Iz] — [[1] with dense ranges. Thus by Lemma 3.3.3, there exist functions
¢, ¥ € L>=(T") such that X = My, ¥ = My. Then by Lemma 4.3.1, there
are analytic functions r1 and ro, each of which has no zero in D" such that

¢p1 =T1p2,  Yp2 =T2p1.

Note that both ¢p; and ps are in H°(D"). It follows that for A € D™,

{p2La}x = [p2La]x = [¢p1Li]n = [rip2La]x = [p2Li]n = {p2L1}a

and

{p1Li}a = [p1La]x = [p2Lla]x = [rap1 Lo = [pr1la]x = {p1L2}a,

©2003 CRC Press LLC



where {p1L1}x and {p2L2} are the characteristic spaces of the ideals p; L,
and poLo at A, respectively (cf. Section 2.1). Using Corollary 2.1.3, we see
that

p2lo D paly, pili Dpils
and hence L1 = Ly, which proves the assertion.
The following theorem strengthens [Yanl, Theorem 1] which was given in

[Guo2].

Theorem 4.3.3 Let Iy = p1 L1, I = paLo be homogeneous ideals. Then the
following are equivalent:

(1) [I1] and [I3] are similar;
(2) [I1] and [I] are quasi-similar;

3) there exists a constant ¢ such that ¢ < 21l < =1 op T", and Ly = Lo.
( [p2|

Proof. (1) = (2) is obvious.

(2) = (3). Because p;L; and psLo are homogeneous ideals, each of their
associated prime ideals is homogeneous (cf. [ZS, Vol(II), p. 153, Theorem
9 and its corollary]). We apply Theorem 4.3.2 to obtain L; = Ls. Now we
use some techniques in [Yanl]. Let both module maps X : [I1] — [[2] and
Y : [Is] — [I1] have dense ranges. Then there exist ¢, ¢ € L>°(T™) such that
X = My, Y = My. Applying Lemma 4.2.3 gives that f = ¢p1, g = ¥p2 are
in H>°(D"). Since p; is homogeneous, from the equality f = ¢p;, we have
that

£@)] < |8llcolpr(@)] a.e.on T,

Therefore,

()] < (@]l |p1 (w)]
for almost all w € T™. This leads to the inequality

[fu(2)] < [8llcc|pr(w)] V2 €D

for almost all w € T™, and hence for all w € T", we have the inequality

[fu(2)] < [4llcc|pr(w)]  Vz €D.

Suppose there is a sequence w,, — wq such that

pa(wn)|
|p2(wn)|

From Lemma 4.3.1, f = r1ps. Now for every fixed z # 0,z € D, we have

1wl [6lselprwn)]
el = 1 G = e (wa) [T

— 0,
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where k& = deg ps. This implies that r1(zwg) = 0. This contradicts Lemma
4.3.1, and hence there exists a positive constant ¢’ such that
o< ol
|p2|

on T™. Similarly, there exists a positive constant ¢”” such that

o o o2l
|p1|

on T™. Thus, there exists a constant ¢ such that

c< @ <c!
2|
on T™.
(3) = (1). Set ¢ = pa/p1 and ¥ = p1/p2. Then module maps

My : [I] — [Io], My : [Io] — [I]
give similarity between [I;] and [I5].

When n = 2, we can give more detailed conditions for two homogeneous
submodules to be quasi-similar. For a homogeneous polynomial p in z and w,
there is the decomposition:

p(z,w) = cw® H (z — a;w) H (z — Bw),

lai]#1 [8:|=1

where ¢, k, oy, §; are determined by p. Since only the last factor Hlﬁi\zl(z —

Bi;w) can vanish on T™, we denote this factor by F(p).
By Theorem 4.3.3, we have the following.

Corollary 4.3.4 Let I} = p1Lq, Ir = paLo be homogeneous ideals on C2.
Then the following are equivalent:

(1) [I1] and [I3] are similar;
(2) [I1] and [I] are quasi-similar;

(3) F(p1)L1 = F(p2)Ls.

From Theorem 4.3.3, one sees that under the conditions of Theorem 4.3.3,
quasi-similarity implies similarity. We do not know if there exists an example
of two submodules generated by polynomials that are quasi-similar, but not
similar.

Furthermore, from Theorems 4.3.2 and 4.3.3, one sees that question about
the similarity of submodules can be reduced to question about the similar-
ity of principal submodules. Then one wants to know when two principal
submodules are similar.
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Proposition 4.3.5 Let p; and ps be two polynomials. If there exist polyno-
mials q1,q2 with Z(q1) ND™ = Z(q2) N D™ = ( such that ¢ < EIZII <c ! for
some constant ¢, then [p1] and [p2] are similar.

Proof. Set ¢ = LML Then ¢ < |¢] < ¢t Since p;g; is a generator of [p;] for
1=1,2,

¢lp2) C [p1] and ¢~ '[p1] C [pa].

It follows that the maps defined by
Xy [po] = [p1], Xof = of; Xyo1t [p1] = [p2], Xg-1f =07 f
are module maps. It is easy to see that
XpXp1=1, Xy1 Xy =1

This implies that [p;] and [ps] are similar.
Proposition 4.3.5 and Corollary 4.2.2 thus suggest the following conjecture.

Conjecture. If [p;] and [pso] are similar, then there exist polynomials ¢, ¢2

with Z(q1)ND™ = Z(g2)ND™ = P such that ¢ < Iilgll < ¢~ ! for some constant

c. That is, the conditions in Proposition 4.3.5 are also necessary.

4.4 Equivalence of Hardy submodules on the unit ball

In this section we look at the case of Hardy submodules on the unit ball B,,.
In [CD1], Chen and Douglas proved that two homogeneous principal submod-
ules of H?(B,,) are quasi-similar if and only if the corresponding homogeneous
polynomials are equal, except a constant factor. Combining this fact with our
preceding discussion, one finds that the classification of submodules depends
heavily on the geometric properties of domains.

Based on function theory in the unit ball of C™ from Rudin [Ru2], especially
[Rud], and techniques used in the polydisk case, we can obtain corresponding
results in the case of Hardy submodules on the unit ball B,,. However, on the
unit ball B,,, one has a special conclusion for polynomials.

Proposition 4.4.1 Let p1, pa be two polynomials on C™(n > 1). If |p1| = |p2|
on OB, (the boundary of B,, ), then there is a unimodular constant ¢ such that

pP1 = Cp2.

The proof of Proposition 4.4.1 is based on the remarkable Theorem 14.3.3
in Rudin’s book [Ru2]. Assume n > 1. Let  be a bounded domain in C" and
let A(Q) = C(Q)NHol(2) be the so-called Q-algebra. If f € A(Q2), g € A(Q),
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and |f(A)] < |g(A)] for each boundary point A of Q, then |f(2)| < |g(2)| for
every z € . Also notice that if p is a polynomial and Z(p) N B,, = (J, then
p is a generator of H?(B,,) (see Remark 2.2.14 following Proposition 2.2.13).
Thus, combining Proposition 4.4.1 with the techniques used in Section 4.2, in

the case of Hardy submodules on the unit ball B,,, we can prove the following
[Guo2].

Theorem 4.4.2 Let I1 = p1Ly, Is = paLy be the Beurling forms of I; and
Iy, respectively. Then the following are equivalent:

(1) [I1] and [Is] are unitarily equivalent,

(2) there exist polynomials q1 and qo satisfying Z(q1) B, = Z(q2) "B, =0
such that p1q1 = p2qa and [p1L1] = [p1La],

(3) [Ih] = [I2].

Corollary 4.4.3 Let p1, p2 be two polynomials. Then [p1] and [ps] are uni-
tarily equivalent if and only if there exist polynomials q1 and qo that satisfy
Z(q1) N B, = Z(q2) NB,, = 0 such that p1q1 = p2qa. In particular, if the zero
set of each of the prime factors of p; meets B,, nontrivially for i = 1,2, then
[p1] and [ps] are unitarily equivalent if and only if there is a constant ¢ such
that P1 = Cpa.

From Theorem 4.4.2, one sees that there is more rigidity among submod-
ules of H%(B,,) than in the case of H?(D"). Furthermore, from the proof of
Theorem 4.3.3 and Proposition 4.4.1, the following is immediate.

Theorem 4.4.4 Let I, I be homogeneous ideals. Then the following are
equivalent:

(1) [I1] and [I3] are unitarily equivalent,
(2) 1] and [I2] are similar,
(3) [I1] and [I] are quasi-similar,

(4) I = Is.

Based on Theorems 4.4.2 and 4.4.4, one thus conjectures the following.

Conjecture. Let I; and I3 be two ideals of polynomials. Then [I1], [I2], as
submodules of H?(B,,), are quasi-similar only if [I1] = [I3].
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4.5 Remarks on Chapter 4

In this chapter we obtain a complete classification under unitary equiva-
lence for Hardy submodules on the polydisk (and on the unit ball) which are
generated by polynomials. Furthermore, we give a complete similar classifica-
tion for submodules generated by homogeneous ideals. The chapter is mainly
based on Guo’s paper [Guo2]. The reader may see that the characteristic
space theory plays a crucial role.

Section 4.1 provides some necessary preliminaries. Propositions 4.1.1, 4.1.2
and 4.1.3 are probably well known. Theorems 4.1.4, 4.1.5 and 4.1.6 are due
to Guo [Guo2].

In [Guo2], Guo proved Theorem 4.2.1 and Corollaries 4.2.2, 4.2.5 and 4.2.9.
Theorems 4.2.10, 4.2.11 and Example 4.2.4 appeared also in [Guo2]. Corollary
4.2.7 and Examples 4.2.6 and 4.2.8 are new.

Lemma 4.3.1 and Theorems 4.3.2 and 4.3.3 come from [Guo2]. Corollary
4.3.4 and Proposition 4.3.5 were also proved in [Guo2].

Proposition 4.4.1 is an immediate result of Theorem 14.3.3 in Rudin’s book
[Ru2]. As we have seen, there exists more rigidity among Hardy submodules
on the unit ball B,,. Theorems 4.4.2, 4.4.4 and Corollary 4.4.3 appeared in
[Guo2].

Concerning the Hardy module over the bidisk we call the reader’s attention
to the following references, where operator theory and function theory on the
bidisk are presented [GM, INS, IY, JOS, Nak, Man, Yal, Ya2, Ya3, Ya4, Ya5,
Ya6, YaT).
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Chapter 5

Reproducing function spaces on the
complex n-space

The Fock space, or the so-called Segal-Bargmann space, is the analog of the
Bergman space in the context of the complex n-space C™. It is a Hilbert space
consisting of entire functions in C™. Let

du(z) = e_lz‘z/Zdv(z) (2m)~"

be the Gaussian measure on C" (dv is the ordinary Lebesgue measure). The
Fock space LZ(C",du) (in short, LZ(C")), by definition, is the space of all
p-square-integrable entire functions on C™. It is easy to check that L2(C") is
a closed subspace of L?(C") with the reproducing kernel

Kx(z) = e*N/2 here (2,\) = ZXizi.
i=1

The Fock space is important because of the relationship between the operator
theory on it and the Weyl quantization [Be].

In this chapter we will study structure of reproducing function spaces on C",
and especially the structure of quasi-invariant subspaces. We first establish
some terminology which will be used throughout this chapter.

Let Hol(C™) denote the ring of all entire functions on the complex n-space
C™, and let X be a Banach space contained in Hol(C™). We call X a repro-
ducing Banach space on C™ if X satisfies:

(a) the polynomial ring C is dense in X;

(b) the evaluation linear functional Ey(f) = f()) is continuous on X for
each A € C™.

The basic example is the Fock space mentioned above.
For a reproducing Banach space X on C", the following proposition shows
that there exists no nontrivial invariant subspace for polynomials.

Proposition 5.0.1 Let X be a reproducing Banach space and let M # {0} be
a (closed) subspace of X. If f is an entire function on C™ such that f M C M,
then f is a constant.
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In fact, by the assumption and the closed graph theorem, it is easy to see
the multiplication by f on M, denoted by My, is a bounded linear operator.
Therefore, M}k is bounded on M*, the conjugate space of M. Use K to denote
the reproducing kernel functions associated with M, and ky the normalized
reproducing kernel functions, where both K and k) belong to M*. Since

Ikl = sup  [(kx,g) =1,
geEM; ||gll=1

there exists a function gy in M with ||gx|| = 1 such that
1/2 < |(kx, g0)] < 1.

From inequalities

(MEx, ga)| = [(exs Faa)| = [F(N) (ex, ga)| = [F(A)]/2

and ) )
[(MFkx, g)| < [[My[[[[Exllllgall = (| M ],

we have
|fN] < 2[| M|

Hence f is a bounded entire function on C™. Thus by Liouville’s theorem f
is a constant.

According to Proposition 5.0.1, there exists no nontrivial invariant subspace
for polynomials. Thus, an appropriate substitute for invariant subspace, the
so-called quasi-invariant subspace is needed. Namely, a (closed) subspace
M of X is called quasi-invariant if pM N X C M for each polynomial p.
Equivalently, M is quasi-invariant if the relation pf € X implies pf € M for
any f € M and any polynomial p.

5.1 Algebraic reduction for quasi-invariant subspaces

It is difficult to completely characterize quasi-invariant subspaces. How-
ever, using the characteristic space theory, we can obtain algebraic reduction
for finite codimensional quasi-invariant subspaces. This can be viewed as a
generalization of algebraic reduction theorem of analytic Hilbert modules on
bounded domains (see Chapter 2). This section comes from Guo and Zheng’s
paper [GZ].

Let us begin with a lemma.

Lemma 5.1.1 Let I be an ideal in the polynomial ring C and let [I] be the
closure of I in X. Then [I]NC = 1.
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Proof. Let Z(I) be the zero variety of I, i.e.,
Z(I)={z€eC": p(2) =0,Vp e I}.

For A € Z(I), I, denotes the characteristic space of I at A, and If, the
envelope of I at A\. Then by Corollary 2.1.2,

I= () I

AeZ(I)
Clearly, for each p € [I] NC and A € Z(I),
q(D)plx =0, Vq € Iy,

and hence p € I§. This implies that p € I, and hence [I] NC C I. Obviously,
I C [I]NC. The desired conclusion follows.

Now we can establish a canonical linear map
T:C/I — X/[I]
by 7(p+ I) = p+ [I]. By Lemma 5.1.1, the map 7 is injective.

Lemma 5.1.2 Let I be an ideal of finite codimension. Then [I] is a quasi-
invariant subspace of X of finite codimension. Furthermore, the canonical

map
T:C/I — X/[I]
18 an tsomorphism.
Proof. We express C as
C=1I+R

where R is a linear space of polynomials with dim R = dim C/I. Since the
polynomial ring C is dense in X, and [I] + R is closed, we have that

I+ R=X.

By the equality
[IINnR=[IINCNR,

and Lemma 5.1.1, we get
[I]Nn R ={0}.

Thus,
X/11) = (1) + R)/[1) = R/([1] N R) = R/{0} = R=C/I.

It follows that
7:C/I — X/[I]
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is an isomorphism.
Suppose that f € [I] and p is a polynomial satisfying pf € X. It is enough
to show pf € [I]. Since X = [I]+R, pf can be expressed as

pf=g+h;
here g € [I] and h € R. Note that for each A\ € Z(I) and any ¢ € I,
¢(D)f[x =0 and ¢(D)g|x = 0.

Since I is invariant under the action by the basic partial differential operators

{0/021,0/0za,- -+ ,0/0zy,}, it follows that

q(D)pflx = 0.

This gives that

q(D)h|x =0
for each A € Z(I) and any ¢ € I. By Corollary 2.1.2, h € I, and hence h = 0.
It follows that pf € [I]. We conclude that [I] is quasi-invariant, completing
the proof.

Lemma 5.1.3 Let M be a quasi-invariant subspace of finite codimension in
X. Then M NC is an ideal of C, and M NC is dense in M. Furthermore, the
canonical map

T C/MNC— X/M
is an isomorphism, where T'(p+ M NC) =p+ M.

Proof. Obviously, M NC is an ideal of C because M is quasi-invariant. It is
easy to see that the map 7’ is injective, and hence the ideal M NC is of finite
codimension and

dim C/M NC < dim X/M.

By Lemma 5.1.2,
dim C/M NC =dim X/[M NCJ.

Since
[MNC] C M,
we have
dim X/[M NC] > dim X/M.
Therefore,

dim X/[M N C] = dim X/M.

This implies
[MNC] =M,

that is, M N C is dense in M. Applying Lemma 5.1.2, the map 7’ is an
isomorphism.

From Lemmas 5.1.1, 5.1.2 and 5.1.3, we obtain the following algebraic re-
duction theorem for finite codimensional quasi-invariant subspaces.
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Theorem 5.1.4 Let M be a quasi-invariant subspace of finite codimension.
Then CN M is an ideal in the ring C, and

(1) CN M is dense in M;

(2) the canonical map T : C/MNC — X/M is an isomorphism, where
T(p+ MNC)=p+ M.

Conversely, if I is an ideal in C of finite codimension, then [I] is a quasi-
invariant subspace of the same codimension and [I]NC = 1I.

Remark 5.1.5 For bounded domains €2 in the complex plane, which satisfy
certain technical hypotheses, Azler and Bourdon [AB] proved that each finite
codimensional invariant subspace M of L2(Q) has the form M = pL2%(9Q),
where p is a polynomial with its zeros in Q. M. Putinar [Pul] extended this
result to some bounded pseudoconvexr domains in C™. Namely, for such a
domain ), Putinar proved that every finite codimensional invariant subspace
M has the form

k
M =3 piLly(%),
i=1

where p; are polynomials having a finite number of common zeros, all con-
tained in ). However, from Proposition 5.0.1, we see that each finite codi-
mensional quasi-invariant subspace does not have the above form. This may
be an essential difference between analytic Hilbert spaces on bounded domains
and those on unbounded domains.

5.2 Some basic properties of reproducing Hilbert spaces
on the complex plane

This section is based on [CGH]. In this section we will develop some basic
properties of reproducing Hilbert spaces over the complex plane to serve the
next section.

Let X be a reproducing Hilbert space over the complex plane C. For each
A € C, welet K be the reproducing kernel of X at A, and k) be the normalized
reproducing kernel. This means that for every f € X, we have

F) = {f, Kx).
Proposition 5.2.1 For each f € X, we have

lim (f,kx) =0,

[A]— o0

that is, kx converges weakly to zero as |\| — oo.
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Proof. Since the polynomial ring C is dense in X, it suffices to show that for

each polynomial p,
lim (p, k) =0.

|A[—o0

Indeed, noticing that the equalities

X = sup [{f, KN)|[ = sup |F(A)],
1£1=1 I£11=1

and taking f = z™/||z"||, the above equality implies that
X = (A1 /112"

for each positive integer n. Now for any polynomial p, since

1 1
(D, kx) = m@% Ky) = mp(k),

combining this with a previous inequality gives

lim (p,kx) =0

[Al—00
for each polynomial p. This ensures the desired conclusion.

For a closed subspace M of X, we let Kg\M) be the reproducing kernel
function of M. Then it is easy to see that K)(\M) = Py Ky, where Py is the

orthogonal projection from X onto M.
Corollary 5.2.2 If M is of finite codimension, then

|>\1‘1m ||P]Wkk|| =1

Proof. Notice that
M
swll

| Prrkall = =2
[ KA

and we let f1, fa, -+ , fn be an orthonormal basis of M+ = X © M. It is easy
4L
to check that the reproducing kernel function K §\M ) is given by

KM () = S RV Ale):
k=1

Thus,
n n
IEM12 =3 12
k=1
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Since

Shet P
kH}(i”g = Z|<fk7K/\/||K,\||>|2
A k=1
= > Ufi k)%,
k=1
By Proposition 5.2.1,
€
IR
lim —— =0.
Al—oo || K]l

From the equality
4
(s R S G 16 S
the required result is deduced.

Remark. The classical Beurling’s theorem [Beu] says that for each submodule
M of the Hardy module H?(ID) on the unit disk D there is an inner function
n such that M = nH?(D). Equivalently, the orthogonal projection Py; from
H?(D) onto M has the form

Py = MnM,’]‘ .
It follows that

[Py KN 1KY

|
| Parkr|l = = = n(N)],
[ KA ]| (r:eNl

and hence, for almost all z € T we have

lim || Pagka]| = 1,

where K, and K /I\VI be the reproducing kernels of H?(D) and M, respec-
tively, and ky = K)/||K,|. From Corollary 5.2.2, we see that if M is a finite
codimensional quasi-invariant subspace of an analytic Hilbert space X over C,
then a modification of Beurling’s theorem is true for M. Considering the Fock
space L2(C), then the operator M, defined in the Fock space is unbounded.
Therefore, by the closed graph theorem there exists a function f € L2(C)
such that zf ¢ L2(C). It is easy to check that the one-dimensional subspace
My ={cf: ceC}is quasi-invariant. However, by Corollary 5.2.2, we have

\)\l|i£>noo | Pay kx|l = 0.

If M is an infinite dimensional quasi-invariant subspace of L2(C), does

\/\l|im HPA[]{I)\” =17

Now we return to the problem of when a Hilbert space consisting of entire
functions is an analytic Hilbert space over C.
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Example 5.2.3 Let H be a Hilbert space consisting of entire functions. If
{z" :n =0,1,2,---} is contained in H and they are mutually orthogonal,
then H is a reproducing Hilbert space over C.

By the assumption it is easy to see that the set {z"/||z"|| : n = 0,1,---}
forms an orthonormal basis of H. Note that f(z) = S.o0 12— ¢ H, and

n=1n Jz"]
hence f is an entire function. From the formula of the radius of convergence
of a power series, we have

lim /|27 = oc.
n—oo

Therefore, for each A € C, there exists a natural number N such that

VIlzn = 27

if n > N. Now letgzzzozoan% be in H. Then

A" A"
'<Z'"‘|n||+ > SE

n=N+1
oo oo
1 RIS
= Z' "‘ E n” Z Jan )2 ( Z n 7)?
nENt1 g1 1271

Al
_Zm\H o+l

n=0

Since
= <g7zn/||zn||>7 n= 0’15"' aNa

there is a positive constant ¢’ depending only on X such that
lan] < |9l

form = 0,1,--- | N. Combining this with previous inequalities implies that
there is some positive constant ¢ depending only on A such that

lgMI < cllgll, for each g € H.

This means that the evaluation linear functional Ex(f) = f(\) is continuous
on H for each A € C. Obuviously, the polynomial ring C is dense in H. We
thus conclude that H is a reproducing Hilbert space over the complex plane C,
and its reproducing kernel Ky is given by
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Remark 5.2.4 From the proof of FExample 5.2.3, we see that if H is a re-
producing Hilbert space over C with the orthonormal basis {z"/||z"|| : n =
0,1,---}, then

n

lim 2" = oo.
n—oo

Now let {7, }22, be a sequence of positive numbers, and /7, — o0 asn — oo.
We set
||Zn|| = Tn; n:O,l,-~~ .

Then the completion H of the polynomial ring C, under the orthonormal basis
{z"/ynn =0,1,---}, is a reproducing Hilbert space over the complex plane.
In fact, if f(z) = >0 ganz"/vn € H, then by the formula of the radius of
convergence of a power series, we see that

1 PR

Thus, R = oo. This says that f(z) is an entire function, and hence H consists
of entire functions. By Example 5.2.3, such an H is a reproducing Hilbert
space over the complex plane.

By Remark 5.2.4, if we take v, = v2"n!, then we get the Fock space L2(C,du)
with the reproducing kernel Ky(z) = e**/2, here du = e’|z|2/2dv/27r.

Let f, g be two entire functions over C; we say f = g if there exist positive
constants r and M such that

[f(2)
l9(2)]

A simple observation shows that < is a partial order on the ring of all entire
functions. The next proposition characterizes this partial order.

< M, whenever |z| > r.

Proposition 5.2.5 Let f and g be entire functions. Then f < g if and only
if there exist polynomials p and q with deg p < deg q such that

9

)

f_vp
q

where “deg” denotes the degree of polynomial.

Proof. “ =" Without a loss of generality, we may assume that f and g have
no common zeros. Let r, M > 0 be positive constants such that

IFI/19(2)] < M

if |z] > r. Then the function f(z)/g(z) is analytic on {z € C: |z| > r}. Now
let A1,..., A\, be zeros of g in {z € C: |z| < r} with corresponding degrees
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ki,..., k,. Tt follows that ¢(2) = (z—A1)* -+ (z— )P f(2)/g(2) is an entire
function on C. Hence we have

16(2)| < M|(z = A))¥ -+ (2 — Ap)Pn

if |[z2| > r. Set | = k1 +---+ k. Then there exist positive constants r’ and
M’ such that

|6(2)I/12'] < M’
for |z| > r'. Write

o(z)=ap+arz+---+ a1zt + 2h,

where h is an entire function. From the above inequality, we see that h
is bounded. By Liouville’s theorem, h is a constant and hence ¢(z) is a
polynomial. Set p = ¢, and ¢ = (z—\1)* --- (2 — \,)¥". Then deg p < deg q,

and
f(z) _ pz)
g(z)  q(z)

This gives the desired conclusion.
The opposite direction is obvious, completing the proof.

Given a reproducing Hilbert space X over C, we say that X is an ordered
reproducing Hilbert space (or a reproducing Hilbert space with order) if g € X
and f < g, then f € X. A simple reasoning shows that the Fock space L2(C)
is an ordered reproducing Hilbert space.

Proposition 5.2.6 Let X be a reproducing Hilbert space over C. Then X is
an ordered reproducing Hilbert space if and only if for any polynomial p and
entire function f, the relation p f € X implies f € X.

Proof. To prove that X is of the desired order, we let f < g and g € X.
Then by Proposition 5.2.5, there exist polynomials p; and p, without common
zeros, which satisfy deg p; < deg po, such that

f/p1=g/p2.

Set h = f/p1. Then h is an entire function and g = pah. Decomposing po
and using the assumption gives z'h € X, for 1 =0,1,2,--- ,deg ps. Note that
f =pih, and deg p; < deg ps. One thus obtains f = p1h € X.

Conversely, suppose that X is an ordered reproducing Hilbert space, and
pf € X (where p is a polynomial and f is an entire function). Applying
Proposition 5.2.5 gives

f=pf
and hence f € X.

The next example shows that there exist reproducing Hilbert spaces over
C without the desired order.
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Example 5.2.7 We set

11l =1, "] = V(20 = 2)1, 22"} = /(20 + D)

form=1,2,--- . Then by Example 5.2.3 and Remark 5.2.4, the Hilbert space

H with the orthonormal basis {z"/||z"||} is a reproducing Hilbert space over

C. However, H is not of the desired order. In fact, it is easy to check that
2n 2n-+1

the function Y o0, n12 ﬁ is an entire function, and z > -, #ﬁ H

1 Z2n+1

But >, 77 T ¢ H because

2n+1||

> e - o
n?HZQ"H '

Applying Proposition 5.2.6, one sees that H is not of the desired order.

5.3 Equivalence of quasi-invariant subspaces
on the complex plane

Let X be a reproducing Hilbert space on the complex plane, and let M;
and My be two quasi-invariant subspaces of X. For a bounded linear operator
A My — Ms, we call A a quasi-module map if A(p f) = p A(f) whenever
pf € My (here p is any polynomial and f € M;). Thus by the definition,
if A is a quasi-module map, then the relation p f € M; forces p A(f) € M.
Furthermore, we say that

1. they are unitarily equivalent if there exists a unitary quasi-module map
A: M; — M, such that A= : My — M, is also a quasi-module map;

2. they are similar if there exist an invertible quasi-module map A : M; —
M, such that A=': My — M, is also a quasi-module map;

3. they are quasi-similar if there exist quasi-module maps A : M; — M
and B : My — M; with dense ranges.

It is easy to check that unitary equivalence, similarity and quasi-similarity are
equivalence relations.

This section comes from [CGH]. First we recall that the polynomial ring
in one complex variable is a principal ideal domain. This means that each
ideal is principal, i.e., generated by a polynomial. Let X be the reproducing
Hilbert space on the complex plane C. Then by Theorem 5.1.4, each finite
codimensional quasi-invariant subspace M is of the form [p](here p is a poly-
nomial, and [p] is quasi-invariant subspace generated by p). Moreover, for
every polynomial p, [p] is a finite codimensional quasi-invariant subspace with
codimension deg p.
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Theorem 5.3.1 Let M be quasi-invariant. If M is similar to a finite codi-
mensional quasi-invariant subspace [p], then there is a polynomial q with
deg q = deg p such that M = [q].

Proof. Let A: [p] — M be a similarity. Set ¢ = Ap. Since p generates [p], ¢

generates M, that is, M = [q]. Let K /(\p ) and K /(\q) be reproducing kernels of
[p] and [g], respectively. Since A : [p] — [q] is a similarity, it is easy to verify
that for any h € [p],

Thus, we have

(Ah,K\?) = Zg‘\;h()\)

for each \ ¢ Z(p), where Z(p) is the set of all zeros of p. From the inequality
(AR K] < ALK,

we have

q(A
AT mo) < 1Al IE@).

PN hefp); [n)=1
By the equality
K= swp B,
he[pl; |Ihll=1
it follows that

q(A
Mmﬁ“ < AL IED).

Note that [p] is of finite codimension. Applying Corollary 5.2.2 gives that

K(P)
IR
[A|—oo || K]l
By the inequality
1K) < KA,

there exist positive constants 7 and M such that

Iy

PV

if [A\| > r. From Proposition 5.2.5 there exist polynomials p; and py with
deg p1 < deg po such that

q/p = p1/p2

and hence ¢ = pp1/p2. Since ¢ is an entire function, ¢ is a polynomial and
deg ¢ < deg p.
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Note that A=1 : [q] — [p] is also a similarity. The same reasoning shows
that deg p < deg q. It follows that deg p = deg q.

The next example shows that there is a reproducing Hilbert space H over
C such that deg p = deg ¢, but [p] and [¢] are not similar.

Example 5.3.2 Let H be the reproducing Hilbert space given in Example
5.2.7. We claim that [2?] and [2% + z] are not similar. Assume that they are
similar, and let A : [2?] — [2% + 2] be a similarity. Then by the proof of
Theorem 5.3.1, there exists a constant v such that

Az? = (22 + 2).
So for any natural number m, we have
AZZZQm — ’yZZm(Z2 —|—Z) — 7(Z2m+2 4 Z2m+1)'
From the equalities
[227F2 4 22|12 = 2m)! 4+ (2m 4+ DL and [|(z27F2)] = (2m)),

we see that
Y2((2m)! + (2m + 1)!) < [|A|1? (2m)!

for any natural number m. This clearly is impossible and hence [2%] and
[22 + 2] are not similar.

Corollary 5.3.3 Let X be a reproducing Hilbert space over C. If a quasi-
invariant subspace M is similar to X, then M = X.

Remark 5.3.4 From Corollary 5.3.3, one sees that the structure of repro-
ducing Hilbert modules over the complex plane is completely different from
that of analytic Hilbert spaces over bounded domains. For example, for any
two submodules of the Bergman space over the unit disk, if they are of finite
codimension, then they are necessarily similar.

Corollary 5.3.5 Let X be an ordered reproducing Hilbert space. Then finite
codimensional quasi-invariant subspaces [p] and [q] are similar if and only if

deg p = deg q.

Proof. Let deg p = deg ¢. For f € [p], it is easy to see that f/p is an entire
function, and hence % f is an entire function. Since deg p = deg ¢, applying
Proposition 5.2.5 gives %f < f, and hence by the definition %f is in X for
each f € [p]. Thus we can define an operator A : [p] — X by A f = Lf for
f € [p]- By a simple application of the closed graph theorem, the operator A
is bounded. Since A maps pC onto ¢C, this deduces that A maps [p] to [g].
Therefore, A : [p] — [g] is a bounded operator. Clearly, A(rf) = rA(f) if
rf € [p] (here f € [p] and r is a polynomial). Similarly, we can show that the
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operator B : [q] — [p] defined by B f = %f for f € [q] is bounded. It is easy
to see that A B and B A are the identity operators on [¢] and [p], respectively.
We thus conclude that [p] and [¢] are similar if deg p = deg q.

The opposite direction is achieved by applying Theorem 5.3.1. This com-
pletes the proof.

Theorem 5.3.6 Let X be a reproducing Hilbert space over C with the or-
thonormal basis {z"/||z"||}. Then finite codimensional quasi-invariant sub-
spaces [p] and [q] are unitarily equivalent only if p = cq for some nonzero
constant ¢, and hence only if [p] = [q].

Before proving the theorem, let us note that if A : [p] — [g] is a unitary
equivalence, then from the proof of Theorem 5.3.1, there is a constant v such
that A(p) = vq and deg p = deg ¢. In what follows we always assume that
A(p) = qif A: [p] — [q] is a unitary equivalence. To prove the theorem, we
need two lemmas.

Lemma 5.3.7 Let p = Zi«:o azt and ¢ = 22:0 bz, and let both a; and
by be nonzero. If A : [p] — [q] is a unitary equivalence, and A(p) = q, then
|ar] = b

Proof. Let K /(\p ) and Kgq) be reproducing kernels of [p] and [g], respectively.
Since A : [p] — [¢] is a unitary equivalence, it is easy to verify that for any

h € [pl,

Ah="1p.
p
Thus, we have
A)
An k@) = My

for each X\ ¢ Z(p). By
(AR, K < ] 1K,

this deduces

qg(A
I sy aO)] < KL

IP(M)] hepp); h)=1

From the equality

IEP = sup [N,
he[p]; |Ih]|=1

we obtain that

lq(\)|
mllKip)ll < ||E7).

Thus,
a1/ < /1K)
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Since A71 : [¢] — [p] is a unitary equivalence, the same reasoning shows that

p)I/laM)] < KX /1K2,

and therefore » @
[/ 1lgN)] = 1K1/ EP

for A ¢ Z(q). Since both [p] and [g] are of finite codimension, applying Corol-
lary 5.2.2 gives that

(p)
Moo [g(N)] IA=ee | K19

By the equality s
PO _ |

lim =
Moo [N [bi]”
we see that |a;| = |by].
Lemma 5.3.8 For each fized natural number m, the sequence {||2"T™||/]12" ||}
has a subsequence {||z"*T™||/||z"*||} such that
[

lim ——— = 0.
koo ||z

Proof. Assume that there exists a constant v such that
Iz /112" <y

for all n. Let n = k, m + s,, where s,, is a nonnegative integer such that
0 < s, < m. This implies that

12" < ~* max[[L], |21, - 1™ )1}

for all n, and hence {/[/z"|| < 2v if n is large enough. However, by Remark
5.2.4,

lim {/]|z"| = oc.

n—oo

This contradiction says that there exists a subsequence {||z+™||/||z™* ||} such

that
[z

lim = 0.

k—oo ||z ||
Proof of Theorem 5.3.6. By Lemma 5.3.7, we may assume that
_ -1 _ -1
p=ztaq_1z2  +--ta, =2 +b_1z27 +--+bo

and A(p) = ¢. Since A is a unitary equivalence of quasi-invariant subspaces,
we have

(pz",p2") =(qz",qz")
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for any nonnegative integer m,n. Let s1, sy be the nonnegative integer such
that
as, #0, a; =0 (t <s1) and b, #0, b, =0 (t < s2).
We claim that s; = s2 and as, = bs,. In fact, since
l—s1 l||2

(p, 27" p) = @y, |2

and
(0,270 q) = be, |2 1P + bi—ab, [z + -

we see that so < s;. The same reasoning implies that s; < sy and hence
§1 = 89. Set s = 51 = s5. Since

(p,2'7"p) = a@;|I2'||* and (g,2'""q) = bs]| '],
this gives that a; = bs. Now by the equality

n+l—(s+1)p> n+l—(s—i—1)q>7

<an,z _ <an7z

we have that

Torall2™ P 4 ama@gllem R = bl 4 b2

for any natural number n. Dividing the above equality by ||z"*!||? and using
Lemma 5.3.8 gives that as41 = bs41, and hence also leads to the equality

aj_1 = bj_1. Furthermore, from the equality

n+l—(s+2) n+l7(s+2)q>

(z"p, 2 p) =(z"q,2
we obtain that
n+l||2

n+lfl||2 n+lf2||2

Gzl =" + a1l + a2
= Borall=™ 2 + b b | 4 b2

and hence
a5+2’||zn+l||2 + al—2a75||zn+l_2”2 — bs+2||2’n+l||2 + blf2EHZn+l72||2

for any natural number n. Dividing the above equality by |2"*!||2and apply-

ing Lemma 5.3.8, we get that as42 = bs1+2 and hence also leads to the equality
a;_o = bj_5. By repeating the preceding process one gets that

ap = by, ay = by, -+ ;411 = b1,

and hence p = ¢. This completes the proof.

From Theorems 5.3.1 and 5.3.6, we immediately obtain the following.
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Corollary 5.3.9 Let X be a reproducing Hilbert space over C with the or-
thonormal basis {z"/||z"]|}, and let M be a quasi-invariant subspace of X. If
M s unitarily equivalent to [p] for some polynomial p, then M = [p].

Remark 5.3.10 From Proposition 5.0.1, the operator M, is unbounded on
the Fock space L2(C), and hence there is a function f € L2(C) such that
2 f ¢ L2(C). It is easy to check that one-dimensional subspace {c f : ¢ € C}
is quasi-invariant. We choose two such functions f, g with f/g # constant,
then quasi-invariant subspaces {cf : ¢ € C} and {cg : ¢ € C} are unitarily
equivalent, but they are never equal.

5.4 Similarity of quasi-invariant subspaces
on the complex n-space

Let X be a reproducing Hilbert space on the complex n-space C™. By
Theorem 5.1.4, each finite codimensional quasi-invariant subspace M has the
form

M =[],
where [ is a finite codimensional ideal with the same codimension as M.
The next theorem comes essentially from [GZ].

Theorem 5.4.1 Let M, N be quasi-invariant subspaces of X on C" (n > 1),
and let M = [I] be finite codimensional. If there exists a quasi-module map
A: M — N, then M C N and A =~ for some constant .

Proof. Since for any p, ¢ € I, we have that

A(pq) = pA(q) = qA(p),

and hence
Alp) _ Alg)
p q
Thus we can define an analytic function on C™ \ Z(I) by
A(p)(2)
z) = ——~—
Y =700

for any p € I with p(z) # 0. Clearly, ¢ is independent of p and is analytic on
C™\ Z(I). Since I is finite codimensional, Z(I) is a finite set. By Hartogs’
extension theorem, ¢(z) extends to an analytic function on C", that is, ¢(z)
is an entire function. It follows that

A(p) = ¢p
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for any p € I. Because [ is dense in M, we conclude that
A(h) = ¢h

for any h € M. Below we claim that ¢h € M if h € M. From the proof of
Lemma 5.1.3, there is a finite dimensional space R consisting of some polyno-

mials such that
X = [I]+R.

For h € [I], ¢h can be expressed as
Ph = g1 + g2,
where g1 € [I] and g2 € R. Note that for each A € Z(I) and any q € I,
q(D)h|x =0 and q(D)gi|» =0.

Since I, is invariant under the action by the basic partial differential operators

{0/021,0/0za,+ -+ ,0/0zp}, it follows that
q(D)rhly =0

for any polynomial r. We choose polynomials {r,} such that r, uniformly
converge to ¢ on some bounded neighborhood O of A\, as n — oco. Thus we
have that

0= lim g(D)rahls = a(D)hlx,

This yields that

q(D)g2|x =0
for each A € Z(I) and any ¢ € I,. By Corollary 2.1.2, go € I, and hence
g2 = 0. Thus, ¢h € [I]. Consequently, ph € M if h € M. Now by Proposition
5.0.1, ¢ is a constant 7, and hence A = v and M C N. This completes the
proof of the theorem.

Corollary 5.4.2 Let M, N be quasi-invariant subspaces of X on C* (n > 1),
and let M = [I] be finite codimensional. If M and N are quasi-similar, then
M =N.

Remark 5.4.3 On the bidisk D?, it is easy to check that L2(D?) is similar to
21 L2(D?). Hence Theorem 5.4.1 again points out the difference between the
Bergman spaces and the Fock spaces.

5.5 Quasi-invariant subspaces of the Fock space

In this section we will concentrate attention on the Fock space L2(C") on
C™. This section comes mainly from Guo’s paper [Guo7]. It is well known
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that for each analytic Hilbert module X on a bounded domain €2, the closure
[I] of an ideal I of the polynomial ring is always a submodule of X. However,
it is never obvious if the closure [I] of I in the norm of the Fock space L2(C")
is quasi-invariant.

Here we give a proposition which shows that the closure of a homogeneous
ideal is quasi-invariant. Recall that an ideal I is homogeneous if the relation
p € I implies that all homogeneous components of p are in I. Equivalently,
an ideal I is homogeneous if and only if I is generated by homogeneous poly-
nomials.

Proposition 5.5.1 Let I be a homogeneous ideal. Then the closure [I] of I
in the Fock space is quasi-invariant.

Proof. Let f € [I], and f = Y7 fx be f’s homogeneous expression. We
claim that every fi is in I. To prove the claim, we let Zj consist of all those
p € I with homogeneous degree of p being at most k. Then Z is of finite
dimension. From the relation f € [I], there is a sequence {p,} in I such
that p, — f as n — oo. This implies that p%k) —  fr, where p;k) denote
homogeneous component of degree k of p,. Since I is homogeneous, p%k)
belong to I, and hence they are in Zj. Because Z is finite dimensional, and
hence closed, this forces fi € I.

Assume that ¢f € LZ(C") for some polynomial q. Let ¢ = > ¢; be the
homogeneous expression of ¢. Then the homogeneous expression of ¢ f is given

by
af =Y (> afi)

n=0 i+j=n
Now it is easy to derive that ¢f € [I] by the above homogeneous expression
of gf. It follows that [I] is quasi-invariant.

Theorem 5.5.2 Let Iy and I be homogeneous ideals. Then [I1] and [I2] are
similar if and only if I = I5.

To prove this theorem, we need some preliminaries. First we give a result of
Hardy submodules on the unit ball B,,.

Proposition 5.5.3 If My and My are submodules of H*(B,) and A : M; —
My is a module map, then there exists a bounded function ¢ on OB,, such that
A(h) = ¢h for any h € M.

Proof. From Rudin [Ru2], we see that all inner functions on the B,, and their
adjoints generate L°°(9B,,) in the weak*-topology. Set

D = {ijh : n are inner functions, and h € M;}.
Then D is a dense linear subspace of L?(0B,,). We define a map

A:D— L*0B,)
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by

A(nh) = 7A(h).
Since A is a module map, the above definition is well defined. From the
relation
[A@R)|| = I[AR)[] < |AlllI7R],
A extends to a bounded map from L?(9B,) to L?(dB,,), still denoted by A.
Then, obviously, A satisfies
AM, = M, A
for any g € L*°(0B,,), and hence there exists a function ¢ € L>°(9B,,) such
that
A= My.

This ensures that A(h) = ¢h for any h € M;.

Let A(B,,) be the ball algebra, that is, A(B,,) consists of all functions f,

which are analytic on B,, and continuous on the closure B,, of B,,.

Lemma 5.5.4 Assumen > 1. Let f;9 € A(B,), and |f(§)| < |g(§)| for each
& € OB,,; then also |f(2)] < |g(z)| for every z € B,,.

Proof. See [Rul, Theorem 14.3.3].

For a polynomial p, if p has its homogeneous expression p = pg+p1+---+p;
with p; # 0, we say that p is of homogeneous degree [, and denoted by degp, p.

Proposition 5.5.5 Let both ¢1 and ¢o be homogeneous polynomials, and
deg;, ¢1 > degy, ¢2. If there exists a constant v such that on the Fock space
L2(C"), |lo1 9|l < 7 |l¢2 @] for any homogeneous polynomial ¢, then we have

1 =cop2
for some constant c.

Proof. In the case of n = 1, a straightforward verification shows that the
conclusion is true. Below we may assume n > 1. First we recall that inte-
gration in polar coordinates (corresponding the volume measure) is given by
[Rul, p. 13]:

2 n
Fdv = nm

Cn TL!

/ r2n=tdr f(r&do(8).
0 OB,

Then by the inequality
g1 ¢l* <~ [l oI,
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one has that
_1z?
a0l = [ oaPlofe ¥ ao

_ 2 /°°r2<n+k1+n-1e—“fdr /d AGEGIES

n! Jo

_ 122
< / (62?62~ 5 du
Cn

- 2" y?

/ T ka1l g | 1e@srase).
0 OB,

n!

where kq, ko, [ are the homogeneous degrees of homogeneous polynomials
@1, P2, ¢, respectively. From the formula

0 Ir2
/ P2t le= % dr = 9™ !
0
and kq > ko, we obtain that

/ 161(6)6(6) Pdo(€) <+ / 162(6)(6)[2dor (€).
OB, 0B,

Now let r be any polynomial with its homogeneous expression
r=ro+nri+---7¢.
Then on the Hardy space H?(B,,),
o1 Loiry; ¢ari L gor;

if 4 # j. This gives that

r 2 o = 1 r; 2 -
[ e@r@Pan© = [ 13 lor@rnrdo

n =0
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Let [¢1], and [¢2], be submodules of H?(B,) generated by ¢, ¢, respec-
tively. Then applying the preceding inequalities yields the following bounded
module map:

B: [¢2]n — [01]n, DBear = 1.

By Proposition 5.5.3, there is a bounded function f on dB,, such that B = M.
This implies that féo = ¢ on OB,,. Thus,

62O < (| flloolp2(E)]

for every & € 0B,,. By Lemma 5.5.4,

61(2)] < (| FllolB2(2)]

for each z € B,,. Set
Y(2) = ¢1(2)/P2(2).

Then (z) is bounded on B,,, and hence analytic. Since

¢1(2) = 1(2) ¢2(2)

and ¢1, ¢2 are homogeneous, the function 1(z) is a homogeneous polynomial.
Now by the inequality ||¢19|| < 7 ||d2¢| and the fact that on the Fock space,

P11 L dp1iba;  d2thr L ¢ ha,

for any homogeneous polynomials ¥, 2 with deg, ¥1 # degy, 12, we have
that

[@17[| < [l par]l
for each polynomial r, and hence for every entire function f with the property
¢of € L2(C™). This means that the relation ¢of € L2(C") implies that

é1f belongs to L2(C™). Tt is not difficult to check that the quasi-invariant
subspaces [¢;], the closures of ¢;C on the Fock space, are given by

[¢s) = {¢if € LZ(C") : f € Hol(C")}

for i = 1,2. By the equality ¢1 = 1¢2 and a simple application of the closed
graph theorem, the multiplication operator My : [¢2] — [¢1] is bounded.
Since [¢1] C [¢2], Proposition 5.0.1 gives that 1 is a constant. This completes
the proof.

Proof of Theorem 5.5.2. Let A : [I;] — [I2] be a similarity. For
a homogeneous polynomial p in I, set ¢ = A(p). If ¢ = >0 ¢ is the
homogeneous expression of ¢, then

lagll* =D llaioll® < AN lpel?

=0
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for every homogeneous polynomial ¢. We thus have that

lgid1* < 1Al [lpe ]

for ¢ > deg;, p. Applying Proposition 5.5.5 gives that ¢; = cp if ¢ = deg,, p,
¢ = 01if i > deg;, p. By Lemma 5.1.1, ¢ =qo+q1 + -+ qu—1 + cp is in Iy,
where k£ = deg;, p. First we claim that the constant c is never zero. In fact,
since Iy is homogeneous, this implies that ¢; are in Iy for ¢ = 1,2,---k — 1.
Based on the same reasoning as above, one sees that A= (qo+q1 +- - +qr_1)
is a polynomial, and its homogeneous degree is at most k — 1. Thus,

p=Aawo+a+-+a-1) #0.
This ensures that ¢ # 0. According to the claim, I; C I5. The same reasoning
shows that Iy C I, and hence I = I5.
We note the following proposition. For a quasi-invariant subspace M, it is

easy to see that M NC is an ideal.

Proposition 5.5.6 Let A : My — Ms be a quasi-module map. Then A maps
M1 N C to Mg N C

Proof. We may assume that M; contains a nonzero polynomial p. Set ¢ =
A(p). We claim that deg, ¢ < deg, p for i = 1,2,--- ,n, where deg, p denotes
degree of p in the variable z;. Suppose that there is some i, say, 1, such that
deg; g > deg; p. Then we expand p and ¢ in the variable z; by

p=potma -t +pdt, g=q+qzn A+,

Since deg; ¢ > deg; p, there exists a positive integer s(> [) such that ¢5 # 0.
From the equality

oo
IAGEPI® = ll=Fall® = D 1=t all?,
=0

we have that .
1+ gsll® < AP D Nl Pl
i=0

Since

12552gs 11> = 128 1P N gsll® = 227 (k + s)!]gs |1
and

A+ pill? = 25 (ke + llp 1, i=10,1,2,---1,
for any natural number k, we get that ¢, = 0. This yields the desired contra-

diction, and hence Proposition 5.5.6 follows.

We endow the ring C with the topology induced by the Fock space L2(C").
For an ideal I, we regard I as module over the ring C.

©2003 CRC Press LLC



Corollary 5.5.7 Let A : My — My be a similarity. Then A induces a
continuous module isomorphism from My NC onto My NC.

From Theorem 5.5.2, one sees that for homogeneous quasi-invariant sub-
spaces, similarity only appears in the case of equality. Therefore, a natural
problem is to determine the similarity orbit of quasi-invariant subspaces. Let
M be a quasi-invariant subspace. Then the similarity orbit, orbs(M), of M
consists of all quasi-invariant subspaces which are similar to M. There is no
doubt that the problem is difficult. Here we will exhibit an example to show
how to determine similarity orbits.

For a polynomial p, we let [p] denote the closure of pC on the Fock space. Us-
ing sheaf theory or by Theorem 2.3.3, one can verify that for each
g € [p], there exists an entire function f such that g = p f. Moreover, if p
is homogeneous, then [p] is quasi-invariant.

Theorem 5.5.8 On the Fock space L2(C?), the similarity orbit orbs([z"]) of
[2™] consists of [p(z)], where p(z) range over all polynomials in the variable z
with deg p = n.

Proof. We first claim: if (z +«)f € L2(C?), then zf; f € L2(C?), where « is

a constant. Let
n>0

be the expansion of f relative to the variable w. Then
(z+a)f =) (z+a)fu(z)w"
n>0
By an easy verification, there exists positive constants C,, C/, such that

Callzg(2)] < lI(z + e)g(2)]| < Cqllzg(2)]l,

for any entire function g(z) on the complex plane C. Since

Gz + ) fIP =D M1z + a) ful2) [P lw™|* < o0,
n>0
this gives that and hence zf € L7(C?). Let f = Y 5o dn(w)2" be the

expansion of f relative to the variable z. Then zf = Y o ¢n(w)z""!, and
hence -

12717 =D lon ()P 112 2 D lgn (@)1 = 1117

n>0 n>0

This means f € L2(C") and, therefore, the claim follows.

Combining the above claim with induction, we see that for a polynomial
p(2) in the variable z, the relation pf € L2(C?) implies that 2" f, 2"~ f, -+, f
are in L2(C?), where n = deg p.
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Let p(z) be a polynomial in the variable z with deg p = n. Then we can
establish an inequality

Cillz" fIl < llp(2) fIl < Callz" £,

where C1; Cy are positive constants only depending on p(z).

In fact, Let
[ = Z fn(2)w"

n>0

be the expansion of f relative to the variable w. Then

2f =Y pla) falz)w"

n>0

It is easy to prove that there exists positive constants C; Cs, which depend
only on p(z) such that

Cillz"g(2)[l < llp(2)g(2)[| < Callz"g(2) ||

for any entire function g(z) on the complex plane. Now by the equality

Ip(z)f12 =Y llp(z) fu ()P[0 1%,

n>0

we thus have the inequality
Crll"fII < lp(z) Fll < Callz"£1-
Note that the homogeneous quasi-invariant subspace [z"] is given by
[2"] = {2"f € L?(C?) : fare entire functions}.
The above inequality implies that
[p(2)] = {p(2)f € L2(C?) : fare entire functions},

and hence [p(2)] is quasi-invariant.
Now we establish a map

A [2"] = [p(2)], 2"fp(2)f.

Then by the preceding discussion and the closed graph theorem, A is contin-
uous. Obviously, A is injective, surjective, and both A and A~! are quasi-
module maps. Thus, A is a similarity.

On the other hand, we let M be quasi-invariant and A : [2"] — M be a
similarity. Set ¢ = A(z™). We claim that ¢ is a polynomial in the variable z,
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and deg g = n. To prove the claim, we expand ¢ relative to the variables w,
by

q = qo(2) + wqr () + wga(2) - -
Assume that deg,, ¢ > deg,, 2 = 0, where deg,, ¢ denotes degree of ¢ in the
variable w (allowed as o0o). Then there exists a positive integer s such that

gs(z) # 0. Since
[A@*=")|? = lw*q|* = Z [+ g (2)I1%,

this implies that
[w*qs(2)[1* < [|A)2 " 2" (|2

for any positive integer k. Since
[w *2gs ()| = 22 (k + 5)!lgs(2)[> and  [lw®z"(|* = 24" kln!

for any positive integer k, this deduces gs = 0. This contradicts the assump-
tion, and hence deg,, ¢ = 0. Thus, ¢ depends only on the variable z. Now we
expand ¢ in the variable z by

z) = Z A 2™

m>0

If there is a positive integer [, and [ > n such that a; # 0, then the equality
A(2Fz") =30 J o amz"T™ implies that

a2 < AP
This leads to the following;:
25 oy (ke + 1)) < 2847 || AP (K + n)!

for any positive integer k. This clearly is impossible, and hence ¢(z) is a
polynomial in the variable z with deg ¢ < n.

Set s = degq. Then M = [q] is similar to [z°] by the preceding discussion,
and hence [2°] is similar to [2"]. An easy verification shows s = n. This means
that ¢(z) is a polynomial in the variable z with degree n.

Based on the above discussion, we conclude that the similarity orbit
orbs([z"]) of [z™] consists of [p(z)], where p(z) range over all polynomials
in the variable z with deg p = n.

Remark 5.5.9 From the proof of Theorem 5.5.8, it is not difficult to see that
Theorem 5.5.8 remains true in the case of the Fock space L2(C") (allm > 1).

Let p = ,c.n i<n a;jz'w? be a polynomial in two variables. If a,, # 0,

we say that p has a nonzero leading term a,,,, 2" w".
We leave the following proposition as an exercise.
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Proposition 5.5.10 If p(z,w) has a nonzero leading term. Then [p] is a
quasi-invariant subspace of L2(C?). Furthermore, the similarity orbit of the
quasi-invariant subspace [z™w™] consists of all [p(z,w)], where p(z,w) have
nonzero leading term z™w™.

Proposition 5.5.10 has been generalized to a more general case. We refer the
reader to reference [GH].

5.6 Finite codimensional quasi-invariant subspaces

As shown in Section 5.1, there is a simple algebraic reduction theorem for
finite codimensional quasi-invariant subspaces. In this section we look at the
structure of M~ if M is finite codimensional quasi-invariant subspace of the
Fock space.

Let M be finite codimensional quasi-invariant subspace of LZ(C™). Then
by Theorem 5.1.4, there is a unique finite codimensional ideal I such that
M = [I]. Since I is of finite codimension, Z(I) is a finite set, say, Z(I) =
{A1, A2, -+, \;}. The ideal I can then be uniquely decomposed as

l
I=()I
k=1
where each [Ij is an ideal with a unique zero \,. Clearly,
1] € My [Ii)-

Note that N¥_, [I;] is quasi-invariant and is of finite codimension. From Lem-
mas 5.1.1 and 5.1.3,

cn (ﬂ£=1[1k]) = mge:ljk =1,
and [ is dense in NF_,[I}]. Thus,
[1) = N )

The above reasoning shows that each finite codimensional quasi-invariant sub-
space M can be uniquely decomposed as

M =l _, My,

where each M}, is quasi-invariant and is of a unique zero point.

Because

{z%/]|z%|| : @ ranging over all nonnegative indices}
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is the orthonormal basis of L2(C"), this means that although for each poly-
nomial p, the Toeplitz operator T} is unbounded on L2(C™), T maps C to C.
Now let P be a linear space consisting of some polynomials. We say that P is
an invariant polynomial space, if for any polynomial p, P is invariant under
the action by Tjp.

Just as in the proof of Lemma 2.5.1, we have the following result.

Lemma 5.6.1 Let M be a finite codimensional quasi-invariant subspace with
a unique zero X = 0. Then M~ is a finite dimensional invariant polynomial
space.

Consider the transformations on C", v5(z) = A — z. These maps determine
unitary operators on L?(C") given by

Vaf = foraka,
where k) (z) is the normalized reproducing kernels of the LZ(C"), i.e.,
kx(2) = exz/27|>\\2/4'

It is easy to verify that V) commute with the Fock projection P (here P is
the orthogonal projection from L?(C™) onto L2(C")), and V¢ = I.

Let M be a finite codimensional quasi-invariant subspace. Then M has
finitely many zero points A1, Ao, -+, \; such that M can uniquely be repre-

sented as
l

M = (M,
i=1
where each M; is quasi-invariant and has a unique zero ;.
The following theorem was contributed by Guo and Zheng [GZ].

Theorem 5.6.2 Under the above assumption, there are finite dimensional
invariant polynomial spaces P; with dim P; = codim M; for i = 1,2,--- .1
such that

l
MJ' :Z+,Pio’y)\i k)\7
i=1

Furthermore, we have
1
codim M = dim M+ = dim P;.
i=1

Proof. Let N be a quasi-invariant subspace of finite codimension with a
unique zero point A. We claim that VAN = {foyxky : f € N} is quasi-
invariant. In fact, if there is a polynomial ¢ and some f € N such that
q(2)Vaf(z) € L2(C™), then q(2) f(A — 2)kx(2) € LZ(C™). Tt is easy to see that
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q(z) can be written as g(z) = p(A — z) + ¢ for some polynomial p and some
constant c. Since

9(2)f(A = 2)ka(2) = Vallp + 0)f)(2),

we have

(p+o)f = Vallp +¢)f) € LF(C).
Hence pf € L2(C"). Since N is quasi-invariant, pf € N. It follows that
(p+c¢)f € N, and hence

q(2)f(A = 2)ka(2) = Val(p + ¢)f)(2) € VAN.

This ensures that V)V is quasi-invariant. From the equality,
L}(CY)=N@ Nt =V\Na VN,

VAN is a finite codimensional quasi-invariant subspace, and V)N is of the
same codimension as N. Note that Vy\N has only zero point 0. Thus from
Lemma 5.6.1, VAN is a finite dimensional invariant polynomial space. We
denote VAN by P. Thus,

]\7L =WV\P ZPO’}/,\]{J,\.
Since M = N._, M;, this gives that

l
M=+ M
i=1

Thus, there are finite dimensional invariant polynomial spaces P;,i = 1,2,--- 1

such that l

]\4L = Z—’_PZ O Yx; ]f)\i.
i=1
The rest of the theorem comes from Corollary 2.2.6. This completes the proof
of the theorem.

In the case of the Fock space L2(C), Theorem 5.6.2 has a simple corollary.
To see this, we let 7, denote the linear space spanned by {1, z,...,2"} for
each nonnegative integer n. Then it is easy to verify that P is an invariant
polynomial space in the variable z with dimension n+ 1 if and only if P = 7,.
Note that each finite codimensional quasi-invariant subspace M of L2(C) has
its unique form M = [p|, where p is a polynomial with deg p = codimM. Let
p(2) = (z = A\)FrHL(z — \p)k2tLl ... (2 — X\, )¥=+1 be the irreducible decompo-
sition of p. Then we have the following.

Corollary 5.6.3 Under the above assumption, it holds that
l
it = 3 e 5
i=1
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5.7 Beurling’s phenomenon on the Fock space

Beurling’s classical theorem [Beu] says that each submodule M of the Hardy
module H?(D) has the form n H?(D), where 7 is an inner function. Equiva-
lently, the subspace M & zM = Cn is one dimensional, and it generates M,
i.e., M = [n] = nH?(D). Beurling’s theorem has played an important role
in operator theory, function theory and their intersection, function-theoretic
operator theory. However, despite the great development in these fields over
the past fifty years, it is only recently that progress has been made in proving
the analogue for the Bergman module L2 (D) on the unit disk. The analogue
of Beurling’s theorem on the Bergman module L?(D) was made by Aleman,
Richter and Sundberg [ARS]. They proved that any submodule M of the
Bergman module L2 (D) also has the form M = [M © zM], that is, M, as a
submodule of L2(D), is generated by M © zM. However, unlike the Bergman
space (or the Hardy space), an analogue of Beurling’s theorem fails in general
for the Fock space. The next example shows that there are infinitely many
quasi-invariant subspaces for which Beurling’s theorem fails.

Example 5.7.1 Let a # 0, and let [z — a] be the quasi-invariant subspace
generated by z — . Then [z —a] © [z(z — a)] is not a generating set of [z — a.

In fact, it is easy to check that the subspace [z — o] S [2(2 — )] is one
dimensional, and the function f,(z) = el®*/2—¢3/2 igin it. Since the function
fa(2) has infinitely many zero points {«a + 4nmi/@ : n range over all integer}
in C, but z — a has a unique zero point «, this implies that f,(z) does not
generate the quasi-invariant subspace [z — a].

More generally, we have the following.
Theorem 5.7.2 Let p(z) be a polynomial with degree m. Then for the Fock

space L2(C), [p|©[zp] is a generating set of [p] if and only if there is a constant
v such that p(z) = vz™.

This theorem was proved in [CH]. This section will give a more simple proof
of the theorem which is distinct from [CH]. For the theorem, we need two
lemmas.

Lemma 5.7.3 Let q1(z),--- ,q(z) be polynomials. If f(z) = 22:1 qr(z) eFr®
has finitely many zeros on the complex plane C, say, A1, A2, , Am (counting
multiplicities), then there are constants a,b such that

fE)=alz=M)(z—Xa) (2 — Am)ebz.

Proof. Set
r(z)=(z—=A)(z—=A2) - (2 — A\m).
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Then the function f(z)/r(z) is holomorphic on the complex plane and it has
no zero on C. It follows that there exists an entire function g(z) such that
f(2) = r(2)e9®). Since

l
FEI< D lan(z)lel =
k=1

there exists a positive constant Ry such that
1f(2) < elutD)z]

if |z] > Ro (here p = max{|p1],---,|ml}), and hence there exists a large
positive constant R such that

|e9()| < et

if |z| > R. Thus, we can find a positive constant d such that

19)| < DIzl

for any 2z € C. Write g(z) = g(0) + ¢’(0)z + 22h(2), where h(z) is an entire
function. Then there are positive constants d; > 0 and ds > 0 such that

|€z2h(z)| < edl\z\erQ
for each z € C. This gives Re(22h(z)) < di|z| + da, and hence
[Re(22h(2))]? + [Im(22h(2))]? < [2(dir + d2) — Re(2%h(2)))? + [Im(22h(2))]?

if |z] < r, that is,
|22h(2)| < |2(dyr + do) — 2%h(2)]

if |z| < r. The function
h,(2) = 72h(2)/[2(dyr + d2) — 2°h(2)]

is holomorphic on {z : |z| < 2r}, and |h.(2)] < 1if |2|] = r. Applying the
maximum modulus theorem yields

hr(2)] <1

if |z] < r. Fixing z and letting r — oo give h(z) = 0. It follows that there
exist constant a, b such that

f2) = a(z = M)z = Xa) -+ (2 = Am)e™,

completing the proof.

By induction, the following lemma is easily proved.
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Lemma 5.7.4 Let pu; # p; (i # j), and let ¢i(2),--- ,qi(z) be polynomials.
Then 2221 qr(z) et * =0 only if ¢1(2) = q2(2) = --- = q(2) = 0.

The proof of Theorem 5.7.2. Note that finite codimensional quasi-invariant
subspaces [p] and [zp] have codimension m and m+ 1, respectively, and hence
the subspace [p] © [zp] is one dimensional. Take a nonzero ¢ in [p] © [zp]. If
[p] © [2p] is a generating set of [p], then ¢ generates [p], and therefore ¢ can
be decomposed as ¢(z) = p(2)1¥(z) such that 1(z) has no zero on the complex
plane C. Since ¢ € [zp]*, applying Corollary 5.6.3 and Lemma 5.7.3 gives

(2) = ap(z)e”,

where a, b are constants and a # 0. Combining Corollary 5.6.3, Lemma 5.7.4
and the equality [p] © [zp] = [2p]* © [p]*, we obtain b = 0. Since [zp]* is
invariant for T, and p € [zp]t, we deduce z¥ € [zp]* for k = 0,1,--- ,m.
It follows that there exists a constant v such that p(z) = 2™ because
dim [zp]* = deg p + 1 = m + 1. This completes the proof.

5.8 Remarks on Chapter 5

The concept of quasi-invariant subspace was first introduced by Guo and
Zheng [GZ]. Proposition 5.0.1 and results in Sections 5.1, 5.4 and 5.6 were
basically contributed by Guo and Zheng [GZ]. Sections 5.2 and 5.3 are mainly
based on the paper [CGH] by Chen, Guo and Hou. Section 5.5 comes basically
from Guo’s paper [GuoT7]. Proposition 5.5.10 appeared in [GH]. The Beurling
problem for the Fock space was raised by Zheng. Theorem 5.7.2 was proved
by Chen and Hou [CH]. The present proof was given by Guo and it is distinct
from [CH]. We also mention a work [GY] by Guo and Yan, where they studied
reproducing Hilbert spaces with U-invariant kernels on the complex plane.
Concerning reproducing kernels, a general theory is presented in [Ar].
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Chapter 6

The Arveson module

To generalize the operator-theoretic aspects of function theory on the unit disk
to multivariable operator theory, Arveson investigated a new function space
H? on the unit ball B, in the d-dimensional complex space C? (cf. [Arvl, Arv2,
Arv3, Arv6]) (for convenience, we call H? the Arveson space). Indeed, the
Arveson space plays an important role in the multi-variable operator theory as
shown by Arveson [Arvl, Arv2, Arv3]. Recall that the Arveson space H3 on
the unit ball B, is defined by the reproducing kernel Ky (z) = 1/(1 — (2, \)),
where (z,\) = Z;l:l z;A\j, and it is easy to verify that the space is invariant
under multiplication by polynomials. Therefore, we will regard the Arveson
space H? as a module over the polynomial ring C. Unlike Hardy modules and
Bergman modules, the Arveson module H3(d > 2) is never associated with
some measure on C? as shown by [Arvl]. Therefore, the Arveson module
enjoys many properties distinct from those of the Hardy module and the
Bergman module.

6.1 Some basic results on the Arveson module

First we give the following proposition.

Proposition 6.1.1 The Arveson space has a canonical orthonormal basis

(J1+J2 4+ Jja)! 1] j
T ey e e S

where J = (j1,j2, -+, ja) Tun over all multi-indezes of nonnegative integers.

Proof. Let H be the Hilbert space with an orthonormal basis given by this
proposition. For convenience, we set e; = [W]l/ 2201 ... 2J4. Then for
any f € H, f has the expression f = > ;aye; with ) ;|as|* < co. For any
A € By, the evaluation E)(f) of f at A satisfies
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IEA(D] =1 asesN < Q lasP) 2R les(NIH)Y?
J J J
= (D lasP)2 /= N2 = £/ = IRV
J

This means that F) is continuous; we thus think of E) as an element in H.
Then it is easy to see that Ex = ;es(N)es. Furthermore, if Ex(f) =0 for
each A € By, then f = 0. Indeed, from the following expression

pi+ia f

a)\ljl B ~a)\djd |)\:O = 07
the equality a; = 0 is easily deduced, and hence f = 0. This shows that the
set of all F is dense in H. Notice that for any A, 4 € By, we have

(Ex, B = (K, Kz = 1/ (1= (1, A).-

The proposition follows.

By a multiplier of H7 we mean a complex-valued function f on B, with
the property ng C Hg. It is easy to see that a multiplication operator My
on H? defined by a multiplier f is bounded. From Proposition 6.1.1, for any
polynomial p, pH 3 CcCH 3. Therefore, we will regard the Arveson space Hfl as
a module over the polynomial ring C.

In fact, the Arveson space is an analytic Hilbert module on the unit ball
By (for the definition, see Section 2.2 of Chapter 2). For this assertion it
is enough to show that each point p,|u| > 1 is not a virtual point of HL%,

where || = (Z?Zl |14:]2)/2. Suppose that there is a virtual point u such that
|u| > 1. Then there exists a constant C,, such that for any A, [A| < 1/|u| we
have

Cy

2 CLIKN? = )
* < Cull KAl e

1- <)‘v /~L>
Taking A\ =t with 0 < ¢ < 1/|u|? we then obtain

17t2 2
T <
(1 —t]uf?)

When |p| = 1, the left side of the above inequality tends to +oo as t — 1 —.
Similarly, when |u| > 1, the left side of the inequality tends to +oo as t —
1/|u|*~. This contradiction shows that p is not the virtual point of Hj if
|| > 1. Therefore, the Arveson space is an analytic Hilbert module on the
unit ball.

Before going on we give the following proposition (see [Arvl]).
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Proposition 6.1.2 Let M,, be the multiplications given by the coordinate
multipliers z; fori=1,2,--- ,d. Then

M, M +---+ M M =1-1®1.

Proof. Since H? is spanned by {K) : A € By}, it is enough to show that for
all A\, u € By we have

(M, M7 Ko K)o (M ME K K = (Ko K = (L@ 1)Ky, K.

Since
MZKX :TiKAa 1=1,2,--- 7d

and
<(1 ® I)K)\,K,) = <K/\7 1><1aKu> =1,

a simple computation gives the desired conclusion.

Arveson [Arvl] called the d-duple of operators (M,,,- -+, M,,) the d-shift.
For convenience, we will write (S1,---,S4) for the d-shift (M,,,---,M,,).
The d-shift plays the important role in the theory of d-contraction (cf. [Arv1]).
A commuting d-tuple T = (T1,--- ,Ty) acting on a common Hilbert space H
is called a d-contraction if the following condition is satisfied:

IT0&r + -+ + Talall® < 1G> + -+ + [1€all®.

It is easy to verify that a commuting d-tuple T is a d-contraction if and only
if
Iy +---+TyT; <1.

To see this we let d - H denote the direct sum of d copies of H, and let
T € B(d- H, H) be the operator defined by T'(&1,- -+ ,&a) = T1&1 + -+ + Tuéa.
Then the adjoint of T, T* : H — d - H is given by

T*f = (Tl*gl, e aTd*gd)

This implies that
TT* =TWTf + - T,T;,

and hence the equivalence follows.

A simple verification shows that the d-tuples (M,,,---, M,,) of coordinate
multipliers on both the Hardy module and the Bergman module of the unit
ball are d-contractions. The next theorem will show that the Arveson module
H? is distinguished among all analytic Hilbert modules on the unit ball by
being the largest Hilbert norm. As a consequence, the Arveson module is
contained in every other analytic Hilbert module on the unit ball that has
some natural properties.

The following theorem is due to Arveson [Arvl].
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Theorem 6.1.3 Let H be an analytic Hilbert module on the unit ball By such
that 1 L Hy, where Hy = {f € H : f(0) = 0}. If the d-tuple of the coordinate
multipliers M = (M., ,M,,) is a d-contraction, then for each polynomial
p we have

Il < TPl 3

The theorem shows that the Hg norm is the largest Hilbert norm among
all Hilbert modules on B; which have the properties desired as the theorem.
Furthermore, applying the closed graph theorem gives that if an analytic
Hilbert module H on the B; has the properties desired as the theorem, then
H contains H?, and the inclusion map of H3 to H is a bounded operator.

For the proof of Theorem 6.1.3, let us first recall some operator theoretic re-
sults which are important in themselves. Each d-contraction T = (T, -+ ,Ty)
in B(H) gives a completely positive map P on B(H) by way of

P(A) =T AT} +---+ T4AT;, A€ B(H).

(We refer the interested reader to an appendix at the end of this section for
the definition and some basic properties of completely positive maps.) Notice
that since P(I) = ThTY + -+ - + TyT; < I we have

1P =P <1,
and hence the sequence of positive operators
I>P(I)>PXI)>--
converges strongly to a positive operator Ty, = lim P"(I). Obviously,
0<T.<1I

A d-contraction is called null if T,,, = 0. For a d-contraction T' = (T}, -- ,Ty),
its defect operator A is defined as

A= (T -TTf - =T T2

The next dilation theorem, due to Arveson [Arvl], will serve us to prove
theorem 6.1.3.

Theorem 6.1.4 Let T = (Ty,--- ,Ty) be a d-contraction on a Hilbert space
H. Then there is a unique bounded linear operator L : Hg @ AH — H
satisfying

Lip® &) = p(T) AS,

and we have
LL*=1—-T..

In particular, the operator L is a contraction.
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Proof. For each n € H, define An as a sequence of vectors (£p,&; -+ ) where

&n = Z 4 2 gl @ AT T,
Jitetja=n I IE

Then we have

n! . .5 . .
1€l = Z [m]QHZ{I "'J§d||2||AT1J1* : --Tid*n||2
Jitetia=n T '
n! - -
= D AT T
Jit-tja=n L Jd:
! , . .
= 7” (T - T AT T3 )
jut- T 1T

= (P"(A%)n,n)
= ((P"(1) = P"*X(1))n. m).

Therefore we obtain
| An||?> = Z|\§n||2— Inll* = (Toon, m).

Now the linear operator A : H — H2 ® AH given by the above reasoning is
well defined and bounded. Notice that for any £ € AH and n € H,

(' 2 @ €, An)

_ (]1 T"| +,'7d> <z{1 "'Zid ® 672{1 .._Zid ® Alel* . "Tid*n>
Ji-cJd
= ﬁ” At 2P AT - T y)

= (&, AT . TIn) = (T - TI*AE, )
= (L(z{* -+ 2 © €),m).
From the above reasoning we see that the desired operator L is given by A*,

and it satisfies
LI =A"A=1—-T..

Obviously, such an operator L is unique, completing the proof.

The proof of Theorem 6.1.3. Let A = (I — M, M} —-- oszded)l/Q be
the defect operator for the d-tuple of the coordinate multipliers (M., ,--- , M,,).
We claim that Al = 1. In fact, since 1 L Hp, we obtain that M} 1 = 0 for
k=1,2,---,d. It follows that

IAL]? = (A1, 1) = |1,
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and hence Al = 1 because 0 < A < I. In particular, 1 = Al € AH. Applying
Theorem 6.1.4 we see that L(p ® 1) = p for any polynomial p. Since L is a
contraction we have

Il < 111 Pl a2
for any polynomial p, completing the proof.

Another application of Theorem 6.1.4 is that an appropriate version of Von
Neumann’s inequality for d-contraction can been deduced from it. Recall the
following classical von Neumann’s inequality satisfied by any contraction T
on a Hilbert space H.

Proposition 6.1.5 (Von Neumann’s inequality) For any contraction T
(i.e., |T|| < 1) on a Hilbert space H and for any polynomial p in one variable,
we have

(T < [Pl oos
where ||p|lso is defined by ||p|lec = sup,cp [p(2)]-

We refer the interested reader to [Pil] for many different proofs of the von
Neumann’s inequality. Perhaps most natural generalization of von Neumann’s
inequality for d-contraction would make the following assertion. Let T =
(Th,- -+ ,Ty) be a d-contraction, and let p be a polynomial in d-complex vari-

ables. Then A
[p(T1, -+ . Ta) || < Ipllec = sup [p(2)]-

z€By

The next example shows that this inequality fails for d-shift, in that there is
no constant K for which

Hp(Slﬂ"' 7Sd)|| < K sup |p(2)‘7
z€By

for any polynomial p.

Example 6.1.6 This example comes from [Arvi]. Assume d > 2. Let
{co,c1, -} be a sequence of complex numbers with properties

Z len] =1, Z en|?nld=D/2 = o,

The existence of such a sequence is obvious; for example, take ¢, = ¢/n(d=1)/4
if n = m® for some positive integer m and ¢, = 0 otherwise, where ¢ =

1/ 2:21 ﬁ We define a sequence of polynomials, pg,p1,-- -, as follows:
N
PN=Y %:(21 za)",
n=0
where s = sup,cp, |21 24| = d=%2. Then we have ||pyllec < 1 for every

N, and the sequence {pn} converges uniformly on the closed unit ball to a
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function f satisfying || flle < 1; but f ¢ H2, where f =" A CIREREZ )L
Furthermore, we have

In fact, notice that

N |C | N
Ipxlloe < 7 11 2) oo = D leal
n=0 n=0

and hence by the assumption we obtain that ||pyllee < 1, and the sequence

{pn} converges uniformly on the closed unit ball to a function f satisfying
| flleo < 1. By Stirling’s formula n! « v/2rn™t/2e=" and Proposition 6.1.1,
there exists a positive constant C' such that

||(212d)n|| 2 Cd_dnn(d_l)/27 n= 1723"' .

This implies that

N 2 N
C p—
Ipw[1* = Z |572LT|L [(z1 -+ za)"||> > C E len?nl4=D/2 - oo
n=0 n=0

as N — oo. It follows that f ¢ H3. Since

o (S, -+ -5 Sa)ll = P (S -+ Sa) 1l = llpw

this gives
lim ||pn(S1,---,Sq)| = oo.
N—oo

However, using Theorem 6.1.4, Arveson obtained an appropriate version of
von Neumann’s inequality for d-contraction as follows (cf. [Arvl]).

Theorem 6.1.7 Let T = (Ty,--- ,Ty) be a d-contraction on a Hilbert space
H. Then for every polynomial p in d-complex variables we have

lp(Th, -+ Ta)|| < [lp(S1, -+ 5 Sa)l-

Proof. Let A = (I -ThT} —---— Tde)l/Q be the defect operator for d-tuple
T, and let K = AH. By Theorem 6.1.4, we see that for any polynomial p,

Lp(S1,---,84) @ Ix = p(Ty,--- ,Tq)L.

We first show that for each null d-contraction T, the theorem is true. Indeed,
if T is a null d-contraction, then Theorem 6.1.4 implies that L is a coisometry,
that is, LL* = I. In this case, we have

Lp(S1,--+,84) @ I L = p(Tt, -+, Ta),
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and hence
”p(TD' o ,Td)H < Hp(slv' o ,Sd)H

The general case is deduced from this by simple reasoning. Let T be any
d-contraction. For 0 < r < 1, set T,. = (rT1, -+ ,rTy). Then 7, is a null
d-contraction. Applying the preceding conclusion to the tuple 7). gives

||p(7‘T1, T 7er)H < Hp(51, T 7Sd)H

Since
”p(Tl» T 7Td)H = }1_{% Hp(TTh T 7er)||»
the desired conclusion follows.

The two most common analytic Hilbert modules on the unit ball are the
Hardy module H?(B;) and the Bergman module L2(B;). Their multiplier
algebras are all H*°(B,). However, Example 6.1.6 shows that there exist func-
tions in the ball algebras A(By) which are not multipliers of HZ. Furthermore,
the following is deduced from Example 6.1.6. (cf. [Arvl]).

Proposition 6.1.8 There is no positive measure . on C%, d > 2, such that
on the Arveson module Hj

112 = [ 1P

for all polynomial f.

Proof. Suppose that such a measure p did exist; then u must be a probability

measure because ||1|| = 1. For any e = (e1,--- ,eq) € OBy, set fo = €121 +
-+ +€4z4. Then by Proposition 6.1.1, || f'|| = 1 for each natural number n.
Therefore

/ | fo(2) [P dp = 1.

Cd

Let X be the closed support of the measure . We find that
sup |fe(2)| = lim (/ \fe(Z)\2”du)1/2" -1
zeX n—oo" [ra

This proves that for each z € X and e in the unit sphere of B; we have
[(z,e)] <1,

and it follows that X must be contained in the closed unit ball of C?. Since
the polynomial ring is dense in the ball algebra A(B,;) in the sup norm, this
forces A(B;) C HZ. However, Example 6.1.6 shows that this is impossible,
and hence the proposition follows.

As a consequence of Proposition 6.1.8, we will see that the d-shift is not
a subnormal d-tuple. More earlier examples for non-subnormal commuting
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d-tuple appeared in [Lu]. Recall that a d-tuple of commuting operators
T = (Ty, -+ ,T,;) on a Hilbert space H is said to be subnormal if there is a
commuting d-tuple of normal operators N = (Ny,--- , Ny) on a larger Hilbert
space K D H such that T, = Ni|g for k=1,2,--- ,d.

The following corollary appeared in [Arvl]; here the proof is similar to
that of [CSa, Theorem 2.1], which is different from the proof in [Arvl]. We
also point out a recent work of Arazy and Zhang [AZ], which gives an exact
condition for the d-tuple being non-subnormal concerning bounded symmetric
domains.

Corollary 6.1.9 For each d > 2 the d-shift is not subnormal.

Proof. Suppose that the d-shift is subnormal. Then there is a normal ex-
tension N for the d-shift such that 1 is a cyclic vector for the commuting
C*-algebra C*(N) generated by I and Ny,---,Ng. Notice that there is a
unique #-isomorphism 7 : C*(N) — C(o(N)),7(N;) = 2; for i = 1,--- ,d,
where o(N) is the Taylor spectrum for the d-tuple N = (Ny,---,Ny). A
functional ¢ : C(o(N)) — C is given by

¢(f) = (f(N)L,1).

It is easy to see that ¢ is positive and ¢(1) = 1, hence there is a probability

measure g supported on o(N) such that

¢(f)=(/}N)fd#o

From this it is deduced that for any polynomial p

o(N

Sl = Il = [ 1p(=) P

This contradicts Proposition 6.1.8, and hence the corollary follows.

Appendix. In this section we have used the notion of completely positive
maps, and we will use this notion in subsequent sections. In this appendix
we will give a brief remark on completely positive maps for the reader’s con-
venience. We refer the interested reader to Paulsen’s book [Pau4] or Pisier’s
book [Pil] for the more detailed materials.

For a C*-algebra A we form a new x-algebra M, (A), the algebra of all n xn
matrices with entries in A, and the adjoint of an element of M,,(A) is defined
as the transpose of the matrix whose entries are the adjoints of the original
entries. To define the norm on M, (A) we take a faithful representation p :
A = B(H), and define p, : Myn(A) — B(n - H) by pu(ay]) = [p(ai)],
where n - H denotes the direct sum of n copies of H. Then it is easy to
check that p,, is a *-isomorphism from the x-algebra M,,(A) to B(n - H), and
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pn(Mp(A)) = M,(p(A)) is closed in B(n - H). Now defining the norm on

lfaz]ll = llpn([ai DI,

M,,(A) is then a C*-algebra in this norm. By the uniqueness of C*-norm (see
[Co, Corollary 1.8]), one sees that the definition of the norm does not depend
on the choice of representation, and the above norm on M, (.A) is the unique
norm that makes M, (A) into a C*-algebra.

Let A, B be C*-algebras, and let ¢ : A — B be a linear map. We call
that the map ¢ is positive if ¢ maps positive elements to positive elements.
Define the linear maps ¢, : My(A) — M,(B) by ¢n([ai;]) = [¢(ai;)] for
n=12---. We say

1. the map ¢ is completely bounded (c.b.) if each ¢, is bounded and
lollcs = sup,, l|¢nl] < oo, in this case, ||}, is called the completely
bounded norm of ¢;

2. the map ¢ is completely positive (c.p.) if each ¢,, is positive;
3. the map ¢ is completely isometric (c.i.) if ¢,, is isometric for each n > 1;

4. the map ¢ is completely contractive (c.c.) if ¢, is contractive for each
n > 1.

For completely positive maps, a basic result is the following Stinespring’s
theorem whose proof can be found in [Arv4, Paud, Pil].

Theorem 6.1.10 (Stinespring’s theorem) Let A be a C*-algebra, and let
¢ A— B(H) be a completely positive map for some Hilbert space H. Then
there exists a Hilbert space K, a representation m: A — B(K) and a bounded
linear operator V : H — K such that

¢la) =V*n(a)V, ac A

Moreover, if A is unital and ¢(1) = 1, then V is an isometry and we can
assume, identifying H with its image VH in K, that H C K, V = Py.

Because each C*-algebra has a faithful representation the following properties
for a completely positive map are easily deduced from Stinespring’s theorem.

Proposition 6.1.11 Let A, B be C*-algebras, and let ¢ : A — B be a com-
pletely positive map. Then we have

1. the map is completely bounded and
[¢lles = lloll = lI@nll, n=1,2,---;
2. if A has a unit, then |||l = ||o(1)||-
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The following proposition is frequently used in this chapter.

Proposition 6.1.12 Let T1,T5,T5,--- be a (finite or infinite) sequence of
bounded linear operators on a Hilbert space H which satisfies that sum ), T},
converges in the strongly operator topology. If A is a C*-subalgebra of B(H),
then the map ¢ : A — B(H) defined by ¢(A) = >, T AT}y, is completely
positive.

Proof. Indeed, for each A € B(H), the sum ), Ty AT}, converges in the
strongly operator topology because the sum strongly converges for each pos-
itive A. Let [ be the number of operators in the sequence 17,75, - and let
V be the linear operator from H to [ - H defined by

Vh = (Tyh, Toh, - -).

By the assumption the operator V' is bounded and V*V = Y, T)T},. Letting
7 be the representation of B(H) on [ - H defined by

T(A)=APA®---,

then it is easy to check that

Now observe that for every n > 1,
On([Af;]) = Viimn ([Ai]) Va,

where V,, : n- H — nl - H is defined as V,,(hy, -+ ,h,) = (Vhy, - ,Vhy).
From the above observation we see that each ¢, is positive, and hence ¢ is
completely positive.

Concerning completely positive maps, another very useful result is the Arve-
son extension theorem. For the proof of this theorem the reader is advised to
consult [Arv4].

Theorem 6.1.13 (Arveson extension theorem) Let B be a C*-algebra
with identity and let A be a self-adjoint closed subspace of B containing the
identity. If ¢ + A — B(H) is a completely positive map, then there exists a
completely positive map 1 : B — B(H) such that ¢ = | .

6.2 The Toeplitz algebra on the Arveson space
The Toeplitz algebra 7; on the Arveson space is defined as

7y = C*{M;y : f belong to the polynomial ring C}.
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However, the next proposition will show that the Toeplitz algebra 7 is gener-
ated by the d-shift (S1,---,S54). Let E,, denote the space of all homogeneous
polynomials with degree n. Define the number operator N in H3 as follows:

N = ZnEn,

n>0

where E,, also denote the orthogonal projection from H7 onto E,. Then we
have the following proposition (cf. [Arvl]).

Proposition 6.2.1 Let d > 1 and let (Sy,---,854) be the d-shift. Then for
alli,7=1,---,d we have

1. SiS14 -+ 85Sa=(d+N)1+N)™ L
2. S:Sj - S]Sj = (1 +N)_1((5ij,[— SJS:)

Proof. By Proposition 6.1.1, for each monomial 27" --- 27, an easy compu-
tation shows that
Szt 27 =0

if a; =0, and

Q;
S;Z‘lll'uzgdziz?l
a1+...+ad

aiil-.-

...ZZ

if a; # 0. Also notice that

1
14+n

_ d+n _
(d+NXL+N)1:§:TI—EM A+N) =)
n>0 n n>0

E,.

By considering two sides of equalities acting on monomials, a simple compu-
tation gives the desired conclusion.

Observe that the operator (d+ N)(1+ N)~! is invertible, and its inverse is

given by
1
(d+N)a+N) =% -,
d+n
n>0
We therefore conclude that the Toeplitz algebra 7y is generated by the d-shift
(S1,+++, Sa).

The following theorem contains some basic information of the Toeplitz al-
gebra. The theorem and its proof come from [Arvl].

Theorem 6.2.2 Let IC be all compact operators on Hg. Then we have a short
exact sequence of C*-algebras

0—=K—T35COBy) —0
where T is the unital x-homomorphism defined by w(S;) = z; forj=1,--- ,d.
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Proof. By Proposition 6.1.2, the rank operator 1®1 = I—Z?zl S; S belongs
to 74, and hence for any polynomials p,q, the rank one operator p ® ¢ =
M,1® l)Mq* is in 74. This implies that 7; contains all compact operators.
By Proposition 6.2.1 (2), we see that the quotient 7;/K is a commutative
C*-algebra. It is obvious that the quotient 73/ is generated by commuting
normal elements Z; = n(S;),j =1,--- ,d satisfying

InZf o+ ZgZ = 1.

Let X be the Taylor spectrum of the d-tuple (Zy,---,Z4). Then X is a
nonvoid subset of the unit sphere 0By (see [Curl]). We claim X = 0By. In
fact, since the unitary group U(C?) acts transitively on the unit sphere it is
enough to show that for every unitary d x d matrix u = (u;;), there exists a
x-automorphism 6, such that

d
‘gu(Zi) = Z

]

To achieve this we consider the unitary operator U acting on C% by Ue; =

Zj:l Ujiej, where eq,--- ,eq are the coordinate vectors of C. Then I'(U) is
a unitary operator on H32 which is defined by T'(U)f(z) = f(U7'z), and it
satisfies

d
D(U)ST(U)* = ;S;.
j=1

It follows that 6, can be obtained by promoting the spatial automorphism
T — T(U)TT(U)* of 74 to the quotient 7;/K. Now the identification of 7/
with C(0Bg) asserted by w(S;) = 2,4 = 1,--- ,d is obvious, completing the
proof.

The Toeplitz algebra on the Arveson space enjoys many important proper-
ties. One of the properties is that the identity representation of the Toeplitz
algebra 7y is a boundary representation for the d + 1-dimensional operator
space span{l, Sy, --,S4}. For this assertion we recall some facts from the
theory of boundary representations [Arv4, Arv5]. Let B be a C*-algebra with
the identity and let S be a linear subspace of C*-algebra B, which contains
the identity of B and generates B as a C*-algebra, B = C*(S). An irreducible
representation 7w : B — B(H) is said to be a boundary representation for S if
7|s has a unique completely positive linear extension to B, namely, 7 itself.

In the theory of boundary representations, a basic result is the following
Boundary theorem, due to Arveson [Arv5, Theorem 2.1.1].

Theorem 6.2.3 Let S be a irreducible linear subspace of operators on a
Hilbert space H, such that S contains the identity and C*(S) contains the
ideal IC(H) of all compact operators on H. Then the identity representation
of C*(8) is a boundary representation for S if and only if the quotient map
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Q : B(H) — B(H)/K(H) is not completely isometric on the linear span of
SuUS*.

The following corollary, including the proof, appeared in [Arv1].

Corollary 6.2.4 Suppose d > 2. Then the identity representation of the
Toeplitz algebra Ty is a boundary representation for the d + 1-dimensional
operator space S = span{l,S1, - ,Sq}.

Proof. By Theorem 6.2.3, it suffices to show that the Calkin map is not
isometric when promoted to the space My ® S of d X d matrices over S.
Considering the operator A € My ® S defined by

S10...0

S20...0
A= . .. :

Sa 0 0

then by Proposition 6.2.1, we have
A Al = [|STS1 + -+ + 8384l = d,

and hence ||A| = v/d. On the other hand, by Theorem 6.2.2, the image of A
under the Calkin map is the matrix function on the unit sphere

220...0
Fiz)=|( .. ..

It is easy to see that sup,cqp, [[F(2)]| = 1 < Vd = ||A|. Applying the
Boundary theorem gives the desired conclusion.

As a consequence of the above corollary, we obtain the following whose
proof is different from the original one [Arv1].

Corollary 6.2.5 Let ¢1,¢o,-- be a finite or infinite sequence of multipliers
on H3,d > 2, which satisfy

M:;lMd)l + ]\4;2]\4¢2 +-.-=1.
Then each ¢; is a scalar constant.

Proof. Consider the completely positive map ® defined on the Toeplitz al-
gebra 7y by
(I)(A) = M;lAM¢1 + M;2AM¢2 + -
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Clearly, the sum converges strongly for each operator A because for each
positive operator B we have

> M, BMy, < ||B| I
k
Obviously, we have ®(S;) = S; for i = 1,--- ,d. It follows that ®(A) = A for

each A € 7 by Corollary 6.2.4. Since 7; contains all compact operators, this
means that for any A\ € By, we have

M:;1(K)\ (9 K)\)M(z,l +M;2(K)\ X K)\)Md,z + - =K, ® K.
A simple reasoning gives that

o1 (V)2 + g2 (V)P + -+ = 1.

Thus, for: =1, -+ ,d we have
Pl (NP | 9?2 (V)2 091(N) 5 | 0d2(N) o
A A = B
NN anon vl by vl B )

and hence each ¢; is a constant.

Concerning the Hardy space H?(B;) one has
T, + - +T, T, =1

Applying the reasoning as in Corollary 6.2.5, we see that the identity represen-
tation of the Toeplitz algebra on the Hardy space H?(B,) is not the boundary
representation for the d + 1-dimensional space span{I, M, ,---,M,,} gener-
ated by the coordinate multipliers.

As an immediate consequence of Corollary 6.2.5, we can verify that if a
submodule M of H3(d > 2) is unitarily equivalent to H32, then M = H3.
Indeed, if U : H2 — M is a unitary equivalence, then it is easy to see that
there is a multiplier ¢ on Hg such that U = My. Since U is unitary, this
implies that M7 Mg = I, and hence ¢ is a nonzero constant. The assertion is
proved.

As one of applications of Theorem 6.2.2, a conclusion is presented at the
end of this section.

Proposition 6.2.6 Let r be a rational function with pole points off By. Then
7 is a multiplier of H3.

Proof. It suffices to show that for every polynomial p with Z(p) N By = 0,
the function 1/p is a multiplier of H 3. Considering the multiplication operator
M, on the Arveson space, then M), is Fredholm by Theorem 6.2.2. Therefore,
the space pH? is closed and it is finite codimensional in HZ. Since the space
pH? is a submodule, applying Theorem 2.2.3 gives that pH3 = H?, and hence
Z%Hg = H2. The desired result follows.
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6.3 Submodules of the Arveson module

By a submodule M of Hj we mean that M is closed and invariant under
action of the d-shift. The next proposition shows that a submodule is invariant
under action of multipliers of H3 (cf.[GRS]).

Proposition 6.3.1 Let M be a submodule, and let ¢ be a multiplier of H>.

Then ¢ M C M.
Proof. Let )
; sin“ nt/2
F,(e") = —=+=
(") nsin®t/2
for n = 1,2,---, be the Fejér kernel. Define p,(z fo VE, (eft)dt;

then from the well-known properties of the Fejér kernel [Hof] each pp is a
polynomial, and p, (A) — ¢(A) for each A € B;. We claim

lpn Il < IMslLIFIl, f € HE.

For any real number ¢t and f € H3, set fi(z) = f(e'2). Then f; € HZ, || f:| =
|lf|l and f; — fi, in the norm as ¢ — ty. The reader easily checks that for any
real number ¢, ¢; is a multiplier of H3, and it satisfies that || My,| = || M|
and ¢if — @i, f for any f € H2. Therefore, for each natural n the integral

puf = f ¢ fFn(e)dt converges in the norm of H?> 7, and it follows that

o fII < 1Mol 1£1]-

Since {M,,, } is uniformly bounded, this implies that there exists a subnet of
{M,,}, {M,,, }, which converges in the weak operator topology. It is easy to
see that such a subnet converges to My in the weak operator topology. Now
for any f € M and any g € M+, we have

0= {(pn,f,9) — (2, 9).
The desired conclusion follows.

Let M be a submodule of H3, and let Sy = (Si|ar, -+, Salm) be the
restriction of the d-shift to M. It is obvious that the d-tuple Sy is a d-
contraction, and hence

51P]\451K + -+ SdPMS§ < Py,

where Py is the orthogonal projection from H2 onto M. Furthermore, one
easily verifies that the d-shift (S1,- -, S4) is a null d-contraction, and it follows
that the d-tuple Sy is null for any submodule M. For a submodule M, its
defect operator Ay is defined as

Ay = [Py — S1 Py St — - — SyPpS3]Y2.
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A simple reasoning gives that
PyKy = K\ A% K.

Hence a submodule is uniquely determined by its defector operator. This
means that if Ay = Ay, then M = N. When d = 1, Hﬁ is the classical
Hardy module H?(D), and in this case there is an inner function n such that
Py = M, My, and hence

Ap = [Py — M, Py MY =non.

This shows that in the case of the classical Hardy module, the inner function
can be recovered by the defect operator.

The following Theorems 6.3.2 and 6.3.4 can be regarded as an analogue of
Beurling’s theorem in the case of Arveson submodules.

Theorem 6.3.2 Let M be a submodule of H2. Then there exists a (finite or
infinite) sequence of multipliers, {¢n} C ApH3 such that

Py = M¢1M;1 + M¢2M¢2 + (SOT) (*)
and M is generated by {¢y,}.

This theorem appeared in [Arvl]. In a more general setting, for example,
spaces of vector-valued analytic functions with completely Nevanlinna-Pick
kernels, McCullough and Trent [MT] proved an analogous theorem.

The proof of Theorem 6.3.2. Since the tuple Sy = (S1|ar, -+, Salm) is
a null d-contraction, we apply Theorem 6.1.4 to the d-tuple Sy;. Then there
is a unique bounded linear operator L : H; @ Ay H3 — HC% satisfying

Lip®¢&) =pAué,

and LL* = P);. Let ey, ez, be an orthogonal basis for AMHC% and define
or = L(1 ®eg) for k = 1,2---. Since L is a homomorphism of Hilbert
modules of norm at most 1 we find that the ¢, are multipliers of H2, and
obviously, ¢, € Ay H2. It is easy to see that there are bounded linear operator

Ay H? — H3 ® Ay H? for k=1,2,--- such that
L'f=3) Af®er
k

Notice that
SO AfI? = 1L fI? < |IFI?,  f € H],
k

and it follows that the sum ), A} Aj converges in the strongly operator topol-
ogy. Furthermore, for any polynomial p and any f € H3 we have

(p, Arf) = p®ey, L*f)
= <L(p®ek)7f> = <M¢kp7 f>
= (p, M}, f)
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Thus, Ay = M, for k=1,2,--- . Now we have

Pyf=LL"f =) LMj, f@er)= (Y My, M,)f, feH].
k k

We therefore conclude that Py = >, My, M7 (SOT). To prove that M is
generated by {¢x}, we write N for the submodule generated by {¢}, then
N C M. Now we assume { € M, ¢ L N. Then we have M7 & = 0 for
k=1,2,---, and hence

Pyt = My Mj &=0.
k
Thus, £ = 0, and it follows that M = N. This completes the proof.

In dimension d = 1 the Beurling’s theorem implies that there is a single
inner function ¢ satisfying equation (x), Py = MygMy4. However, when di-
mension d > 1 we have the following proposition.

Proposition 6.3.3 Let M be a proper submodule ong, d > 2. The cardinal
number of {¢,} which satisfies (x) is at least 2.

Proof. Clearly, the cardinal number card{¢, } > 1. If card{¢,,} = 1, then we
have Pry = MgMj. Thus, M = ¢H§. For each f € Hﬁ, since

MyMiof = Pudf = of,
this gives
M3 My = the identity operator.

Now by Corollary 6.2.5, we see that ¢ is a constant, and hence M = Hg. This
contradiction leads to the desired conclusion.

In fact, the sequence of (x) in Theorem 6.3.2 is typically infinite, and we
will turn to this problem later in this section.

For A € B; we define the normalized reproducing kernel k) of Hg at \ as
follows:
kx = Ky /| Kl = (1= [A) /2Ky,

Considering (x) we have

[Packal® =D ee (V) < 1.

k

Because each ¢ belongs to H*(B,;) we will identify ¢ with its boundary
function on 0By. Therefore we have

Z|¢k () <1, z€0By

almost everywhere with respect to the natural normalized measure o on dB,.
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Theorem 6.3.4 Let M be a submodule of H3, and let {¢x} satisfy (x) in
Theorem 6.3.2. Then we have

Dok =1, z€0By
k

almost everywhere with respect to the measure o. Equivalently, for almost all
z € 0B, ||Prmka|l — 1 as A — z nontangentially.

When M contains a nonzero polynomial, Arveson [Arv2] proved this theorem.
The general case was proved by Greene, Richter and Sundberg [GRS]. We
will present the proof that appeared in [GRS]. The following two propositions
are needed.

Proposition 6.3.5 For any polynomial p and each z € 0By we have
lim [pks| = |p(z)].

Proof. First we claim that ky % 0 as |A\| — 1. In fact, since the polynomial
ring C is dense in Hg, it is enough to show that for each polynomial ¢,

lim (g, ky) = 0.
Ml‘rgl<q A)

Indeed, note that
(@, kx) = (1= [A))?q(N) — 0

as |A| — 1. The claim follows.
To reach our goal we consider

[pkal|? = (M Myky, kx)
= ((My M, — MyM;)kx, kx) + [p(V)[*.
By Theorem 6.2.2, the operator MM, — M,M, is compact, and hence using
the claim gives the desired conclusion.

The next proposition, due to Greene, Richter and Sundberg [GRS], is es-
sential for completing the proof of the theorem.

Proposition 6.3.6 Let f be a multiplier of H3. Then we have
LfP < If kall? < 2Re(f, fEN) — (1 £11%:
2. for almost all z € OB, ||fkrll — |f(2)| as X — z nontangentially.

In fact, Greene, Richter and Sundberg [GRS] proved that (2) of the proposi-
tion is true for any f € Hg. We will not need this stronger conclusion.

Proof. (1) Noticing that f(A)ky and fky — f(M\)ky are orthogonal, we see
that

IFEAIZ = [[(fEx = fF(NEA) + FN)ka?
= Ifkx = FOVRAIZ + [F VP = [F)P,
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and hence reach the left side of (1).

To achieve the right inequality of (1) we define Hy = {f € H?: f(\) =0}
for each A € B;. Then H) is a submodule of Hg. Write Py for Py, . Observing
the proof of Theorem 6.3.2 we see that

Py=> My M,
k

where ¢, = L(1®ey), and {e;} is an orthogonal basis for Ay, H3. Therefore,
for any f € H? we have

(P fI1* = || ZMWHQ
—||ZL¢k )f @ er) ||2—\|L2¢k 0)f ©ex)|?
<Z\¢k WP ILAI? = (PA1)(0 )||f||2~

Since Py = I — k) ® ky, this gives that

P\l =1-K,/|Kx|*
We therefore conclude that when A # 0, the function
pl K2 -

(P)(0)  [KAlVIEAP -1

is a contractive multiplier of HZ, that is, || f||* < ||f||* for any f € H3.
Using this inequality, a short calculation leads to the right inequality of (1).

Uy =

(2) For a > 1 and z € 0B,y we define
Qa(z) ={A€Ba: [1 - (A 2)] < (1—\>\|)}

Recall that a function h : By — C has a limit A as A — z nontangentially if
for any o > 1 and for each sequence {\,} C Q,(z) that converges to z, we
have h(A,) — A as n — oo. Now we turn to the proof of (2). For o > 1 we
define the maximal function

Mo f(z) = sup{[[fEall : A € Qa(2)}.
Noticing that the right-hand side of (1), the function
2Re(f, fKx) = [If|I* = 2ReM f(N) = [I£]I%,

is positive and the real part of an analytic function, and hence it can be
represented as the invariant Poisson integral of a positive measure p on 0By
(see [Ru2]),

Pu(X) = 2Re(f, fKx) — I £]I*.
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Furthermore, we observe that

lull = Pu(0) = [I£II*.

Now combining Theorem 5.2.4 and Theorem 5.4.5 in Rudin’s book [Ru2] we
see that for all & > 1 the Q,-maximal function of Py satisfies a weak-type
estimate with constant C,,, that is, for any € > 0,

712

€

oc({z€0Byg: sup Pu(A) >e}) <C, Nl =C,
AEQA(2) €

By the right-hand side of (1) we obtain the weak-type estimate

oc({z€ 0By : Myf(z) >e€}) <Cy, er”2

By the left-hand side of (1), for any polynomial p we have
1 = FODEA < (I = p)RAll + [I(p — p(A)Eall + [£(X) — p(A)]
<2[(f = p)Eall + (2 = p(A)Rx]l-

Noticing the equality

1 = p(N))EAN? = lIpkall* = [PV,

applying Proposition 6.3.5 leads to the following:

limsup ||(f — fF\)ka| < 2Mo(f — p)(2).
AEQ(2); A=z

Therefore, the weak-type estimate implies that for any € > 0 and each poly-
nomial p we have

o({z€0By: limsup ||(f— f(N)kr|] > €}) <2C,

If —pl
AEQL(2); A—2z €

Since the polynomial ring C is dense in H3 we obtain

oc({z € 0By : limsup ||[(f — f(N)kr|| >€})=0.
AEQL(2); A—2

Next, a simple reasoning gives that

oc({z € 0Bg: limsup ||[(f — f(N)kr| =0})=1.
AEQL(2); A—2

Since ||(f — f(A)kall? = || fEall? — [f(V)]? and f € H>®(By), this leads to the
desired conclusion.

The proof of Theorem 6.3.4. By Theorem 6.3.2 there exists a nonzero
multiplier ¢ in M. We let [¢] be the submodule generated by ¢, then [¢] C M.
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To complete the proof, it is enough to show that for almost all z € 0B,
| Pig1kall = 1 as A — z nontangentially because

L > [[Pakall > | Pig k-

First one checks that

| P K x|
1> [|Pgikal® = KR
1
=0 sup |(PyKr,po)
AR oy
1 (b A 2
> , ——
= T e !
_ %\( \, ﬂ>|2
(ke okl
_ |¢(/\)|2.
Pk

Using Proposition 6.3.6 (2) leads to the desired conclusion.

Now we return to the problem of when the sequence appearing in Theorem
6.3.2 (x) is finite. In the case of the classical Hardy module H?(D), each
submodule M corresponds to an inner function ¢ such that Py = MyzM, e
When d > 2, Proposition 6.3.3 says that the cardinal number of the sequence
is at least 2. In fact, we have the following proposition.

Proposition 6.3.7 For a submodule M of Hg, d > 2, the sequence associated
with M in Theorem 6.3.2 is finite if and only if the defect operator Ap; is
of finite rank, and in this case the cardinal number of the sequence equals
rankA .

Proof. First assume that the sequence {¢}!_, associated with M is finite,
and Py = Zk 1 My, M3, . Then we get

d
A2, = Py — Z M., Py M,
1 Sle d
ST 5 SRR
k=1 s=1

~
=~
-

d
Mg, (I = M. M )M,
s=1

=

=1
—

My, (1@ )M}, = Zgbk@qbk

ES
Il
—
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Since Ay is positive, this means that Ay, is of finite rank, and
rankAy = rankA?w.

To reach the opposite direction we first claim that each function from
A2,H? is a multiplier of H2. Indeed, we recall that the d-tuple Sy =
(S1lars -+, Salar) is a null d-contraction, and hence Theorem 6.1.4 can be
applied in this case. This means that there exists a unique bounded module
homomorphism

L:Hi®AyH? — M
satisfying
Lip@&) =pAm, peC, &€ AyHj.

For each h € H3, noticing Aph € AprH3 we have
L(1® Ayh) = A2 h.
Setting ¢, = A2, h we get that for any polynomial p,

[énpll = IL(p @ Anch)|| < | Anchll[p]l-

This implies that ¢y, is a multiplier of Hg because the polynomial ring is dense
in H3. The claim follows.
Now assume that Ay is of finite rank; then A3, is also of finite rank, and
in this case we have
Ay HF = A3, HF

Letting I = dim A?MHg, then one easily checks that there are ¢1,---,¢; in
A2, H? such that

!
= bk ® x
k=1

This leads to the fact

d
(A KN Ku) = (P =) SiPuS;) K, K,)

=1

HPuEy K, Z¢k®¢k Ky, Ky)
k=1

H'Mm

and hence we obtain that

~

<PMK)\;

K (p).
k=1
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By the preceding claim that each ¢y is a multiplier of H dz, the above equality
can be represented as

l
<P1WK>\’KP«> = <Z M¢kM(>;kK/\7KU>'
k=1
We are therefore led to the desired conclusion

l
Py = Z Md”“ M;k :
k=1

The remains of the proof is obvious.

To study when the sequence appeared in Theorem 6.3.2 is finite, we are
naturally concerned with studying when the corresponding defect operator is
of finite rank. Arveson [Arv2] proved the following.

Theorem 6.3.8 Suppose that M is a homogeneous submodule of H3. Then
its defect operator Ay is of finite rank if and only if M has finite codimension
in Hg.

Proof. Notice that a submodule is homogeneous if and only if the sub-
module is generated by homogeneous polynomials. By the fact that M is
homogeneous, one easily verifies that M has an orthonormal basis consisting
of homogeneous polynomials, and hence Pj; maps polynomials to polynomi-
als. This implies that the operator A%, maps polynomials to polynomials. If
Ay is of finite rank, then A2, is of finite rank. This ensures that there exist
polynomials pq, - - - ,p; such that

!
Al = Zpk & Pk-
k=1

This leads to the following

l
Ky A Ky =Y M, M K.
k=1

Because of the equality
Py Ky =K\A} Ky,

we get that
l
Py =Y M, M;,,
k=1
and hence

l
Py =1—Y My, M;, .
k=1
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From Theorem 6.3.4 we have
l
P =1, €€aB,.
k=1

Applying Theorem 6.2.2 shows that the projection Png M 18 compact, and
hence M is of finite codimension in H3. The opposite direction is obvious.

Because defect operators of Arveson submodules play an important role in
multi-variable operator theory, a natural problem was asked by Arveson in
[Arv2, Arv6].

Arveson’s problem. In dimension d > 2, the defect operator for a nonzero
submodule of H? is of finite rank only if the submodule is of finite codimension
in H;.

Recently, Guo made some progress in this direction [Guo10] and proved that
if the defect operator for a submodule generated by polynomials is of finite
rank, then this submodule has only finitely many zeros in the unit ball B4. In
particular, in the case of two variables, the defect operator for a submodule
generated by polynomials is of finite rank if and only if this submodule is
finite codimensional. We also point out some recent work of Guo and Yang
[GYa] relating to defect operators for Hardy submodules over the bidisk, and
some work of Yang and Zhu [YZ] concerning defect operators for Bergman
submodules.

6.4 Rigidity for Arveson submodules

As shown in Section 6.2, if a submodule of H3,d > 2 is unitarily equivalent
to HZ, then such a submodule must be H? itself. In fact, in this section we will
see that Arveson submodules have stronger rigidity than Hardy submodules
on the unit ball. This section comes mainly from the paper by Guo, Hu and
Xu [GHX]. First we give the following proposition.

Proposition 6.4.1 Let M be a submodule of Hg, Suppose that the operator
A2, can be represented as

Al = 6k ® on.
k

Then ¢, € H*(Ba) N M, and Y, |¢(€)|> = 1 for almost all & € OB,.
Proof. Noticing that
[Parkall* = (1 = [AP) [ Pas Kx
= (AKX KN = oe(V))%,
k
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Theorem 6.3.4 implies that Y-, [¢5(&)|*> = 1 for almost all £ € OBy and, clearly,
each ¢ € H*(Bg). Since ¢p ® ¢p, < A?\/p this ensures that

C o1 = range ¢p ® P
= (ker ¢y ® ¢x)" C (ker A2,)* = range A2, C M.

This completes the proof.

As we have seen in previous sections, H3 C H?*(B;). Thus, we will fre-
quently identify functions from H? with their boundary functions on the unit
sphere 0B,.

Proposition 6.4.2 Let M and N be two submodules of H3. If U : M — N
is a unitary equivalence, then there is a function n € L>®(0By) that satisfies
[n(&)| =1 for almost all £ € OBy such that Uf =n f for any f € M.

Proof. From Theorem 6.3.2 there is a sequence of multipliers of HZ, {¢y}
such that

L. Py =32 My, M

&)
2. the submodule M is generated by {¢x}.

By the proof of Proposition 6.3.1, for each multiplier ¢ of Hg there exists a
net of polynomials {p, } such that M, converges to My in the weak operator
topology. It follows that for any f € M we have U¢y f = ¢ U f for each k;
especially, we have Uord; = o Uy = ¢U ¢y for any k,[l. This ensures that

U U g

o o
Just as shown in the proof of Proposition 6.3.7, from the equality
Par = Mo M,
k
the following is easily deduced:

A= 6k dr.

k

Since U is a unitary module homomorphism this implies that

UNLU* =A% =) Ubr@Udr = Y _ 1k @ 0.
k k

Applying Proposition 6.4.1 and Theorem 6.3.4 gives n € L*°(9B,) satisfying
[n(€)] = 1 for almost all £ € 9B. Since the submodule M is generated by {¢x},
this says that the space {d 4 .o sum Ps®s © Ds are polynomials} is dense in
M. Notice that for each g in this space we have Ug = ng. Now for any f € M,
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there exists a sequence {g,} contained in this space that converges to f in the
norm of Hg. By Theorem 6.1.3 we get

1ngn — Uflrz@,) < 1Ugn —Ufllaz = 90 — fllzz — 0

as n — oo. Combining the above with the fact that ||g, — f|lz2m,) — 0 as
n — oo, we have that

Uf=nf, feM.

Lemma 6.4.3 Let M be a submodule of the Hardy module H?(Bg), and let
@ be in L°(0By). If o M C M, then ¢ belongs to H>®(Bg).

Proof. Follow the proof of Proposition 3.3.7, or see [Sch].

For an ideal I of polynomials we let [I], denote the submodule of H3 (d > 2)
generated by I.

Theorem 6.4.4 Let I,.J be ideals of polynomials. If [I], is unitarily equiva-
lent to [J]a, then [I], = [J]a.

Proof. Applying Proposition 6.4.2 there is a function n € L*°(9B,) satisfying
[n(€)] =1 for almost all £ € OB, such that

Notice that both [I], and [J], are included in the Hardy module H?(Bg,) as
sets. Taking the closures for two sides of the above equality in the Hardy
module we have

nll] = 1J],

where [I] and [J] denote submodules of H?(By) generated by I and J, re-
spectively. We apply Theorem 4.4.2 to obtain [I] = [J]. Furthermore, by the
above lemma, both 7 and 7 are inner. It follows from this that 7 is a constant,
and hence [I], = [J]4, completing the proof.

The main result of this section is the following.

Theorem 6.4.5 Let M, N be submodules of H3,d > 2, and let M O N. If
they are unitarily equivalent, then M = N.

From this theorem we see that Arveson submodules have stronger rigidity
than Hardy submodules on the unit ball. Because there exist a lot of inner
functions on the unit ball [Ru4] this ensures that for any submodule M of
H?(B;) and any inner function 1, nM, M, as submodules of H?(B,), are
unitarily equivalent, but nM & M.

From Theorems 6.4.4 and 6.4.5 we are therefore led to ask the following
question.

Question: If two submodules of Hg,d > 2 are unitarily equivalent, must
they be equal?
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For Theorem 6.4.5 we need the following proposition.

Let M be a submodule M of H2. We write the d-tuple SM = (SM ...  SM)
for the restriction (Si|ar, - - Sd|M) of the d-shift (S1,---,Sq) to M. Let TM
denote the C*-algebra generated by the d + 1—dimensional operator space
span{I,SM ... S)}, that is, T}V is the Toeplitz algebra on the submodule
M.

Proposition 6.4.6 Let M be submodule of Hﬁ,d > 2. Then we have

1. the algebra TdM is irreducible, and ’TdM contains all compact operators
on M;

2. the identity representation of the algebra TdM s a boundary representa-
tion for the d + 1-dimensional operator space span{I,SM, ... ,SCIIM}.

Proof. (1) To obtain a contradiction we assume that 7 is reducible. This
means that there exists a nontrivial projection @ on M such that QSM =
SM@Q for i = 1,--- ,d. From this it is easily deduced that M can be decom-
posed as direct sum of two submodules, that is, there are two submodules
My, M5 such that M = My & Ms. It follows that

| Packall® = || Par kall® + || Pary kal?

for any A\ € By. Theorem 6.3.4 shows that this is impossible as A non-
tangentially tends to the boundary of the unit ball. This contradiction shows
that the algebra ’Z:iM is irreducible. It remains only to show that ’TdM contains
a nonzero compact operator, and hence from [Arv7], 7¥ contains all compact
operators on M. Indeed, considering the operator A = Zf 1 SMxSM _ T,

then A = Py (Zl 155S; — I Py is compact. We claim that A # 0. In fact,
by Proposition 6.2.1,

A= (d—1)Py(I+N)'Py.

Notice that ker(I +N)~! = {0} and (I +N)~! > 0 to show A # 0. The claim
follows, and hence the proof of (1) is completed.

(2) To complete the proof of (2) let us follow the proof of Corollary 6.2.4.
By Theorem 6.2.3, it suffices to show that the Calkin map is not isometric
when promoted to the space My ® SM of d x d matrices over SM, where S™
denotes d + 1-dimensional operator space span{l,SM,--- S}}. Consider-
ing the operator A € My ® SM defined by taking the first column of A as
(SM ... [ SMT and others as zeros, then by Proposition 6.2.1 we have

1] = [ A" All = | Par (ST St + -+ + S3Sa) Pyl

) \ o n+d
= [[(S781 + -+ + SiSa) 2 Pull” = 1D (——)* En] Pu %,

— n+1
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and hence

= n+d
Al = II[Z(m)l/zEn]PMll-
n=0

For any f € M, ||f|| = 1, decomposing f as f =" fn, where f, = E,, f is
the n-th homogeneous component of f, we have

> n+d n+d
Z )'2E, | Py f? = Z ||fn||2 > Z 1l =
n=0 n:O

n+1

From the above reasoning it is easily deduced that ||A| > 1. On the other
hand, by Theorem 6.2.2, the essential norm of A, ||A||., satisfies ||A]. < 1,
and hence [|A]le < ||4|. Applying the Boundary Theorem 6.2.3 gives the
required conclusion.

Corollary 6.4.7 Let M be a submodule of H3,d > 2, and let T1, T, -+ be a
finite or infinite sequence of operators on M. Suppose that each Ty, commutes
with the d-tuple (S{7,--- ,SM), and the sequence satisfies

T+ T5To+---=1.
Then each Ty, is a scalar multiple of the identity operator.

Proof. Following the proof of [Arvl, Proposition 8.13], we consider the com-
pletely positive map ® defined on the algebra 7M by

Clearly the sum converges strongly for each operator A because for each pos-
itive operator B we have

S 1yBT < |B| 1.
k

Obviously, we have ®(SM) = SM fori = 1,--- ,d, and ®(I) = I. By Proposi-
tion 6.4.6 (2) it follows that ®(A) = A for each A € TM. Let [ be the number
of operators in the sequence 11,75, -+ and let V' be the linear operator from
M to l- M defined by

Vh = (Tih,Toh,---).

By the assumption it is easy to see that V' is an isometry. Letting 7 be the
representation of 7M on I - M defined by

T(A)=AQAD- -,
then it is easy to check that
O(A) =V*r(A)V.
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Since
(VA-—7m(A)VY*(VA—n(A)V) = A*A— P(A")A — A*P(A) + ¢(A*A) =0

for each A € TM, we conclude that VA = 7(A)V. By examining the compo-
nents of this operator equation one sees that AT, = T A for each k and every
A€ TdM . Since ’Z:iM is irreducible it follows that each T} must be a scalar
multiple of the identity operator.

The proof of Theorem 6.4.5. Let U : M — N be a unitary equivalence.
Since N C M then U : M — M is an isometry, and it satisfies USM = SMU
for i =1,--- ,d. Now applying Corollary 6.4.7 gives that there is a constant
v, |y] = 1 satisfying U = « I, and hence N = UM = M, completing the
proof.

6.5 Remarks on Chapter 6

After the appearance of the dilation theory for 1-contractions [NF], dilation
theory became very important in operator theory. There are a number of posi-
tive results on dilation theories for commutative or non-commutative d-tuples.
In the case of commutative d-tuples, there are many references concerning di-
lation theories [AE, AEM, Agl, Ag2, AM1, AM2, Arvl, Arv2, Arv3, Arv4,
Arvh, Arv6, Atl, At2, BTV, CV, DP, MP, MV]. In particular, the framework
of the module developed by Douglas and Paulsen [DP] can be applied to this
case, and this module context has some remarkable consequences. At the very
least, it facilitates the introduction of techniques and methods drawn from al-
gebraic geometry, homology theory and complex analysis in one variable and
several variables. If a commutative d-tuple (71, --,Ty4) is a d-contraction
(i.e., Ty + -+ TyT; < I), then the theory of d-contractions developed by
Arveson [Arvl, Arv2, Arv3] yields some remarkable results, and this theory
parallels some principal assertions of 1-contractions by Nagy and Foias [NF].
In the case of noncommutative d-tuples, we refer the reader to references
[Bun, Fr, Pol, Po2, Po3, Po4, Po5, Po6, Po7, Po§]| for the related dilation the-
ories. Popescu has clarified that a noncommutative d-tuple can be obtained
by compressing certain natural d-tuple of isometries acting on the full Fock
space F(C%) over C? (the left creation operators) to a co-invariant subspace
[Po2, Po3, Po4, Po5, Po6, Po7, Po8]. Concerning the full Fock space, recently
Davidson and Pitts [DP1, DP2, DP3] have studied the Toeplitz algebra gen-
erated by the left creation operators on the full Fock space F(CY).

Turning to some recent work of Arveson, to generalize the operator-theoretic
aspects of function theory on the unit disk to multi-variable operator theory,
Arveson began a systematic study for the theory of d-contractions [Arvl,
Arv2, Arv3]. This theory depends essentially on a special function space on
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the unit ball, namely, the Arveson space H5. We refer the reader to [Arvl,
Arv2] for function theory and operator theory on the Arveson space. There
also have been attempts to study interpolation and model theory relating to
the Arveson space [Agl, AM1, AM2, BTV, GRS, MT]. We call the reader’s
attention to work of Paulsen, Popescu and Singh [PPS], where one can find
Bohr inequality and Bohr set related to the Arveson space. We also mention
Xu’s work [Xu], which has made some progress in the study of composition
operators on the Arveson space.

For a d-contraction T = (T3,--- ,Ty) on a Hilbert space H, one makes H
into a Hilbert module over the polynomial ring C by p-h = p(T1, - ,Tq)h, h €
H, p € C. For such a Hilbert module H, the curvature invariant K (H) was
introduced by Arveson [Arv2], which is analogous to the integral of the Gaus-
sian curvature over a compact oriented even-dimensional Riemann manifold.
The importance of the curvature invariant is based on the fact that this in-
variant has significant operator-theoretic implications. For a Hilbert mod-
ule, determining the best method of calculating the curvature of the mod-
ule is often difficult. We refer the reader to [Arv3, Lev, Par] for curvature
formulas of some special Hilbert modules. We wish to compare the cur-
vature theory developed by Cowen and Douglas [CDol, CDo2] with that
developed by Arveson. Intuitively, the former is based on local properties
of modules while the latter is based on global properties of modules. The
connection between the former and latter is not completely understood, but
the two approaches are fundamentally different. Concerning the curvature
theory of Cowen and Douglas we call the reader’s attention to references
[BM1, BM2, CD2, DM1, DM2, DMV, Mc, MP, MSa, Zhu4].

We now turn to this chapter. In this chapter we collect some basic results
from [Arvl, Arv2] which are related to preceding chapters. In the preceding
chapters we are mainly concerned with Hardy modules and Bergman mod-
ules. However, the Arveson module, unlike the Hardy and Bergman modules
associated with some measures on underlying domains, is not associated with
any measure on C? (cf. Proposition 6.1.8), and it is distinguished among all
analytic Hilbert modules on the unit ball which have some natural property by
being the largest Hilbert norm (cf. Theorem 6.1.3). Hence the Arveson mod-
ule is included in each other analytic Hilbert module on the unit ball which
has the above required property. Since the Arveson module is never given by
some measure on C?, this leads to the fact that the d-duple (M., ,--- , M,,) of
the coordinate multipliers on the Arveson space (called the d-shift) is not sub-
normal. Just as we have seen, the d-shift plays an essential role in the theory
of d-contractions. By the d-shift an appropriate version of Von Neumann’s
inequality was obtained by Arveson (cf. Theorem 6.1.7). In fact, numer-
ous attempts were made to prove appropriate versions of Von Neumann’s
inequality for commuting or noncommuting d-tuples. An earlier version of
Von Neumann’s inequality for the unit ball was given by Drury [Dr]. For
noncommutative d-tuples of operators Popescu has establish various versions
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of Von Neumann’s inequality [Pol, Po3, Po6]. We refer the reader to [Pil,
Chapter 1] for more comments and references on Von Neumann’s inequality.

The Toeplitz algebra 7%(d > 1) on the Arveson space, unlike the Toeplitz
algebra on the Hardy space H?(B,), enjoys many interesting properties, one
of which is that the identity representation of the 7¢ is a boundary represen-
tation for d + 1-dimensional space span{I,Si, - ,Sq} (cf. Corollary 6.2.4).
From this one finds that there are nontrivial isometries that commute with
d-shift (cf. Corollary 6.2.5). This yields that there is not a nontrivial sub-
module that is unitarily equivalent to the Arveson module itself. In fact,
we see from Section 4 that Arveson submodules have stronger rigidity than
Hardy submodules. Just as shown in Section 4, for Arveson submodules M
and N, if they are unitarily equivalent, and M D N, then M = N [GHX].
Because there are a lot of inner functions on the unit ball [Ru4], this ensures
that for any Hardy submodule M and any nonconstant inner function 7, the
submodules M and nM are unitarily equivalent and M D nM, but M # nM.
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Chapter 7

Extensions of Hilbert modules

Let H be a Hilbert space and A a function algebra. We say that H is a Hilbert
module over A if there is a multiplication (a, f) — af from A x H to H,
making H into A-module, and if, in addition, the action is jointly continuous
in the sup-norm on A and the Hilbert space norm on H. The framework of
the module developed by Douglas and Paulsen was systematically presented
in [DP]. In this module context, they began the study of applications of
homological theory in the categories of Hilbert modules. In view of Hilbert
modules, the theory of function algebras is emphasized since it plays the
analogous role of ring theory in the context of algebraic modules. Therefore, in
studying Hilbert modules, as in studying any algebraic structure, the standard
procedure is to look at submodules and associated quotient modules. The
extension problem then appears quite naturally: given two Hilbert modules
H, K, what module J may be constructed with submodule H and associated
quotient module K, ie., K = J/H(= J & H)? We then have a short exact
sequence

E:0—H 7% K 0

of Hilbert A-modules, where a, 5 are Hilbert module maps. Such a sequence
is called an extension of K by H, or simply J is called an extension of K by
H. The set of equivalence classes of extensions of K by H (this will be defined
in the next section), denoted by Exty (K, H), may then be given a natural
A-module structure. The homological invariant Fxts(—, —) is important for
algebraists because in general the category of all Hilbert modules over A and
maps is nonabelian. For analysts, we expect Fxt-groups to be a fruitful object
of study and useful tool in operator theory.

7.1 The basic theory of extensions

This section is mainly based on [CC1]. Our aim is to quote necessary
homological constructions and analogous results as in the pure algebraic case
that was presented in [CCl1](also see [Hel]). Given a function algebra A, if
H is a Hilbert module over A, we write Ty : H — H for the multiplication
by f € A, that is, Tyh = fh. Let Hi, Hy be two Hilbert modules over A,
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and A : H; — H, be a bounded linear operator. We recall that A is a
module map if ATy = Tt A for any f € A. The symbol Homa(H,, Ho) will
denote all module maps from H; to Hy. We will also use H(A) to denote the
category of all Hilbert modules over A together with module maps. If H is
a Hilbert module over A, then one may consider H as a Hilbert module over
A (adjoints of elements in A) by setting fh = Tfh. For emphasis, we denote
this A-module by H,. Note that if o : H — K is a module map over A, then
naturally « induces its adjoint map o* : K, — H, such that o*TF = T;a*
for each f € A. This means that the opposite category of H(A) is naturally
identified with H(A) under the above rule.

In general the category H(A) is not abelian. What seems to make things
most difficult is the category lacks enough projective or injective objects.
Hence it is not possible to define the functor Fxt as the derived functor
of Hom as in [HS]. However, the standard homological construction from
homological algebra enables us to define Fxt-groups as the following.

Let H, K be Hilbert modules over A and let S(K, H) be the set of all short
exact sequences

E:0—H 7 Kk o,

where o, 3 are Hilbert module maps.

We say that two elements E, E' € S(K, H) are equivalent if there exists a
Hilbert module map 6 from the middle term of E to that of E’ such that the
diagram

E:0—H>J 2K 0
Iore
E:0—HS 7 Kk o

commutes. The set of equivalence classes of S(K, H) under this relation is
defined to be the extension group of K by H and denoted by Exzta (K, H). The
group structure on the Exts (K, H) is naturally given in the way described
by Carlson and Clark in [CC1]. The zero element of Fxta (K, H) is the split
extension

0—H —HeK — K —0,

where the middle term is the (orthogonal) direct sum of the two modules. Our
aim is to show that Ext, is a functor; we therefore have to define induced
maps. This will be done by showing the existence of pullbacks and pushouts
in the category H(A).
A pullback diagram in H(A) is a diagram of Hilbert A-modules and maps
of the form
H 25 K &2 H,.

The pullback of the diagram is a Hilbert module J together with a pair of
Hilbert module maps 0, : J — H; and (35 : J — Hy such that

a1 81 = af,
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and if, in addition, J’ is another Hilbert module with maps ~; : J' — H; such
that a;y1 = asvys, then there exists a unique map 0 : J' — J with 3,60 = ~;
fori=1,2.

The definition of a pushout is the dual statement, obtained by reversing all
of the arrows.

The following proposition appeared in [CC1].
Proposition 7.1.1 Pullbacks and pushouts exist in the category H(A).

Proof. For a pullback diagram
Hy == K < H,,
the pullback J is obtained by setting
J ={(h1,he) € HH ® Hy : a1(h1) = aa(ha)},

and ﬁl cJ - H1 by ﬁl(hl,hg) = h1, and ﬁg cJ = H2 by ﬂg(hhhg) = hg.
The module structure on J is derived from that on the direct sum Hy & Hs.
The reader easily checks that {J, (1,02} forms the pullback for the given
diagram.

As mentioned above the opposite category of H(A) is naturally identified
with H(A). Similarly, one can verify that pullbacks exist in the category

H(A). By duality we see that pushouts exist in the category H(A).

Following Proposition 7.1.1, one can establish the functoriality of Fxty. Let
[E] be the equivalence class of a short exact sequence

E:0—H 272K o0,

and if o : K’ — K, then o*[E] is defined as the equivalence class of Fa which
is the upper row of the following diagram:
Ba:0—H S 7 2Lk 0
I Ly la
E:0 —HL J X K —0

where {J’,d’, 4} is the pullback of the diagram in the lower right corner and
~' is given by 7/(h) = (y(h),0), for h € H.

Likewise, if 5 : H — H’, then BFE is obtained by taking the pushout of E
along . Set B.[E] to be the equivalence class of SE. As done in [CC1], the
reader should verify that if £ and E’ are equivalent extensions of K by H, then
Ea and E'« are equivalent, and SE and BE’ are equivalent. Furthermore,
we have induced homomorphisms

Bs: Exty(K,H) — Exty(K,H')
o 1 Exty(K,H) — Exty(K', H)
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where §,[E] = [BFE] and o*[E] = [Eq].
Using the standard methods from homological algebra (cf. [HS]), one can
prove that the induced maps a*, 3, satisfy the following conditions:

a* By = Bea”

andif o/ : K — K' and ' : H — H" are Hilbert modules maps, then

(ad’)" =a”a* and (§8), = B.6..

Moreover, one naturally makes Exts (K, H) into A-module. In fact, if Ky :
K — K and Hy : H — H are multiplications by f € A, then we have the
homomorphisms K}“ and Hy, from Exty (K, H) to itself. It is easy to verify
that both actions of A are the same and that they are compatible with the
addition on Exts (K, H). We have therefore shown the following [CC1].

Proposition 7.1.2 Exty(—,—) is a bifunctor from H(A) to the category of
A-modules. It is contravariant in the first and covariant in the second variable.

Let B(K, H) be all bounded linear operators from K to H. Suppose a
bounded linear map D : A — B(K, H) satisfies

D(fg) = D(f)Ty, +TyD(g), Vf,g € A;

we say that D is a derivation from A to B(K, H). For a derivation D, if there
exists a bounded linear operator T': K — H such that

D(f) = Dr(f) =TTy =TT

for any f € A, we say that D is an inner derivation. Let Der(K, H) denote
all derivations from A to B(K, H) and Inn(K, H) all inner derivations. As
shown in [CC1], extensions are closely related to the derivation problem. For
an extension of K by H

E:0—H“J K o,

there exists a derivation D € Der(K, H) such that F is equivalent to the
following extension Ep defined by D:

ED:O—>HL>H®KL>K—>O,

where HGK is Hilbert space direct sum of H and K with the A-module
structure defined by f(h,k) = (fh+ D(f)k, fk). Finally, two extensions Ep,
and Ep, are equivalent if and only if D — D5 is inner.

The next proposition is well known in the purely algebraic setting. In the
context of Hilbert modules it was first proved in [CC1].
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Proposition 7.1.3 Let H, K be Hilbert modules over A. Then
Exty(K,H) = Der(K,H)/Inn(K, H).

We note the following facts which will be useful. If o« : K’ — K and
B : H — H' are Hilbert module maps, then extensions o*[Ep] and S.[Ep]| are
defined by derivations Do € Der(K', H) and D € Der(K, H'), respectively,
where Da(f) = D(f) o« and 8D(f) = o D(f) for f € A.

Using Propositions 7.1.2, 7.1.3 and the facts mentioned above one can es-
tablish the following Hom-Ext-sequences [CC1]. This will be our basic tool of
computing extension groups.

Proposition 7.1.4 Let
E:0— H - Hy -5 Hy — 0

be an exact sequence of Hilbert modules over A. Then for a Hilbert module H
over A, we have the following Hom-Fxt-sequences:

0 — Homy(H, Hy) 2 Homy (H, Hy) 2= Homy (H, H)
S Baty(H,Hy) = Exty(H, Hy) 25 Exty(H, H),

where § is the connecting homomorphism and is given by §(0) = [EO] for

0: H— Hs, and

0 — Homu(Hs, H) 2 Homy (Hy, H) = Homy(Hy, H)
O Baty(Hs, H) 2 Baty(Hy, H) 2> Baty(Hy, H),

where §(0) = [0E] for 0 : Hy — H.

7.2 Extensions of hypo-Silov modules over unit modulus
algebras

This section is mainly based on [CG]. Let Hy, Hs be two Hilbert modules
over A, and set

Homj(Hy, Hs) = {a* : a € Homy(Hy, Hy)}.
We have the following.
Proposition 7.2.1 Under the above assumptions we have

(_Z) HomX(Hl,Hz) = HOTTLA(HQ*,Hl*);
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(2) the extension group FEuxta(Hy,Hs) is naturally isomorphic to
Eaxty (Ha., Hy.) by the corresponding [Ep| — [Ep|, where the derivation
D : A — B(Hs., Hy.) is defined by D(f) = D(f)".

Proof. Obviously, (1) is true. For D € Der(H;, Hz), we define a map
D : A — B(Hs,, Hy.) by D(f) = D(f), it is easy to verify that D is a
derivation from A to B(Hs., Hy.) and the corresponding D + D is one to
one and onto. By Proposition 7.1.3, the extension group FExty(Hi, Hz) is
naturally isomorphic to Extg(Ha., H1.) by the corresponding [Ep] — [Ep].

Let A be a function algebra, A C C(9A), where DA is the Silov boundary
of A. If U is a Hilbert module over C'(0A), a closed subspace M C U which is
invariant for A is called a hypo-Silov module over A and U is called a C(9A)-
extension of M. A hypo-Silov module over A is reductive if it is invariant for
C(0A) and pure if no nonzero subspace of it is reductive. Furthermore, if I/
is contractive over C'(QA), then we also call M a Silov module over A (here
by contraction we mean sup e, | s=1 [Ifull < |lull for each u € U).

A function algebra A C C(0A) is called a unit modulus algebra if the set
{feA:|f(x)]=1, allxz € JA} generate A. The example is the polydisk
algebra A(D™) on T". In the following we write Ay for a fixed unit modulus
algebra.

In the present section, our interest is to study extensions of Hilbert modules
over the unit modulus algebra Ay. Let Uy be a hypo-Silov module over Ay
and U be a C(JAy )- extension of Uy. It follows that we have an exact sequence
of Hilbert modules:

Ey,: 0— U U UcslUy —0
where i is the inclusion map and 7 the quotient map, that is, 7 is the orthog-
onal projection Pyeyy, from U onto U & Uy. As usual, the action of Ay on
U © Uy is given by the formula f - h = Pysy,Trh.

To further develop the properties of hypo-Silov modules, we need the fol-
lowing terminology. Let U be any C(dAy)-extension of hypo-Silov module
Uy over Ay. We call U a minimal C(9Ay)-extension of Uy, if C(0Ay) - Uy is
dense in Y. The next proposition shows that minimal C(OAy )-extensions of
a hypo-Silov module over Ay are similar as C(9Ay)-Hilbert modules.

Proposition 7.2.2 Let M; be hypo-Silov modules over Ay and U; be C(dAy)-
extension of M;,i =1,2. Then for each 6 € Hompu, (M1, M3), it can lift to a
C(0Ay)-module map 0' : Uy — Us. Furthermore, if Uy is a minimal C(0Ay)-
extension of My, then lifting is unique.

Proof. By Proposition 2.19 in [DP], the unit modulus algebra Ay is convexly
approximating in modulus on 9Ay. Applying Theorems 1.9 and 2.20 in [DP]

gives the proof of the proposition.
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From Proposition 7.2.2, one finds that it is independent on the choice of
C(0Ay)-extensions of Uy that a hypo-Silov module Uy over Ay is reductive
or pure.

Let us again consider the short exact sequence

Ey: 0—U —>U"SUSUy — 0

o -

in the category H(Ay). By duality, this induces the exact sequence
E;:{O . 0 — (u@Z/[())* ﬂ—*>1/{* i>Z/[(]>,< — 0

in the category H(Ay). Thus (U ©Up). is a hypo-Silov module over Ay. We
may thus call & ©Uy a cohypo-Silov module over Arr. From Proposition 7.2.2
one sees that a hypo-Silov module over Ay is cohypo-Silov if and only if it is
reductive.

To prove the main theorem in this section, we need the following notation.
Let G be a semigroup. An invariant mean of G is a state p on [°°(G) such that
W(F) = p(gF) for all g € G and F € [*°(G), where (F(¢') = F(gg')(recall
that a state on a C*-algebra is a positive linear functional of norm 1). A basic
fact is that every abelian semigroup has an invariant mean (see [Pal).

Theorem 7.2.3 Let U be a C(OAy)-Hilbert module. Then for every Hilbert
module K over Ay, Exta, (K,U) = 0 and Exta,(U,K) = 0, where U is
viewed as a Hilbert module over Ay .

Proof. By Proposition 7.1.3, it is enough to show that each D € Der(K,U)
is inner. Equivalently, one must prove that there exists a bounded linear
operator T' : K — U such that D(f) = TTy — TyT. To do this, we write
B (U, K) for all trace class operators from U to K, B(K,U) for all bounded
linear operators from K to U, and identify B(K,U) with B (U, K) by setting

(T, Cy=1tr(TC), TeB(K,U), CecbBU,K).
Let p be an invariant mean of the multiplication semigroup U,,,, where Uy,
is{n €Ay : n(x)=1,all x € 0Ay}. We define T € B(K,U) = Bi (U, K)
by
(T, C) = uy (T D(). C)),

that is, (T, C') is the mean of the bounded complex function
u
n = (D), ©),

where T;u) denotes the multiplication by f on U for f € C(0Ay). For each
7' € Uy, , we have
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(T — 1T 0y =1, T - TSV O)
ST D), cTS — 1O C)

(¢ ) ],

= 1y ({(T) D) — Té 'DTSY, O))

= iy (T) D(n) = T (D () = T D ('), C))

= 1y ((D(), C)) + iy (T5) D() = T Dy ), €))

= (D), C) + (T3 D), €)) unn«T( w D), C))
=(D(%), C)

for all C' € B (U, K), so that D(n') = Té,u)T—TTé,K) for each ’ € Uy,,. Since
Uy, generate Ay, this implies D = Dy, that is, D is an inner derivation. Thus
Exty, (K,U) = {0}.

Since Ay is the unit modulus algebra, the adjoint algebra Ay is also unit
modulus. Now applying Proposition 7.2.1 (2) gives that Exts, (U, K) = {0}.

As is well known, projective modules form the cornerstone for the study of
general modules in homological algebra. Here we introduce projective modules
in the context of Hilbert modules [DP]. Let A be a function algebra. A Hilbert
module H over A is projective if for every pair of Hilbert module Hy, Hs over
A and every pair module maps 1 : H — Hy and ¢ : H; — Hy with ¢ onto,
there exists a module map zz such that gzbzz = 7). Dually, a Hilbert module
H over A is called injective if for every pair Hy, Hy over A and every pair of
module maps ¢ : Hy — H and ¢ : H; — Hj, with ¢ one-to-one and having
closed range, there exists a module map ¥ : Hy — H such that ¥ = ¥¢.

The following corollary comes immediately from Theorem 7.2.3 and Propo-
sition 7.1.4.

Corollary 7.2.4 Let Ay C C(0Ay) be the unit modulus algebra, and U be a
C(0Ay)-Hilbert module. Then U, viewed as Ay -Hilbert module, is projective
and injective.

Remark 7.2.5 (1) Douglas and Paulsen [DP] asked whether there is any
function algebra, other than C(X), with any (nonzero) projective module
(see Problem 4.6 in [DP]). From Corollary 7.2.4, we see that there exist
nonzero projective modules over every unit modulus algebra. In the cases
of the disk algebra A(D) and polydisk algebra A(D™), these results were
obtained in [CCFW, CC2].

(2) In the purely algebraic setting, one knows from [HS] that there is not a
nonzero module that is projective and injective over every principle ideal
domain (other than a field). Hence, Corollary 7.2.4 shows that Hilbert
modules are distinct from modules in the purely algebraic setting.
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Corollary 7.2.6 LetUy be a hypo-Silov module over Ay andU be any C(0Ay)-
extension of Uy. Then the following statements are equivalent:

(1) Uy is injective,
(2) U S Uy is projective,
(8) Uy is reductive,

(4) the short exact sequence

Ey: 0—Uy—>UT"USU — 0

o
is split.

Proof. Since U is projective and injective, this implies that (1), (2) and (4)

are equivalent. From Corollary 7.2.4, it is easy to see that (3) leads to (1). If

Eyy, is split, then there is a split map o : U © Uy — U such that

o = IM@M@ .

Taking any £ € Uy and each n € Ay with unit modulus, we write

TWE =€+ &, & €Uy, &2 €UOU.
Hence
E=TWe¢ + T,
This implies the following:
(T06;) = T = 0.
We have
o (T &) = T o (&) = 0,

i.e., 0(&) = 0. Since o is an injective Hilbert module map, it follows easily
that & = 0. Thus, Uy is reductive. This completes the proof of Corollary
7.2.6.

According to Corollary 7.2.4, the following “Hom-Isomorphism” theorem
will result which states that there exists a natural isomorphism between Hom
of hypo-Silov modules and that of the corresponding cohypo-Silov modules.

Theorem 7.2.7 Let My, My be hypo—gilov modules over Ay, with My being
pure. If Uy is the minimal C(OAy)-extension of My, and Us a C(OAyY)-
extension of Ms, then the following are isomorphic as Ay-module:

HOTTLAU(MhMg) = HO’/TLAU (L{1 S, Ml,UQ S} Mg)

The isomorphism is given by 5(0) = Puyenr' lu,on, for0 € Homy, (M1, Ms),
where 0" is that uniquely determined by 0 using Proposition 7.2.2.
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Proof. Theorem 7.2.7 can be reduced to the following commutative diagram:

0— M, "% Uy “SUyo M, — 0
[ ()
O%MgiUQ £>Z/[2@M2—)O

where i1,i2 are the inclusion maps and 71,7 the quotient Hilbert module
maps. By Proposition 7.2.2, it is easy to see that

ﬁ : HomAU(Ml,Mg) d HOmAU(u:[ © Ml,Z/IQ @Mg)

is a Agy-module map, where the module structure of Homy,, (M1, Mz) is given
by (f-0)(h) = 0(f - h) for f € Ay,h € Mjy; the definition of the module
structure of Homa,, (Us © M1,Us© M) is similar to that for Homg,, (M1, Ma).
Since M5 is pure, Proposition 7.2.2 implies that § is injective. Since U is
projective, this ensures that § is surjective. The proof is complete.

Note that the polydisk algebra A(D") is a unit modulus algebra. Let us
turn to extensions of Hilbert modules over the polydisk algebra. To do this,
let I' be a subset of L%(T",m,,) (in short, L?(T"), where m,, is the measure
1/(2m)"df1dbs - - - df,, on T™). We say that a Borel set £ C T™ is the support
of I', and denoted by S(I'), if each function from I" vanishes on T" — F, and for
any Borel subset E’ of E with m,,(E’) > 0, there exists a function f € T" such
that f |g# 0. For a submodule M of L?(T") over A(D"), it is not difficult to
prove that XS(M)L2(’]I‘”) is its minimal C'(T")-extension, where xg (s is the
characteristic function of S(M). We also note that a submodule N of L?(T™)
is pure if and only if m, (S(N+)) = 1. Then from Theorem 7.2.7 we derive
the following.

Corollary 7.2.8 Let My and My be submodules of L*(T"), and m,,(S(M1)) =
mu(S(Ms)) =1. Then

HomA(Dn)(Ml, MQ) = HomA(Dn)(LQ(Tn) S MLLQ(TH) © Mg).
. . L [Ma] [Ma] .
The isomorphism is given by ¢ — Hg |L2(Tn)@M1, where Hy ' is defined
by Hy'™ f = Praweyons, () for all f € LX(T").

Example 7.2.9 Let H>(D") be the usual Hardy module, and H?(D")* be the
corresponding quotient module L*(T™) & H?(D"). Then by Corollary 7.2.8,
we have

Hom ) (H (D), H2(D")) = H>®(D").

If we define a Hankel-type operator Ay for f € L>®(T") by
oL
Ap(h) = PyapnyL(fh), he€ H*(D")™,

then the commutators of {A.,,--- , A, } are equal to {Ay : f € H>®(D")}.
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Before going on we deduce a homological formula to compute extension
groups over unit modulus algebras. Let Uy be a hypo-Silov module over Ay
and U be any C(9Ay )-extension of Uy. If M is a Hilbert module over Ay and
0 € Homp, (M, U ©Up), then we define a derivation Dy € Der(M,Uy) by

Do(f) = Pu, T}0,

where Py, is the orthogonal projection from U onto Uy. Furthermore, for
every 0 € Homy,, (Uy, M), we define a derivation D? € Der(U © Uy, M) by

DO(f) = 0Py, T},
Combining the exact sequence
Euot 0—>UO—I>UL>M9L{O—>O

with the Hom-Ext-sequence (see Proposition 7.1.4), we see that the connecting
homomorphism

01 : Homp, (M, U SUy) — Exta, (M,Up)
is given by §1(6) = [Dy], and
52 . HOWLAU(Z/[(),M) — ExtAU(L{ @Z/{(LM)

is given by () = [DP]. Since U is projective, applying Proposition 7.1.4
gives the following.

Theorem 7.2.10 We let Uy be a hypo-Silov module and U any C(0Ay)-
extension of Uy. Then for each Hilbert module M over Ay, we have

(1) Extp, (M,Uy) = coker(m, : Homp, (M,U) — Homa, (M, U © Up)).
The correspondence is given by 61(0) = [Dyg] for 8 € Homy,, (M, USUy).

(2) Exty, U © Uy, M) = coker(i* : Homy, (U, M) — Homyu, (U, M)).
The correspondence is given by 62(0) = [D?] for 6 € Homy,, (Uy, M).

Remark 7.2.11 Theorem 7.2.10 provides us a very valid method to calculate
extension groups of Hilbert modules over Ay . In particular, if one of M, Uy
or U & Uy is cyclic or co-cyclic, then the characterization of Exty,, -groups
may be summed up as the actions of module maps on cyclic vectors, or co-
cyclic vectors, where we use the concept of co-cyclic Hilbert modules, which
means that M is a co-cyclic Hilbert module over A if and only if M, is a cyclic
Hilbert module over A.

Below are several examples to show applications of Theorem 7.2.10.
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Example 7.2.12 Let H?(D) be the usual Hardy module over A(D). Then for
any Hilbert module K over A(D), Extam) (K, H*(D)) is characterized as an
A(D)-module by the following:

Ext sm)(K, H*(D)) = K, /Ko,

where K is given by {0%(2) : 0 € Homm) (K, L*(T) & H*(D))}, and Ko =
{L*(2) : L € Homam)(K,L*(T™))}. The action of A(D) on K is given by
f-0%(2) £ 0*(f2); the action of A(D) on K, is similar to that of A(D) on
K.

Remark. This example first appeared in [CC1]. If K is a weighted Hardy

module on the unit disk, Ferguson obtained an explicit characterization for
the extension group Ext ) (K, H*(D)) [Fel].

In what follows we will verify this example. First notice that every deriva-
tion D : A(D) — B(K, H?(D)) is completely determined by D(z). For each
0 € Hom am)(K, L*(T™) © H?*(ID)), one sees that 6;(6) is the extension deter-
mined by Dg. Note

Dy(2) = Py T ™0 = (,0%(2)).

Suppose that there exists a Hilbert module map L : K — L?(T") such that
0*(z) = L*(Z). Then it is easy to see that Dy is inner. Conversely, if Dy is
inner, then there is a bounded linear operator A : K — H?(D) such that

Dy(f) = PH?(D)TJSLQ(W))Q _ AT;K) _ T;HQ(D))A,
Define an operator L : K — L*(T")by Lk = Ak + 0k, k € K. Since

fLk =T}
2 2 n 2 n
=T ) Ak + Praoy T "0k + Prpayy o T 70k

= ATk +0(fk),

H?(D)) (L*(T™))
Ak + Ty 0k

it follows that L is a Hilbert module map from K to L?(T™). Moreover, for
any k € K, we see

(L(k), z) = (0(k), 2).
This leads to 6*(z) = L*(Z), and thus the example is verified.
Let M be a submodule of L*(T"), and ¢ € L?(T"). We define a Hankel
operator H;M) : H*(D") — L?(T™) © M with symbol ¢ by
H;M)f = Pr2rmyom(ef), f € AD").

Then Hankel operator HéM) is densely defined. We write B(M) for the

set of all p € L%(T") such that Hankel operator HéM) can be continu-
ously extended onto H2(D"). It is easy to check that for every ¢ € B(M),
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HQ(DM) is a module map from H?(D") to L*(T") © M, and each module map
B: H?(D") — L*(T"™)© M has such a form, that is, there exists an p € B(M)
such that 3 = HéM). In particular, if M = H?(D"), then B(H?*(D")) is
equal to BMO, + H?(D"), where BMO,. is the restricted BMO space intro-
duced in [CS]. Furthermore, for a nonzero Hardy submodule My(C H?(D")),
we define a function space B(Mg, M) by ¢ € B(My, M) if ¢ € B(M) and
ker HM) 2 M.

Example 7.2.13 Applying Theorem 7.2.10, we have the following.
(1) Extawn(H*(D"), M) 2= B(M)/(L>(T") + M),
(2) Ext g (H*(D"), H(D")) & (BMO, + H*(D")/(L*(T") + H>(D"),
(3) Extamny(H*(D") & Mo, M) = B(Mo, M)/M.
Remark 7.2.14 Note that in the case n =1,
BMO, + H*(D) = L*(T) + H*(D).

This implies that Ext sy (H?*(D), H*(D)) = 0. This result was first obtained
in [CC1]. However, for n > 1, by [CS], it is easy to check that

BMO, + H*(D") 2 L*>(T™) + H*(D™),

and hence

Bt gom(H* (D), H* (D)) #0.
This result first appeared in [CC2].

If two Hardy submodules M7, My satisfy
0+# M, C M, & H*(D"),

then 1 € B(M;y, M3). This implies that

Ext gny(H*(D") © My, My) # 0

by Example 7.2.13. Therefore, for Hardy submodules M7, My and M; # 0, if
Ext oy (H?*(D™)& My, M) = 0, then there is not a proper Hardy submodule
M3 such that M3 O My, and Mj is similar to Ms.

The next example recaptures some information of rigidity of Hardy sub-
modules.

Example 7.2.15 Let F € H*(D") be quasi-outer. Then
Bzt gmn) (H*(D?) & [F], H*(D")) = 0.

Hence there is no proper Hardy submodule M such that [F] C M and M is
similar to H?(D").
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Let ¢ € B([F], H?*(D")). Then oF € H?(D"). Since F is quasi-outer, the
relation oF € H?(D") implies ¢ € H?(D"). Thus by Example 7.2.13 (3),

Ext g2y (H?(D?) & [F], H*(D?)) = 0.

Moreover, we shall prove the following by using the techniques in [ACD].

Proposition 7.2.16 For n > 1, let My be of finite codimension in H?(D")
and My C H2(D"™). Then

M, C B(My, My) C H*(D").
In particular, if My C My, then B(My, My) = H?(D").
Proof. For any ¢ € B(M;, Ms), write

—+o0
Y= Z fs(z27"’azn)zf~

§=—00

Since M; has finite codimension in H?(D"), for sufficiently large integer I,

. o 1 j .
some nonzero linear combination »_ =0 cjz} of the functions 1, 29,23, -+, 2}

belongs to M;. Thus, ¢ Eé‘:o cjzg is in M. Since

l “+o0 l
© chz% = Z [fs chzé}zf € M,
7=0 §=—00 7=0

this yields fs = 0 for s < 0. Treating the expansion of ¢ relative to the other
variables 2y, 23, , z, shows that ¢ is in H?(D"). Note that the inclusion
My C B(My, M) is clear. Thus we have

M, C B(M,, My) C H*(D").

In particular, if M; C My, then H*(D") C B(Mj, Ms). Since Ms is of
finite codimension in H2(D"), by Remark 2.5.5 H?(D") & Mj is contained in
H®°(D"). We thus conclude that B(M;, My) = H?(D").

Corollary 7.2.17 Let M; be of finite codimension in H?(D") and M; C
My C H?(D"). If n > 1, then

Ext gy (H*(D™) & My, Ms) = H*(D") © M.

From Corollary 7.2.17, one finds that for n > 1, a finite codimensional Hardy
submodule M (# H?(D")) is never similar to H?(D"). The reason is

Eat aqn)(H*(D") © M, H?(D")) =0,

but
Ext gy (H*(D™) © M, M) = H*(D") & M.

Of course, this is not new observation; we may compare it with that in [ACD].
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7.3 Extensions of Hilbert modules and Hankel operators

In this section we will concentrate attention on studying extensions of the
Hardy module H?(D) and the Bergman module L2(D) on the disk algebra
A(D). This section is based mainly on Guo’s paper [Guo5]. When one studies
the Hardy module and Bergman module over the disk algebra, Hankel op-
erators will play an important role in this context. In almost all cases, one
must investigate the symbol spaces of corresponding Hankel operators. On
one hand, by using such symbol spaces, one can give the explicit expressions
of Ext-groups. On the other hand, by the Hom-FExt sequences, one can de-
termine when a Hankel operator is bounded. We say that a Hilbert module
H over the disk algebra A(D) is cramped if the multiplication by z on H is
similar to a contraction. Let H(A(ID)) be the category of all Hilbert modules
over A(D) together with module maps, and € the category of all cramped
Hilbert modules over A(D) and module maps. It is easy to check that &
is a subcategory of H(A(D)) and is full in H(A(D)). This means that for
Hy, Hs € €, the set of maps from H; to Hs is the same as in H(A(D)), i.e.,
Homg(Hl, H2) = HomA(D)(Hl, HQ)

As we have seen, what seems to make things most difficult is that the
category H(A(D)) lacks enough projective or injective objects. If one replaces
H(A(D)) by the category €, Carlson, Clark, Foias and Williams [CCFW]
proved that the category € has enough projective and injective objects, and
the Silov resolution [DP] of a contractive module gives a projective resolution.
From [CCFW, DP], it is not difficult to see that a Hilbert module in € is
projective if and only if it is similar to isometric Hilbert module; a Hilbert
module is both projective and injective if and only if it is similar to a unitary
Hilbert module; by an isometric (unitary) Hilbert module H we mean that the
operator of multiplication by z on H is an isometry (a unitary operator). In
[CCFW], the concept of extension in the category € was introduced, and this
concept is completely analogous to that in the category H(A(D)). It is easy
to see that for Hy; and Hs in €, there is a canonically injective A(ID)-module
map

i: E.th:(Hl,HQ) — E:L‘tA(D)(Hl,HQ).

One thus often works in the category € instead of the category H(A(D). In
the category €, it is easy to prove the following proposition [CCFW].

Proposition 7.3.1 Exte(—,—) is a bifunctor from € to the category of A-
modules. It is contravariant in the first and covariant in the second variable.

Similar to the category H(A(D)), in the category €, we have Hom-FExt
sequences [CCFW].

Proposition 7.3.2 Let

E:0—H - Hy 25 Hy —0
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be an exact sequence of cramped Hilbert modules. Then for each cramped
Hilbert module H we have the following Hom-Ext sequences:

0 — Hom(H, H1) 2= Hom(H, Hy) 2= Hom(H, Hs)
i’ E(EtQ(H, Hl) = Eth(H7 H2) &) E.’Et@(H7 HS)?

where § is the connecting homomorphism and is given by 6(0) = [E0] for
0: H— Hs, and

0 — Hom(Hs, H) 2 Hom(Hs, H) 2~ Hom(Hy, H)

O Bate(Hs, H) 25 Bate(Hs, H) 2 Exte(Hy, H),
where §(0) = [0E] for 0 : Hy — H.

From the above Hom-FExt sequences, we immediately obtain the following
proposition which generalizes Proposition 3.2.6 in [CC1]. The next proposition
was first proved in [Fe2].

Proposition 7.3.3 If Hy, Hy are similar to isometric Hilbert modules, then
Ext¢(H1, HQ) = E.’EtA(]D)) (Hl, HQ) = 0

Proof. By the Wold decomposition, we may suppose Hy = H?(H) for some
finite or infinite dimensional Hilbert space H. One thus has the exact sequence
of Hilbert modules:

E: 0— H*(H) S L*(H) S H*(H)* — 0.
Since H; is projective in €, this forces the sequence
0 — Hom(Hy, H*(H)) > Hom(Hy, L*(H)) = Hom(Hy, H*(H)*) — 0

to be exact. From this fact and L?(H) being projective in H(A(D)), applying
the Hom-FExt sequences gives

Extym)(Hy, H*(H)) =0, and hence Exte(Hy, H*(H)) = 0.

The desired conclusion follows, completing the proof.

In studying extensions of the Hardy and the Bergman modules, we will
be concerned with the following four kinds of Hankel operators: from H?(D)
to H2(D)*; from H?(D) to L2(D)*; from L2(D) to H?(D)*; from L?(D) to
L2(D)*. For their definitions, we only see the case from H?(D) to L2(D)*. Let
¢ be in L?(D). A densely defined Hankel operator H, : H?(D) — L2(D)* is
defined by Hyh = (I — P)¢h, h € A(D), where P is the orthogonal projection
from L?(D) to L2(D). Therefore, Hankel operator H is bounded if and only
if Hy in H?(D) can be continuously extended onto H?(D).
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Let i be a positive finite measure on . The measure p is called an i-th
(i = 1, 2) Carleson measure if there is a constant ¢ such that u(S) < ch’
for each Carleson square S = {z = re®®|1 —h < r < 1;60) < 0 < 6y + h}.
For ¢ € L*(D), we say that ¢ is an i-th Carleson function if |¢|?dA is an
i-th Carleson measure (i = 1, 2), where dA is the usual normalized area
measure on the unit disk. Write S;(ID) for the set of all i-th Carleson functions
(1 = 1, 2). Then it is easily seen that S;(D) are A(ID)-modules. It is well
known that a Hankel operator Hy from H?(D) to H?(D)* is bounded if and
only if ¢ € L>°(T) + H?(D). This fact, translated into homological language,
is equivalent to the exactness of the following sequence:

0 — Hom(H*(D), H*(D)) & Hom(H*(D), L*(T)) = Hom(H?(D), H*(D)") — 0.
It is easily verified that each bounded Hankel operator H, from H?(D) to
L2 (D)* is a Hilbert module map, and every Hilbert module map from H?(D)
to L2(D)* is a bounded Hankel operator. Since H?(D) is projective in the
category €, one thus obtains

Proposition 7.3.4 A Hankel operator Hy from H?(D) to L2(D)* is bounded
if and only if ¢ € S1(D) + L2(D).

Proof. Since H?(D) is projective in the category € (see [CCFW]), we have
the following exact Hom sequence:

0 — Hom(H*(D), L3(D)) & Hom(H*(D), L*(D)) 5 Hom(H?*(D), L2(D)*) — 0.

Assume that Hy is bounded. Hence, the above exact sequence ensures that

there is an o € Hom(H?(D), L?(D)) such that Hy = m.(a). It is easily seen
that there exists a ¢g € L?(D) such that for any f € H2(D), a(f) = ¢of-
This induces that ¢g is a 1-th Carleson function by Theorem 9.3 in [Dur]. We
conclude thus that ¢ — ¢ € LZ(D). The opposite direction is achieved by
considering the above exact sequence and Theorem 9.3 in [Dur], completing
the proof.

“The Halmos problem” asks: whether each polynomially bounded operator
is similar to a contraction [Hal]. Pisier’s recent example [Pi2] gives a negative
answer for “the Halmos problem.” Equivalently, the category € is a proper
subcategory of H(A(D)). An interesting question is whether the category
H(A(D)) has enough projectives in the sense that every object in H(A(D)) is
a quotient of some projective module.

Theorem 7.3.5 Let H be similar to a nonunitarily isometric module. Then
Euate(L2(D), H) = Ext o) (L (D), H) # 0.

Proof. If H is similar to a unitary module, then H is injective in H(A(D))
by Corollary 7.2.4, and therefore

Exte(L2(D),H) = Extym)(L2(D), H) = 0.
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Now by the Wold decomposition of an isometry, we only need to prove
Eute(L(D), H*(H)) = Ext o) (L (D), H*(H)) # 0

for some finite or infinite dimensional Hilbert space H. Consider the exact
sequence

E: 0— H2(H) 5 L2(H) & H2(H)* — 0.

Since L2(H) is projective in H(A(D)) (also in €), applying the Hom-Euxt
sequences gives the following:

0 — Hom(L?(D), H*(H)) = Hom(L?(D), L*(H))

™5 Hom(L2(D), H*(H)") % Ext o) (L2(D), H*(H)) — 0
0 — Hom(L?(D), H*(H)) > Hom(L2(D), L*(H))

™ Hom(L2(D), H2(H)*) > Exte(L2(D), HX(H)) — 0

We claim
Hom(L2(D), L*(H)) = 0.

In fact, for any o € Hom(L2(D), L?>(H)), since
ez = [lz"aM)] = la(D] < ||0l||[/|2"|2dA]% —0

asn — oo, it follows that «(1) = 0. This means that

a(f) = fa(1) =0, Vf € A(D).

The claim follows. Combining the above exact sequences with the claim im-
mediately shows that

Exte(Ly(D), H*(H)) = Bxtam) (L3 (D), H*(H)) = Hom(L7(D), H*(H)™).

For ¢ € L>(H), a densely defined Hankel operator Hy : L2(D) — H?(H)* is
defined by Hgh = (I — P)ph; h € A(D), where P is the orthogonal projection
from L2(H) onto H?(H)". If the densely defined operator Hy in L2(D) can
be continuously extended onto LZ(DD), then it is easy to check that Hy is a
Hilbert module map from L2(D) to H2(H)*, and each Hilbert module map
from L2(D) to H%(H)* has such a form. Writing S(L2(D), H?(H)) for the
set of all such ¢, then

Exte(L2(D), H*(H)) Ea:t(A(D)(Li(D), H?(H))

= S(L3(D), H*(H))/H?(H)’

Taking any h € H with |h|| = 1, it is easy to prove that ¢ = zh is in
S(L?(D), H?*(H)), but ¢ is not in H?(H). This gives the desired conclusion,
completing the proof.
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Remark 7.3.6 From the proof of Theorem 7.3.5, one can deduce the follow-
ing explicit formula for Exte(L2(D), H*(H)) = Extyam)(L2(D), H*(H)),
that is,
Exte(L;(D), H*(H)) = Extap)(L;(D), H?(H))
= S(La(D), H*(H))/H*(H)

Let Cy(T) be the set of all continuous functions ¢ on the unit circle T such
that Hankel operator Hy : L2(D) — H?(D)* is bounded. Obviously, C (T)
is an A(D)—module.

Corollary 7.3.7 We have
Exte(L2(D), H*(D)) = Ext oy (L2(D), H*(D)) = Cy(T)/A(D).

Proof. Let ¢ be in L?(T) and Hy : L2(D) — H*(D)* be a bounded Hankel
operator. Since H?(D) is contractively contained in L2(ID), one concludes that
Hy: H?*(D) — H?(D)" is a bounded Hankel operator. This shows that there
is a ¢g € L°°(T) such that ¢ — ¢ € H*(D). Suppose that {h;} C H?(D), and
{hi} weakly converge to 0 in H?(D). Let

hi = Z ag“)z
n>0

be hj s power series expansion. Since {||hx|/ g2y} is bounded, there exists a
constant ¢; such that ) -, |a£Lk)|2 < ¢; for all k. On the other hand, since
Hy: L2(D) — H?(D)* is bounded, there exists a constant ca such that

‘ 2

—|—1

| an

| HohillZ 2y = | HooPall72m) < 02/ |hi?dA = o)
n>0

For each fixed n, since a%k) — 0 as k — oo, the above discussion implies
that ||Hd>ohk||2L2(1r) — 0 as k — oo, and therefore Hy, is a compact Hankel
operator from H2(D) to H2(D)*. Thus ¢q is in H>(D) + C(T), where C(T)
is the set of all continuous functions on T. It now follows that the operator
Hy: L2(D) — H?*(D)' is bounded if and only if there is a ¢ € Cy(T) such
that ¢ — 1 € H?(D). Hence from Remark 7.3.6, we have
Bate(Ly(D), H*(D)) = Bataw) (L3 (D), H*(D))
= [Cu(T) + H*(D)]/H*(D)
~ Cy(T)/A(D).

This completes the proof.

Remark 7.3.8 From the proof of Corollary 7.3.7, we observe that a Hankel
operator
H,: L}(D) — H*(D)*

is bounded if and only if ¢ € Cg(T) + H*(D).
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From the Hom-Ext sequences, it is easy to see that a Hilbert module H
in H(A(D)) (resp. in €) is injective if and only if Ext ) (H,H) = 0 (resp.
Exte(H, H) = 0) for each Hilbert module H in H(A(D)) (resp. in €). The
question naturally arises as to whether it is necessary to use all Hilbert mod-
ules H in Ext(f[, H) to test whether H is injective; might it not happen that
there exists a small family of Hilbert modules H) such that if Ext(Hy, H) =0
for each H) in the family, then H is injective? By Theorem 7.3.5, when
H is similar to an isometric module, then H is injective in H(A(D) if and
only if Extsmy(L2(D),H) = 0. Hence the Bergman module L2(ID) seems
to play a role to test injective modules. In the following we shall show that
Euxte(L2(D), L2(D)) # 0, and therefore Ext sp)(L2(D), L2(D)) # 0.

Consider the exact sequence

E: 0— L%D) 5 12(D) 5 L2(D)L — 0.
Hence it induces the following Hom-FExt sequence:
0 — Hom(L2(D), L2(D)) > Hom(L2(D), L*(D)) ™ Hom(L2(D), LZ(D)*)
= Eate(L3(D), L3(D)) * Bate(L2(D), L*(D)) ™ Eate(L3(D), L
To prove Exte(L2(D), L2(D)) # 0, it suffices to show that the map
7. : Hom(L2(D), *(D)) — Hom(L2(D), L2(D)*)
is not surjective. To get the desired conclusion, we first give the descriptions of
Hom(L?(D), L?*(D)) and Hom(L?(D), L2(D)*). Let o € Hom(L2(D), L*(D)).
It is easy to check that « is a multiplier from L2(D) to L?(DD), that is, there is
a ¢ € L*(D) such that « = M. According to [Hal], My is a multiplier from
L?(D) to L*(D) if and only if ¢ is a 2-th Carleson function. We thus have
Hom(L3(D), L*(D)) = S2(D).

Write B(D) for all those ¢ € L%*(D) such that Hy : L2(D) — L2(D)* is
bounded. Clearly, B(D) is an A(ID)-module, and

Hom(L%(D), L3(D)") = B(D)/L2(D).
The above observations lead to the conclusion
cokerm, = B(D)/[S2(D) + L2(D)].
Theorem 7.3.9 B(D) 2 S3(D) + L2(D)
Before proving this theorem we give the following corollary and remark.
Corollary 7.3.10 The following are true:
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(1) Bate(L2(D), L2(D)) # 0, and
(2) Batam)(LA(D), L2(D)) # 0.

Remark 7.3.11 Let B be a Banach A(D)-bimodule. A derivation § from
A(D) to B, by definition, is a continuously linear map such that §(ab) =
ad(b) + 6(a)b for all a, b € A(D). Let B(L2(D)) (resp., B(H?*(D))) denote
the set of all bounded linear operators on L2(D) (resp., H*(D)) with natural
A(D)-bimodule structure. By Remark 7.2.14, we see that each derivation from
A(D) to B(H?(D)) is inner. However, Corollary 7.5.10 indicates that there
is some derivation from A(D) to B(L2(D)) that is not inner. This may be an
essential difference between the Hardy module and the Bergman module over
A(D).

The proof of Theorem 7.3.9. To prove this theorem, it is enough to find
a function b such that b € B(D), but b ¢ S2(D) + L2(D). First note that the
analytic function f(2) =Y o0 22" is in L2(D). We claim that f(2) is in the
Bloch space. This claim is easily from the theorem on Madamard power series
[Dur]. For the reader’s convenience, we give the proof’s details here. That is,
we must prove the following:

sup{(1 — |z|)|f(2)| : z € D} < 4o0.
Since f/(2) = Y00, 2"22" 1, one needs to show

Z2nr2"—120( 1 )

1—
n=0 r

for 0 < r < 1. This is equivalent to estimating the integral

/ 252 "y = — riTde (t = 2%).
0 In2 /;

Since Inr < r — 1, the second integral is majorized by

0o 00 o0 1
/ Tt—ldt:/ e(t—DInr gy S/ =D gp — =
. . 1 1—r

which proves the claim, and hence f(z) is in the Bloch space. It follows by
[Ax], Theorem 6] that Hankel operator Hy is bounded. The rest of the proof
is to check f ¢ Sa(D) + L2(D).

For any z € D, let k. be the normalized Bergman-reproducing kernel at z
(i.e., |[k-|| = 1). If there is a ¢ € S2(D) and a ¢ € L2(D) such that ¢ = f+ ),
then

[f(2) +¥(2)] = \/(er D) k|2 dA| = (ks k) < [[My]].
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This implies that ¢(z) = ) + 9(z) is a bounded harmonic function. Since

. (),
f(re?®) — £(0) and v (re??) + f(0) are orthogonal in L?(T"), it follows that

lg(re W Zaeny = I1F(re”) = FOFam) + I(re’®) + FO) 772 m).

Since ¢ is bounded, the above equality shows that there exists some positive
constant ¢ such that | f(re®®) — f(0)|| g2y < ¢ for any r. Thus, f is in
H?(D). This is impossible and hence S3(D) + L2(D) is a proper subset of
B(D), completing the proof.

7.4 Extensions of normal Hilbert module over the ball
algebra

Let B,, be the unit ball of C™ and A(B,,) be the so-called ball algebra, i.e.,
the set of all functions continuous on the closure B,, of B,, and holomorphic on
B,. A Hilbert module H over A(B,,) is called normal if for every h € H, the
map f — fh is continuous from weak*-topology of L>°(9B,,,do) restricted to
A(B,,) to the weak-topology on H, where do is the normalized sphere area
measure on the boundary 9B, ({& € C" : |£|| = 1}) with ¢(dB,) = 1.
Some obvious facts are that the category A of all normal Hilbert modules
over A(B,,) is a proper subcategory of the category H(A(B,,)) of all Hilbert
modules, and N is full in H(A(B,,)) which means that if Ny, No € N, then
the set of all module maps from Nj to Ny in NV is the same as in H(A(B,)),
that iS, HOMN(Nl, Ng) = HomA(]B")(Nl, Ng).

The present section comes from [Guo3]. In this section, we shall work in
the category N. For N1, N3 in N, a normal extension of N by N is an exact
sequence of normal Hilbert modules, which begins by N; and ends by Ns:

E:0—N N2 N, o,

where a,  are Hilbert module maps and N is normal. Under the equivalence
relation described as in Section 7.1, the set of equivalence classes of all normal
extensions of Ny by Nj, denoted by Exta (N2, N1), is called normal extension
group of No by Nj. Similar to extensions in Section 7.1, we can verify the
following proposition.

Proposition 7.4.1 Ezin(—,—) is a bifunctor from N to the category of
A(B,,)-modules. 1t is contravariant in the first and covariant in the second
variable.

Let B(Na, N1) be all bounded linear operators from Ny to Np. If a bounded
derivation D : A(B,) — B(Na,Np) satisfies that for each h € N, the
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map f — D(f)h is continuous from the weak*-topology of L>*(9B,,, do) re-
stricted to A(B,,) to the weak-topology on N, then we call D normal. Let
Dern(Nz, N1) denote all normal derivations from A(B,) to B(Na, N7) and
Inn(Na, N7) all inner derivations. Just as in Section 7.1, normal extensions
are closely related to the derivation problem. For a normal extension of Ny
by N1

E: 0—N; i>Ni>N2*>O,
there exists a normal derivation D € Dern(Nz, N1) such that E is equivalent
to the following extension Ep defined by D:
ED: 0—>N1—i>N1®N2l>N2—>0,

where N1ON, is Hilbert space direct sum of Ny and Ny with the A(B,)-
module structure defined by f(h1,h2) = (fh1 + D(f)he, fha). It is easy to
check that such a module is normal. Finally, two extensions Ep, and Ep, are
equivalent if and only if Dy — Dy is inner.

Proposition 7.4.2 Let N1, Ny be normal. Then
EZCt_/\[(NQ, Nl) = Dern(Ng, Nl)/lnn(Ng, Nl)

Moreover, if o : Ny — N and 8 : Nj — Ny are Hilbert module maps, with
regard to pullbacks and pushouts in the category A, the extensions aFp and
Ep S are defined by derivations aD € Dern(Ny, Ni) and D € Dern(Nj, Ny),
respectively, where aD(f) = a(D(f)) and DB(f) = D(f)8 for f € A(B,,).

Now it is time to establish the following Hom-Ext sequences in N/ whose
proof is similar to the preceding sections. This will be our basic tool of
computing normal extension groups.

Proposition 7.4.3 Let
E:0— N %N 25N —0

be an exact sequence of normal Hilbert modules over A(B,). Then for each
normal Hilbert module N, we have the following Hom-Ext sequences:

0 — Hom(N,Ni) 2% Hom(N, Ny) 2= Hom(N, N)
s Batn(N,Ny) 2% Eatp(N, Na) 2 Eato(N, Ny),

where § is the connecting homomorphism and is given by §(0) = [EO] for
#: N — N3, and

0 — Hom(Ns,N) 25 Hom(Ny, N) = Hom(Ni, N)
2 Baty(Ns,N) 25 ExtN(Ny, N) 5 Bata(Ni, N),

where §(0) = [QE] for § : Ny — N.
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Let H be a normal Hilbert module over C(9B,,) (C L*°(0B,,,do)), where
C(0B,,) is the algebra consisting of all continuous functions on 9B,. By
Kaplansky’s density theorem [Arv7] and a simple continuity argument, H
can be extended into a normal Hilbert module over L*°(9B,,do) without
change of module bound. Moreover, from [DP] one sees that H is similar to
a normally contractive Hilbert module over C(0B,,). Hence we concentrate
attention on normally contractive Hilbert modules over C'(0B,,). Let N be a
normally contractive Hilbert module over C(9B,,). A closed subspace M C N
which is invariant for A(B,,) is called a normal Silov module for A(B,) and
N is called a normally contractive C(9B,, )-extension of M. A normal Silov
module for A(B,) is reductive if it is invariant for C'(0B,,) and pure if no
nonzero subspace of it is reductive.

The following proposition is basic for our analysis. It can help us to calculate
Extpr-groups of some normal Hilbert modules over A(B,,).

Proposition 7.4.4 For any N in N, the module action of A(B,) on N can
be uniquely extended to H>®(B,,) without change of the module bound of N,
making N into a normal H* (B,,)-Hilbert module, where H> (B,,) denotes the
set of all bounded and holomorphic functions on B, .

Proof. By [CGa, Corollary 2.3], the unit ball of A(B,,) is weak*-dense in
the unit ball of H>*(B,,). Also, since H>*(B,,) is weak*-closed and the unit
ball of H>(B,,) is weak*-compact and weak*-metrizable, a simple continuity
argument implies that Proposition 7.4.4 is true.

According to Proposition 7.4.4, it is easily seen that the category N is
essentially the same as the category N'°°, where N'*° is the category of all
normal Hilbert modules over H**(B,,). This thus implies that Propositions
7.4.1, 7.4.2 and 7.4.3 are valid in the category N'*°. For Ni, N, € N, since
Extpr(Na, Np) is isomorphic to Extpre~ (N2, N1) as A(B,)-modules, this en-
sures that Exta(Na, N1) can be extended into H*°(B,,)-module. Note that
all inner functions generate H*(B,,) in the weak*-topology [Rud]. Hence just
as the proof of Theorem 7.2.3, if N is a normal C'(9B,,)-Hilbert module, then
for every normal Hilbert module K over A(B,,), we have

Extpyw(K,N)=0, FExty«(N,K)=0.
Thus, we get the following theorem.

Theorem 7.4.5 Let N be a normal C(0B,,)-Hilbert module (of course, N €
N). Then for every normal Hilbert module K over A(B,), we have

Exty(K,N)=0, Exty(N,K)=0.

For P € N, we say that P is normally projective if for each pair N1, Ny € N,
and every pair Hilbert module maps ¢ : P — N and ¢ : Ny — N2 with ¢
onto, there exists a Hilbert module map 1 : P — Nj such that ¢ = ¢1p. Also,
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for I € N, I is called normally injective if for every pair N1, No € N and every
pair Hilbert module maps ¢ : Ny — I, and ¢ : N3 — Ny with ¢ one-to-one
and having closed range, there exists a Hilbert module map v : No — I such

that 1) = ¥¢.
Now applying Theorem 7.4.5 we have the following.

Corollary 7.4.6 Let N be a normal Hilbert module over C(0B,). Then N
(viewed as A(B,,)-Hilbert module) is both normally projective and normally
injective.

Remark 7.4.7 Although we do not know if there is any nonzero projective
module over the ball algebra A(B,)(n > 1), Corollary 7.4.6 guarantees that
there exist normal projective modules and normal injective modules.

Similar to the proof of Corollary 7.2.6, we have the following.

Corollary 7.4.8 Let Ny be a normal Silov module over A(B,) and N be a
normally contractive C(OB,,)-extension of No. Then the following statements
are equivalent:

(1) Ny is normally injective,
(2) N © Ny is normally projective,
(3) Ny is reductive,

(4) the short exact sequence

Eny,: 0—Ny—->N-"NSNy—0

0
is split,

where i s the inclusion map and 7 the quotient map, that is, w is the orthog-
onal projection Pngn, from N onto N © Ny. As usual, the action of A(B,,)
on N & Ny is given by the formula f-h = PNQNUTJEN)h for f € A(B,) and
he N6e Ng.

For a normal Silov module M, let N be any normally contractive C (0B,,)
-extension of M. We say that N is minimal if C(9B,,)- M is dense in N. From
[DP, Corollary 2.14], one can show that the minimal normally contractive
C(0B,,)-extension of M is essentially unique.

Lemma 7.4.9 Let M; be normal Silov modules over A(B,) and N; be nor-
mally contractive C(0B,,)-extensions of M;, i = 1,2. Then for each 6 €
Hom(M, Ms), it can lift to a C(0B,,)-Hilbert module map 6’ : N3 — Na.
Furthermore, if N1 is minimal, then lifting is unique.
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Proof. By Proposition 7.4.4, we may regard M; as normally contractive
Hilbert modules over H*°(B,,) and N; as normally contractive Hilbert modules
over L>®°(0B,,,do) for i = 1,2. Set

D = {nh : h € My, n are inner functions}.

It is easy to check that D is a linear subspace of V7. Because all inner functions
and their adjoints generate L (9B, do) in the weak*-topology (see [Ru4]),
it follows that the closure D of D is an L° (0B, do)-Hilbert submodule of
Ni. If we set 0”(7h) = 76(h) for inner function n and h € Mj, then it is
easy to check that 6 is well defined and 6” can be continuously extended
into an L>(0B,,, do)-Hilbert module map from D to N,. Hence, if we use
0" to denote an L*°(9B,,, do)-Hilbert module map from N; to Ny by setting
0'(h) = 0"(h),h € D; §'(h) = 0,h € N; © D, then the map ¢ is a C(0B,,)-
lifting of #. In particular, if N is minimal, then lifting is unique.

Applying Lemma 7.4.9 and the proof of Theorem 7.2.7 gives the following.

Theorem 7.4.10 Let My, My be normal Silov modules over A(B,,), and N;
be a minimal normally contractive C (0B, )-extension of My. If Ny is a nor-
mally contractive C (0B, )-extension of My and My is pure, then the following
are isomorphic as A(B,,)-modules:

HO’I’TL_/\[(Ml,MQ) = HO’I’TL_/\[(Nl S Ml,NQ S MQ)
The isomorphism is given by
5(9) = PN29M29/ |N19M17 e HOmN(Ml,Mg),

where 0" is one given by Lemma 7.4.9, and Py,on, 18 the orthogonal projection
from Ny onto Ny © M.

For Hardy submodules, Theorem 7.4.10 has a natural form. To see this, let
[ be a subset of L?(0B,,, do). A Borel set E C 9B, is said to be the support of
T (denoted by S(I')) if each function from I' vanishes on B,, — E; and for any
Borel subset E’ of E with o(E’) > 0, there exists a function f € T’ such that
f |g'# 0. For a submodule M of L?(9B,,,do) over A(B,,), it is not difficult to
prove that XS(M)Lz(GIBn, do) is its minimal C(9B,,)-extension, where X g(ar)
is the characteristic function of S(M). We also note that a submodule N
of L?(dB,,,do) is pure if and only if o(S(N=+)) = 1. By Theorem 7.4.10 we
immediately obtain the following.

Corollary 7.4.11 Let My and My be submodules of L*(0B,,, do) over A(B,,),
and o(S(My)) = o(S(Ms")) = 1. Then

Homp (My, My) = Homp (L?(0B,,, do) © My, L*(0B,,,do) © My).

The isomorphism is given by ¢ — HQE,MQ] | L2(0B,, doyo M, » Where HLMz] is

defined by HE") f = Pra(op, aoyons, (f) for all f € L2(OB,, do).
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Example 7.4.12 Let H?(B,) be the Hardy module over A(B,) and
H?(B,)* (= L*(0B,,do) © H?(B,)) be the corresponding quotient module.
By Corollary 7.4.11, one obtains that

Homy (H2(B,)", H2(B,)") = H®(B,).
If we define a Hankel-type operator Ay for f in L*°(0B,,,do) by
Af(h) = Pr2(oB, doyon2s,)(fh), h € L*(0B,,do) © H*(B,),
then the commutator of {A,,,..., A, } is equal to {Ay : f € H*(B,)}.

Now let Ny be a normal Silov module and N be any normally contractive
C (0B, )-extension of Ny. It follows that we have a normally injective presen-
tation of Nj:

Eng: 0— Ny -5 N " No Ny — 0.
By Proposition 7.4.3 and Theorem 7.4.5, we have the following proposition.
Proposition 7.4.13 The following are true:
(1) Extp (M, Ng) = coker(me : Hompn(M,N) — Homp(M,N & Ny)).
The correspondence is given by 61(0) = [Dg] for 6 € Hom(M, N & Ny),

where Dy is the normal derivation defined by Do(f) = PNOT]EN)G; also
Py, is the orthogonal projection from N to Ny. '

0

(2) Extn(N © No, M) = coker(i* : Homp(N,M) — Homp (No, M)).
The correspondence is given by 62(0) = [D?], where D? is the normal
derivation defined by D°(f) = QPNOT)EN).

Proposition 7.4.13 provides a very valid method to calculate normal exten-
sion groups of Hilbert modules in N. In particular, if M (or Np) is cyclic, then
the characterizations of Exty (M, No) ( Extar(N © No, M )) may be summed
up as the action of module maps on cyclic vectors.

We now turn to the calculating of Exztar-groups of Hardy submodules over
the ball algebra. For a submodule N of L?(0B,,do), we define a func-
tion space B(N) in the following manner. For ¢ € L?*(dB,,do), the func-
tion ¢ is said to be in B(N) if densely defined Hankel operator H;N) :

H?*(B,) — L%*(0B,,do) © N can be continuously extended onto H?(B,),
where HfoN)f = Pr29B,.dnen(@f), f € A(By). It is easy to check that for
every ¢ € B(N), HSE,N) is a module map from H?(B,) to L?(dB,,,do)© N, and
each module map 3 from H?(B,) to L?(0B,,ds) © N has such a form, that
is, there exists an ¢ € B(N) such that 8 = HfoN). Furthermore, for a nonzero
Hardy submodule No(C H?(B,,)), another function space B(Ng, N) is defined
by ¢ € B(No,N) if ¢ € B(N) and ker HSS,N) D Ny. From Proposition 7.4.13
and Lemma 7.4.9, the following are immediate.
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Proposition 7.4.14 The following hold:
(1) Baty(H2(B,), N) 2 B(N)/(L®(9By, do) + N);
(2) Extn(H?(B,) © No, N) = B(No, N)/N.
Remark 7.4.15 From Proposition 7.4.14, if n > 1, then one can check that
Extyx(H?(B,), H*(B,)) # 0. This says that H*(B,,) is never normally pro-
jective. In the case of n =1, it holds that
Bty (HA(D), H(D)) = 0

from Remark 7.2.14. However, we do not know if H*(D) is normally projec-
tive.

Let Hardy submodules Ny, Ny satisfy
0# N1 C N, S H*(B,).
Then 1 is in B(Ny, N2) and hence
Exty (H?(B,) © N1, Na) # {0}
This indicates that for Hardy submodules N7 and Na, if N7 # 0 and
Exty(H*(B,) © N1, No) =0,

then there is not a proper Hardy submodule N3 such that N3 O Ny, and N3
is similar to N5. The next proposition may give us some information of the
rigidity of Hardy submodules.

Proposition 7.4.16 Let N be of finite codimension in H*(B,), n > 1. Then
the following is true:

E'TtN(H2(IBn) SN, Hz(En)) =0.

Proof. By Theorem 2.2.3 we see that C N IV is dense in IV, and the set of
common zeros (in C") of the members of C N N is finite and lies in B,,, where
C is the ring of all polynomials on C". For ¢ € B(N, H*(B,)), since

¢(CNN) C H*(By),

using the harmonic extension of ¢ and the removable singularities theorem
[KK] gives ¢ € H%(B,,). Proposition 7.4.14 thus implies

Extn(H*(B,) © N, H*(B,)) = {0}.
The proof is complete.
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Let N be a submodule of H%(B,,), n > 1, and let N be of finite codimension
in H%(B,,). Since
Exty (H?(B,) © N, N) # {0},

it follows that IV is never similar to H?(B,,) by Proposition 7.4.16. We refer the
reader to [CD1] for a further consideration of the rigidity of Hardy submodules
over the ball algebra.

Remark 7.4.17 The main results in the present section also are valid for
the Hardy modules on strongly pseudoconver domains with smooth boundary

because inner functions generate H™ in the weak*-topology on these domains
[Eri].

7.5 Remarks on Chapter 7

The extension theory of Hilbert modules over function algebras was first
explored by Carlson and Clark [CC1]. Section 7.1 is mainly based on [CC1].
Section 7.2 basically comes from the paper by Chen and Guo [CG]. Section 7.3
basically arises from Guo [Guo5]. The results in Section 7.4 were contributed
by Guo [Guo3]. For applications of the extension theory to operator theory
we refer the reader to [Fel, Fe2] and the references therein. In [Guo9], Guo
developed extension theory of Hilbert modules over semigroups, and obtained
applications to operator theory and representations of semigroups. We refer
the reader to [Hel, MS, Pau2, Pau3| for more topics along this line.
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