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Abstract

The majority of this thesis is devoted to the study of Nevanlinna-Pick spaces and their
multiplier algebras. These spaces are Hilbert function spaces in which a version of the
Nevanlinna-Pick interpolation theorem from complex analysis holds. Their multiplier al-
gebras occupy an important place at the interface between operator algebras, operator
theory and complex analysis.

Over the last few years, the classification problem for these algebras has attracted con-
siderable attention. These investigations were pioneered by Davidson, Ramsey and Shalit,
who used a theorem of Agler and McCarthy to identify a given multiplier algebra with
the restriction of the multiplier algebra of the universal Nevanlinna-Pick space, namely the
Drury-Arveson space, to an analytic variety in a complex ball.

In this thesis, the classification problem is studied from three different angles. In Chapter
3, we investigate multiplier algebras associated to embedded discs in a complex ball. In
particular, we exhibit uncountably many embedded discs which are biholomorphic in a
strong sense, but whose multiplier algebras are not isomorphic. Motivated by these issues,
we use in Chapter 4 a different approach to the classification problem. Thus, we study
the spaces and their multiplier algebras directly without making use of the existence of
a universal Nevanlinna-Pick space. This allows us to completely classify the multiplier
algebras of a special class of spaces on homogeneous varieties. In Chapter 5, we investigate
the complexity of this classification problem from the point of view of Borel complexity
theory.

In Chapter 6, we show that the Hardy space on the unit disc is essentially the only
Nevanlinna-Pick space whose multiplication operators are all hyponormal.

The last part of this thesis is concerned with dilations and von Neumann’s inequality. It
has been known since the seventies that there are three commuting contractions which do
not satisfy von Neumann’s inequality. In Chapter 7, we show that every tuple of commuting
contractions which forms a multivariable weighted shift dilates to a tuple of commuting
unitaries and hence satisfies von Neumann’s inequality, thereby providing a positive answer
to a question of Shields and Lubin from 1974.
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1. Introduction

There are two major themes in this thesis: Nevanlinna-Pick interpolation and dilation
theory. Both topics sit at the interface of operator theory, operator algebras and complex
analysis. It is the purpose of this introduction to outline some of the history of these
topics and thus to put the results obtained in this thesis into perspective. More detailed
summaries of the results in this thesis can be found at the beginning of the individual
chapters.

A whole century ago, Georg Pick considered the following interpolation problem. Given
points z1,..., z, in the open unit disc D in the complex plane and numbers A, ..., A\, € C,
when does there exist an analytic function f : D — C which solves the interpolation
problem

flzi)) =X (1<i<n)

and satisfies the norm constraint

[ fleo = sup{|f(2)| : z € D} < 17

Observe that without the norm constraint, the interpolation problem can always be solved
by a polynomial, but the norm constraint makes the problem non-trivial. Pick’s solution
[67] is the following theorem.

Theorem (Pick). Let zy,...,2z, € D and Ay, ..., \, € C. There exists an analytic function
f:D— C with
flz)=X (1<i<n)

and || flloo < 1 if and only if the Hermitian n X n matrix
1— A\
1s positive semidefinite.

Unaware of Pick’s work, Rolf Nevanlinna independently studied this problem and ob-
tained a somewhat different characterization [62, 63].



1. Introduction

The original problem of Pick and Nevanlinna is purely function theoretic and does not
mention Hilbert spaces in any way. Nevertheless, there is a Hilbert space in the background
of Pick’s theorem. This space is the Hardy space

H? = {f(z) =Y a2 cOM): [IfIF =Y lanf? < oo}.
n=0 n=0

The Hardy space is a Hilbert space of analytic functions which plays a pivotal role at the
intersection of complex analysis and operator theory. It is a reproducing kernel Hilbert
space on D, which means that for every w € D, the linear functional of evaluation at w is

bounded on H?. The function )

1— 2w’

K(z,w) =

which is called a Szegd kernel, is the reproducing kernel of H2. This means that K(-,w) €
H? for w € D and

(f, K(-,w)) = f(w)
for every f € H?. Its multiplier algebra

Mult(H?) ={p:D = C:p-f € H* forall f € H*}

turns out to be H*, the algebra of all bounded analytic functions on the disc. Moreover,
the multiplier norm of such a multiplier ¢, which is defined to be the norm of the associated
multiplication operator on H?, is simply the supremum norm over D.

Equipped with these notions, Pick’s theorem now becomes a theorem about the repro-
ducing kernel Hilbert space H?: Given points zi,..., 2, € D and values A\, ..., \,, there
exists ¢ € Mult(H) with

pzi) =N (1<i<n)

and multiplier norm at most 1 if and only if the Pick matrix
(K (26, 25) (1 = X))

is positive semidefinite. This operator theoretic approach to Nevanlinna-Pick interpolation
was pioneered by Sarason [77], who provided a new proof of Pick’s theorem by establishing
a precursor of the Sz.-Nagy-Foias commutant lifting theorem [31], see also [35, Section
I1.2]. A modern account of Sarason’s proof can be found in [3, Section 10.6].

Two decades later, Agler [1], Quiggin [71] and McCullough [58] studied the Nevanlinna-
Pick interpolation problem for general reproducing kernel Hilbert spaces. It is not hard
to see that positivity of the Pick matrix is always a necessary condition for the existence
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of a solution of the interpolation problem, but it is not always sufficient. If the Hilbert
space has the property that this condition is sufficient, then it is called a Nevanlinna-Pick
space. Thus, a Nevanlinna-Pick space is a reproducing kernel Hilbert space in which Pick’s
theorem holds true, and the Hardy space H? is the prototypical example of such a space.
Another example is the Dirichlet space on the unit disc, thanks to a result due to Agler
[1], see also [T1].

It turns out that the theory becomes much cleaner if one assumes that Pick’s theorem also
holds for matrix valued interpolation, which leads to the notion of a complete Nevanlinna-
Pick space. We refer the reader to Chapter 2 for precise definitions and a list of examples.
A comprehensive treatment of Nevanlinna-Pick spaces can be found in the book [3].

The majority of this thesis is devoted to the study of complete Nevanlinna-Pick spaces
and their multiplier algebras. In particular, the classification problem for these multiplier
algebras is investigated from several different angles. This line of research was initiated by
Davidson, Ramsey and Shalit [24, 25]. A key ingredient in their approach is the Drury-
Arveson space H3, which is a natural generalization of the Hardy space to the unit ball B,
in C¢. Specifically, H? is the reproducing kernel Hilbert space on the B; with reproducing

kernel
1

1—{z,w)’

The case d = oo is allowed, and we understand C* as /5 in this case. The Drury-
Arveson space, also known as symmetric Fock space, appeared in different guises many
times throughout the literature. The reader is referred to the article [8] as well as the sur-
vey article [79] for a comprehensive treatment of the different features of the Drury-Arveson
space.

K(z,w) =

The importance of the Drury-Arveson space for the classification problem for multiplier
algebras of Nevanlinna-Pick spaces stems from a theorem of Agler and McCarthy [2],
according to which every irreducible complete Nevanlinna-Pick space can be identified with
the restriction of the Drury-Arveson space to a subset of the unit ball. Davidson, Ramsey
and Shalit used this result to identify for every multiplier algebra M of an irreducible
complete Nevanlinna-Pick space an analytic variety V' in a complex ball B, such that M is
completely isometrically isomorphic and weak-x homeomorphic to My,. Here My, denotes
the restriction of the multiplier algebra of the Drury-Arveson space to V', which is naturally
identified with the quotient of the multiplier algebra of H3 by the ideal of all multipliers
which vanish on V. Thus, the general classification problem is reduced to algebras of the
form My. It is important to note that many spaces, even classical spaces of analytic
functions on the unit disc, cannot be realized in a finite dimensional ball in this way.

Another route which leads to the Drury-Arveson space, its multiplier algebra and the
algebras My, comes from dilation theory of tuples of operators. In single operator theory,
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the Hardy space H? provides an important link between complex analysis and operator
theory through dilation theory. The starting point is von Neumann’s inequality [35], which
states that if 1" is a contraction on a Hilbert space, then

lp(D)| < sup{|p(2)| : z € D}

holds for all polynomials p € C[z]. This result can be readily deduced from Sz.-Nagy’s
dilation theorem [33], see also [35, Chapter I, according to which every contraction 7'
dilates to a unitary operator. A different version, in which the Hardy space is more visible,
asserts that every pure contraction 7' coextends to a direct sum of copies of the unilateral
shift M, on H?.

In multivariable operator theory, one studies d-tuples T' = (T1,...,T,) of operators on
a Hilbert space H. A natural generalization of the concept of a single contraction to this
setting is the notion of a row contraction. Here, the requirement is that the row opera-
tor (Ty,...,Ty) : H" — H be a contraction. If one further assumes that the operators
Ty, ...,T; commute, then one can seek a similar link between multivariable complex analy-
sis and multivariable operator theory, and it is here where the Drury-Arveson space enters
the picture. The following analogue of von Neumann’s inequality is due to Drury [20].

Theorem (Drury). If T = (11, ...,Ty) is a commuting row contraction on a Hilbert space,
then

(T < [Ipl vz
for all polynomials p € Clzq, . .., z4].

The corresponding dilation theorem was established by Miiller-Vasilescu [59] and Arveson
[8]. However, we remark that Lubin already proved a version of this theorem in [55].

Theorem (Miiller-Vasilescu, Arveson). Every pure commuting row contraction coextends
to a direct sum of copies of the d-tuple M, = (M,,, ..., M,,) of multiplication operators on
2.

In this sense, the d-tuple M, on the Drury-Arveson space can be regarded as the universal
pure commuting row contraction, and the multiplier algebra of H2 is the weak-* closed
unital operator algebra generated by M,. If one introduces additional relations between
the operators, one is naturally led to quotients of M, and hence to the algebras My, .
Indeed, this point of view served as the motivation in [24], see also [69)].

We also mention that there exists a corresponding commutant lifting theorem due to
Ball, Trent and Vinnikov [9] and Davidson and Le in greater generality [20]. It provides a
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direct link between dilations and Nevanlinna-Pick interpolation similar to Sarason’s work,
see [9, Section 5, Example 1].

Generally speaking, the classification scheme of Davidson-Ramsey-Shalit seeks to classify
the algebras My in terms of the geometric structure of the underlying varieties V. They
first considered the case of homogeneous varieties in a finite dimensional ball [24]. In this
case, isomorphism on the level of multiplier algebras translates very nicely to geometric
equivalence of the underlying varieties. Specifically, they showed that two multiplier alge-
bras My and My, are isometrically isomorphic if and only if there is a unitary map on
C? (equivalently a biholomorphic automorphism of By) which maps V onto W. Similarly,
they showed that My and My, are algebraically isomorphic if and only if there exists
an invertible linear map on C¢ (equivalently a biholomorphic map) which maps V onto
W, provided that the geometry of the underlying varieties is not too complicated. The
additional restrictions on the geometry of the varieties were later removed by the author
in [40], see also [11].

For general varieties in a finite dimensional ball, Davidson, Ramsey and Shalit showed
in [25] that two algebras My and My, are isometrically isomorphic if and only if the
underlying varieties V' and W are biholomorphic via an automorphism of B,;. They also
showed that if My and My, are algebraically isomorphic, then V' and W are biholomor-
phic, provided that the varieties satisfy some mild geometric conditions. The converse of
this statement is not true in general, as Davidson-Ramsey-Shalit exhibited two Blaschke
sequences in the unit disc which are biholomorphic, but which give rise to non-isomorphic
multiplier algebras. It should be noted, however, that Blaschke sequences are fairly com-
plicated varieties, as they have infinitely many irreducible components.

In the case of one dimensional varieties, the converse is often true if one assumes ad-
ditional regularity on the boundary. This was proved by Alpay-Putinar-Vinnikov in the
case of the unit disc [1], by Arcozzi-Rochberg-Sawyer [6] in the case of finitely connected
planar domains, and by Kerr-McCarthy-Shalit [51] in the case of finite Riemann surfaces.
Nevertheless, there is still no complete classification of the algebras My, even in the one
dimensional case, as the regularity assumptions do not hold in general. We refer the reader
to the survey article [76] for a comprehensive account on the current state of the art.

In this thesis, the investigations of Davidson, Ramsey and Shalit are continued from
three different angles.

Firstly, Chapter 3 investigates algebraic isomorphism for algebras of the type My, where
V' is an embedded disc in a complex ball. In some sense, embedded discs are a particularly
simple case of non-homogeneous varieties. In particular, one might expect that they do
not exhibit the same pathologies as Blaschke sequences. Nevertheless, among other results,
we exhibit an uncountable family of embedded discs which are biholomorphic in a strong
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sense, but which yield non-isomorphic multiplier algebras. This chapter is based on the
paper [19], which was written jointly with Kenneth Davidson and Orr Shalit.

Secondly, Chapter 4 approaches the classification problem from a different angle. Instead
of using the universality result of Agler and McCarthy, the multiplier algebras are studied
directly. Using this approach, is it possible to classify a broad class of multiplier algebras
which were previously inaccessible. The contents of this chapter appeared in [13].

Thirdly, Chapter 5 is concerned with the complexity of the classification problem for
multiplier algebras. More precisely, the classification problem is studied from the point of
view of Borel complexity theory, a branch of mathematical logic which provides a framework
for comparing the complexity of classification problems in mathematics. This chapter is
essentially the paper [15], which is joint work with Martino Lupini.

The Hardy space H? is a particularly tractable example of a reproducing kernel Hilbert
space. It was explained earlier that it is the prototypical example of a Nevanlinna-Pick
space. From an operator theoretic point of view, multiplication operators on the Hardy
space are fairly well behaved because they are all subnormal, and in particular hyponormal
operators. As a consequence, H°°, the multiplier algebra of H?, is a uniform algebra, a fact
on which much of the classical theory about H* depends, see for instance [33]. In Chapter
6, which is essentially the paper [12], it is shown that this situation is very special: The
Hardy space is essentially the only complete Nevanlinna-Pick space whose multiplication
operators are all hyponormal.

The first steps into the realm of multivariate operator theory were not undertaken toward
a theory for commuting row contractions, but for d-tuples of commuting contractions. This
condition is less restrictive. Ando proved that every pair of commuting contractions dilates
to a pair of commuting unitaries, thereby establishing an analogue of Sz.-Nagy’s dilation
theorem in this setting [5]. As a consequence, one sees that the two variable von Neumann
inequality holds:

IP(T1, To)l| < sup{[p(z1, 22)] : (21,22) € D'}

for every polynomial p € C[zy, 2] and every pair (71,73) of commuting contractions.
Surprisingly, the corresponding result for three commuting contractions is false. First,
Parrott [(4] gave an example of three commuting contractions which do not dilate to three
commuting unitaries (but do satisfy the three variable von Neumann’s inequality). A
few years later, Kaijser-Varopoulos [37] and Crabb-Davie [11] exhibited three commuting
contractions which do not satisfy the three variable version of Neumann’s inequality.

Almost immediately after the first counterexamples became known, Lubin and Shields
asked if von Neumann’s inequality holds for a particularly tractable class of commuting
contractions, namely multivariable weighted shifts. Chapter 7, which is essentially the
article [11], provides a positive answer to this question.



2. Preliminaries about Nevanlinna-Pick
spaces

The purpose of this chapter is to gather basic definitions and results from the theory of
reproducing kernel Hilbert spaces and Nevanlinna-Pick interpolation. In particular, we fix
the terminology and notation which will be used throughout this thesis. References on the
basics of reproducing kernel Hilbert spaces include the classical paper of Aronszajn [7], the

book [11] as well as the forthcoming book [66]. The standard reference on Nevanlinna-Pick
spaces is the book [3]. The exposition in the first three sections of this chapter follows [11,
Appendix T]

2.1. Reproducing kernel Hilbert spaces

Let X be a set and let H be a Hilbert space of functions on X. We say that H is a
reproducing kernel Hilbert space or Hilbert function space if for each x € X, the linear
functional of point evaluation

H—C, [ f(z),

is bounded. By the Riesz representation theorem, there exists for x € X a function k, € H
such that
flz)=(f ky) forall feH.

The two-variable function
K: XxX—=C, (z,y)— ky(z)=(ky ks),

is called the reproducing kernel of H. 1t is easy to see that K is positive definite in the
sense that for any finite sequence of points x1,...,z, in X, the n X n matrix

[K(IZ, .TJ)]”

ij=1
is positive semidefinite.

The following theorem of Moore shows that every positive definite function arises in this
way and that a Hilbert function space is uniquely determined by its reproducing kernel.
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Theorem 2.1.1 (Moore). Let X be a set and let K : X x X — C be a positive definite
function. Then there exists a unique Hilbert function space H on X whose reproducing
kernel is K.

Proof. See, for example, [3, Theorem 2.23]. ]

It is obvious that the restriction of a positive definite function on a set X to a subset Y
of X is again positive definite. The following lemma describes this situation on the level
of Hilbert function spaces.

Lemma 2.1.2. Let H be a reproducing kernel Hilbert space on a set X with kernel K.
Let H‘Y denote the reproducing kernel Hilbert space on'Y with reproducing kernel K

YxY"
Then
H|, ={f],: feH}
and the map
H—=H|,, [~ fl,,
1S a co-1sometry.
Proof. See [7, Part I, Section 5. O

Observe that it is possible to regard /5 as a Hilbert function space on N. As a Hilbert
function space, however, this space is somewhat uninteresting, as it is merely a direct
sum of copies of the one dimensional Hilbert function space C, regarded as functions on
a singleton. Therefore, most Hilbert function spaces which we consider are irreducible in
the following sense.

Definition 2.1.3. Let H be a reproducing kernel Hilbert space on X with kernel K. We
say that H (or K) is irreducible if K (z,y) # 0 for all z,y € X and K(-,z) and K(-,y) are
linearly independent if x # y.

The following result, which will be used several times, is known as the Schur product
theorem.

Theorem 2.1.4 (Schur). Let K, L be positive definite functions on a set X. Then the
pointwise product K - L is also positive definite.

Proof. See [78] or [3, Appendix A]. O
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2.2. Multipliers

Let H be a reproducing kernel Hilbert space on X with kernel K. The multiplier algebra
of H is
Mult(H) ={p: X - C:p-fecHforall feH}

It should be obvious that Mult(#) is a unital commutative algebra. An application of
the closed graph theorem shows that for every ¢ € Mult(#), the associated multiplication
operator

M, H—=H, frop-f,

is bounded. Thus, we may define the multiplier norm of ¢ to be ||| v = || My||-
The following characterization of the unit ball of Mult(#) will be used repeatedly.

Lemma 2.2.1. Let H be a reproducing kernel Hilbert space on X with kernel K. A function
@ : X — C belongs to Mult(H) and satisfies ||o||munry < 1 if and only if the function

XxX—=C, (r,y)— K(,y)(1 - ¢(@)p(y)),

s positive definite.
Proof. See, for example, [3, Corollary 2.37]. ]

We say that H has no common zeros if there is no point € X such that f(z) = 0 for
all f € H. It is not hard to see that this happens if and only if K (z,x) # 0 for all z € X.
In particular, if H is irreducible, then it has no common zeros.

Lemma 2.2.2. Let ‘H be a reproducing kernel Hilbert space on X without common zeros.
Let ¢ € Mult(H). Then

M;K(7 ZE) = WK(v .%‘)

Jor x € X. In particular, ||¢||vuwz) > sup{|e(z)| : 2 € X}
Proof. The elementary proof can be found, for example, in [3, Section 2.3]. ]

In general, the multiplier norm is strictly larger than the supremum norm, and we will
see many examples of this phenomenon. The first such example is the Dirichlet space (see
Section 2.6 below).
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It follows from the last lemma that if H has no common zeros, then we may recover a
multiplier ¢ from the multiplication operator M, via the Berezin transform:
<M<PK(" :L‘)7 K(7 [E))

pr) = K(z.2) (z € X).

In particular, the assignment ¢ — M, is injective, which allows us to regard Mult(H)
as a subalgebra of B(H). It is important to note that Mult(H) is typically not a selfa-
joint algebra. Indeed, it easily follows from the last lemma that if H is irreducible, then

Mult(#H) N Mult(H)* = C1.

Let A be a subalgebra of B(#). We let Lat(.A) denote the lattice of all closed subspaces
of H which are invariant under each T € A. Moreover, if N is a collection of closed
subspaces of H, let Alg(N) be the algebra of all bounded operators on H which leave each
M € N invariant. Tautologically,

A C Alg(Lat(A)),

and we say that A is reflexive if equality holds. It is straightforward to show that every
reflexive algebra is closed in the weak operator topology.

Lemma 2.2.3. Let H be a reproducing kernel Hilbert space without common zeros. Then
Mult(H) is a reflexive subalgebra of B(H). In particular, it is closed in the weak operator
topology.

Proof (sketch). One verifies that T € B(H) is a multiplication operator if and only if 7™
leaves CK (-, x) invariant for every x € X (the “only if” direction follows from Lemma
2.2.2). Reflexivity of Mult(H) is immediate from this observation. O

In particular, we see that in the setting of the last lemma, Mult(#), being a WOT closed
subalgebra of B(#), inherits a weak-* topology from B(H).

Lemma 2.2.4. Let H be a reproducing kernel Hilbert space on a set X with kernel K
without common zeros. Then on bounded subsets of Mult(H), the weak-x topology agrees
with the topology of pointwise convergence.

Proof (sketch). This is a straightforward consequence of the identity

(o K(-,7), K(-,y)) = o(y)K(y,z)

for all ¢ € Mult(#H) and z,y € X and the fact that the linear span of the kernel functions
K(-,z) is dense in H. O

10



2.3. Vector valued reproducing kernel Hilbert spaces

Since Mult(#) is a unital, commutative Banach algebra, it is natural to consider its
maximal ideal space (also known as character space)

M(Mult(H)) = {p : Mult(H) — C : p is non-zero, linear and multiplicative},

endowed with the weak-* topology. Clearly, every point in the underlying set X gives rise to
the character of evaluation at z. In particular, we see that Mult(H) semi-simple. However,
these point evaluations typically only form a small part of the character space, which is
the reason for some of the subtleties in the theory of multiplier algebras. Indeed, even in
the case of H*, which is the motivating example for many of the investigations in this
thesis, the character space is known to be very complicated (see, for example, [36, Chapter
V]). For instance, the existence of interpolating sequences implies that M (H) contains
a homeomorphic copy of BN, the Stone-Cech compactification of N (see, for example, [36,
Chapter X]). In particular, the compact Hausdorff space M(H*) is not metrizable and
has cardinality 22",

2.3. Vector valued reproducing kernel Hilbert spaces

Let H be a reproducing kernel Hilbert space on a set X and let £ be an auxiliary Hilbert
space. Then one may regard H ® £ as a Hilbert space of £-valued functions on X by
identifying an elementary tensor f ® v € H ® £ with the function z — f(z) ® v.

If £ is another auxiliary Hilbert space, then a multiplier from H ® &€ into H ® £ is a
mapping ® : X — B(E,E’) such that for all FF € H ® &, the function

X =&, x— o(x)F(x),

belongs to H ® £'. We write ® € Mult(H® E,H® E’). If £ = &', we simply denote this
space by Mult(H ® £). As in the scalar valued case, an application of the closed graph
theorem shows that such a multiplier ® induces a bounded operator Mg : HRE — HRE',
and the multiplier norm of @ is defined to be the operator norm ||Ms|.

We require the following generalization of Lemma 2.2.1, which is essentially proved in
the same way.

Lemma 2.3.1. Let H be a reproducing kernel Hilbert space on a set X and let £,E" be
auziliary Hilbert spaces. A function ® : X — B(E,&') belongs to the closed unit ball of
Mult(H® &, H ® &) if and only if

X xX = B(E&), (z,y)— K(z,y)(ideg —P(x)P(y)")

is positive definite. ]

11



2. Preliminaries about Nevanlinna-Pick spaces

Here, in analogy with the scalar valued case, a function L : X x X — B(&’) is said to be
positive definite if for every finite sequences of points 1, ..., x, in X, the n X n operator
matrix

[L(z;, xj)]?j:l

’

is positive.

2.4. Nevanlinna-Pick interpolation

As explained in the introduction, Pick’s theorem serves as the motivation for the definition
of a Nevanlinna-Pick space.

Definition 2.4.1. Let H be a reproducing kernel Hilbert space on X with reproducing
kernel K without common zeros. Given a natural number n, we say that H (or K) satisfies
the n-point Nevanlinna-Pick property if whenever z1,...,2, € X and A{,..., \, € C such
that the matrix

[K (20, 25) (1 = A) ]

1,j=1

is positive, there exists a multiplier ¢ € Mult(H) such that |[¢||yuie) < 1 and such that
olz))=XN (i=1,...,n).

We say that H (or K) satisfies the Nevanlinna-Pick property if it satisfies the n-point
Nevanlinna-Pick property for all n € N.

It turns out that a much cleaner theory can be obtained for spaces which satisfy the
Nevanlinna-Pick property not just for scalars Ay, ..., \,, but also for matrices of arbitrary
size. This leads to the notion of a complete Nevanlinna-Pick space. While the title of this
thesis simply refers to Nevanlinna-Pick spaces for the sake of brevity, we will be almost
exclusively concerned with complete Nevanlinna-Pick spaces.

Definition 2.4.2. Let H be a reproducing kernel Hilbert space on X with reproducing
kernel K without common zeros. We say that H (or K) satisfies the complete Nevanlinna-
Pick property if whenever n € N and r € N and Ay,...,A, € M,(C) such that the
nr X nr-matrix

[K(ZZ, Zj)(]. — AiA;)L,j:I
is positive, there exists a multiplier ® € Mult(H ® C") such that ||®||yumec) < 1 and
such that

12
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The prototypical example of a complete Nevanlinna-Pick space is the Hardy space H?.
We will see more examples in Section 2.6.

There is a reformulation of the (complete) Nevanlinna-Pick property which is quite
useful as well and which will be used repeatedly. In the setting of Definition 2.4.1, let
Y ={z,...,2,} consist of n distinct points and define a function ¢y on Y by pg(z;) = \;
for 1 < i < n. Thus, we ask if there exists a multiplier ¢ € Mult(#) of norm at most 1
such that gp!Y = . Using Lemma 2.2.1, one can show that the Pick matrix

[ (i 25) (L= ANy
is positive if and only if the function ¢y belongs to the unit ball of Mult(’H!Y). It is
immediate from the definition of 7—[|Y that the map

Ry : Mult(H) — Mult(H|,.), ¢~ ¢|,,

is a unital completely contractive homomorphism (which is also true if Y is not necessarily
finite). Consequently, H satisfies the Nevanlinna-Pick property if and only if for every finite
set Y, the restriction map Ry maps the closed unit ball of Mult(?) onto the closed unit
ball of Mult(H|Y). Since the closed unit balls in question are weak-* compact and since
the restriction map is weak-*-weak-* continuous, this happens if and only if the restriction
map is a quotient map. Similarly, H is a complete Nevanlinna-Pick space if and only if for
every finite set Y C X, the restriction map Ry is a complete quotient map. Background
material on maps between operator spaces can be found in [25].

The following result says that the last observation remains true if Y is not necessarily
finite. It is originally due to Quiggin [7!, Lemma 3.3]. We give a slightly different proof.

Lemma 2.4.3. Let ‘H be a reproducing kernel Hilbert space on X. Then the following are
equivalent:

(i) H is a (complete) Nevanlinna-Pick space.

(ii) For every subset Y C X, the restriction map Ry : Mult(H) — Mult(?—[‘y) is a
(complete) quotient map.

Proof. The implication (ii) = (i) follows from the discussion preceding the lemma.

Conversely, suppose that H is a complete Nevanlinna-Pick space, let Y C X and suppose
that &4 belongs to the unit ball of Mult(H‘Y(X)(CT) for some r € N. The discussion preceding
the lemma shows that for every finite set F' C Y, the weak-x compact set

Ir = {® e Mult(H ® C") : ||®]| < 1 and @], = D¢}

13



2. Preliminaries about Nevanlinna-Pick spaces

is not empty. Therefore, the family {Zr : F' C Y finite} has the finite intersection property.
By weak-* compactness of the unit ball of Mult(H ® C"), there exists

e () Iv,

FCY finite

and it is clear that ®|,, = ®o. Thus, Ry is a complete quotient map. Finally, if H is merely
a Nevanlinna-Pick space, then the above argument for » = 1 shows that Ry is a quotient
map. 0

2.5. The Agler-McCarthy universality theorem

Let H be an irreducible reproducing kernel Hilbert space on X with kernel K. We say that
K is normalized at the point zg € X if K(z,z9) = 1 for all z € X. If K is normalized at
some point in X, we say that H (or K) is normalized.

Given xy € X, it is always possible to normalize K at zy by defining

K(z,y) =6(z)o(y)K(z,y) (z,y € X),

where
K(z,x)
K(xq,z0)

The resulting Hilbert function space is simply ¢ - H, and the multiplier algebra remains
unchanged (see [3, Section 2.6]).

é(z) = (x € X).

[rreducible complete Nevanlinna-Pick spaces are characterized by a theorem of McCul-
lough and Quiggin (see [58] and [71], and also Section 7.1 in [3]). We require the following
version of Agler and McCarthy, which is [3, Theorem 7.31].

Theorem 2.5.1 (McCullough-Quiggin, Agler-McCarthy). Let H be an irreducible repro-
ducing kernel Hilbert space on a set X with reproducing kernel K which is normalized at

a point in X. Then H is a complete Nevanlinna-Pick space if and only if the Hermitian
kernel F =1 —1/K is positive definite. []

This characterization theorem is the essential step in the proof of the universality theorem
of Agler-McCarthy, which was mentioned in the introduction. Let

By={z€C":||z]| <1}
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be the open unit ball in C¢. We allow d = oo, in which case C* is understood as /5. Let

1

K(z,w):m.

Observe that if d = 1, this is simply the Szeg6 kernel. Writing K as a geometric series in
(z,w), one may use the Schur product theorem (Theorem 2.1.4) to see that K is positive
definite. The Drury-Arveson space H3 is the reproducing kernel Hilbert space on B, with
reproducing kernel K. If d = 1, this space is the Hardy space on the unit disc. It is an
immediate consequence of Theorem 2.5.1 that H? is an irreducible complete Nevanlinna-
Pick space. The universality theorem of Agler-McCarthy shows that it is in fact a universal
such space.

Theorem 2.5.2 (Agler-McCarthy). If H is a separable normalized irreducible complete
Nevanlinna-Pick space on a set X with kernel K, then there exists m € NU {oo} and an
embedding j : X — B,, such that

K(z,w) = kn(j(2), 5 (w))  (2,w € X).

In this case, f > foj defines a unitary operator from HZ onto H.

|j(X)
Proof. See [2], Theorem 3.1 in [9], or Theorem 8.2 and Theorem 7.31 in [3]. O

In the setting of the last theorem, let U : Hg!j.(

conjugation by U defines a unital completely isometric isomorphism and weak-*-weak-x
homeomorphism

x) ‘H denote the unitary map. Then

Mult(H;| — Mult(H), ¢~ poj.

j(X))
In particular, every multiplier algebra of a separable normalized irreducible complete
Nevanlinna-Pick space can be identified with Mult(H3| ) for some d € NU {oco} and
some X C By. To simplify notation, let My = Mult(Hj| «)- Davidson-Ramsey-Shalit
define a variety to be the common zero set in By of a family of H? functions [25, Section

2] (these agree with common zero sets of families of functions in Mult(H?) by [3, Theorem
9.27]).

Example 2.5.3. If d = 1 then the varieties in D are precisely D itself, all finite subsets of D
as well as all Blaschke sequences. Recall that a sequence (z,) in D is said to be a Blaschke

sequence if
Z(l — |zn]) < 0.

n

Background material on Blaschke sequences can be found in [36, Chapter II, Section 2].
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The following result is [25, Proposition 2.2], and it shows that we may without loss of
generality assume that X is a variety.

Proposition 2.5.4 (Davidson-Ramsey-Shalit). Let X C By and let V' be the smallest
variety which contains X, that is,

V={2€By: f(x) =0 for all f € H; such thatf‘X:O}.

Then the restriction map from Hg!v to HC%!X is a unitary.

Proof. The restriction map is always a co-isometry by Lemma 2.1.2. Moreover, if f € H3 |V
vanishes on X, then it vanishes on V' by definition of V| hence it is a unitary. [

Finally, we observe that Lemma 2.4.3 shows that M,y is the complete quotient of
Mult(H?) by the weak-+ closed ideal of all multipliers which vanish on V. Thus, the
definition of My, given here is consistent with the definition given in the introduction.

2.6. Examples

We finish this chapter by recording some examples of complete Nevanlinna-Pick spaces.

Example 2.6.1.  (a) As mentioned earlier, the Hardy space H? on the unit disc, and more
generally the Drury-Arveson space H? on the unit ball By, is a complete Nevanlinna-Pick
space.

(b) The Dirichlet space

D= {f e OD): /]D)|f/(z)|2 dA(z) < oo}

is a complete Nevanlinna-Pick space when endowed with the norm

A1 = (11 + / ()P dA(),
D

where A denotes the normalized planar Lebesgue measure on D (see [3, Corollary 7.41]).
This space plays an important role in operator theory, complex analysis and harmonic
analysis, see for example [29].

The choice of norm is crucial. For instance, D is not a complete Nevanlinna-Pick space
when endowed with the norm

SO+ / ()P dA(2)
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or with the Sobolev type norm

/D ()P dA(z) + / ()P dA(2).

Observe that ||2"||3, = n + 1. In particular, ||z”||12\4u1t(p) > n + 1, so the multiplier norm
strictly dominates the supremum norm in this case. In fact, it is possible to show that
equality holds (see [29, Exercise 5.1.1] or Lemma 3.7.2 below). Hence, Mult(D) is not a
uniform algebra on any set.

(¢) For s < 0, let H, be the reproducing kernel Hilbert space on D with reproducing

kernel

K(z,w) =Y (n+1)*(zw)".

n=0

Then H, is a complete Nevanlinna-Pick space, see [3, Corollary 7.41]. If s = 0, then H,
is the Hardy space H?, if s = —1, then H, is the Dirichlet space D. For —1 < s < 0, the
spaces H, interpolate between these two spaces in the sense of Riesz-Thorin interpolation
(see [3, Appendix C]).

(d) The Sobolev space W7 consists of all absolutely continuous functions f on [0, 1] with
finite Sobolev norm

1113, = / (7 @) + 1 (@)?) d.

This space is a complete Nevanlinna-Pick space (see [3, Theorem 7.43]).

(e) If w: D — R is a positive superharmonic function, then the weighted Dirichlet space
with weight w consists of all analytic functions f on D with finite norm

1/ 1) = Hfl!?{er/le’(Z)Izw(Z) dA(2).

These spaces are complete Nevanlinna-Pick spaces, see [32].

We also mention some classical reproducing kernel Hilbert spaces which fail the Nevan-
linna-Pick property.

Ezample 2.6.2.  (a) The Bergman space L? on the unit disc, which consists of all analytic
functions f on the unit disc with finite norm

I1£]2, = / F(2)PdA(z) < oo

17
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is not a Nevanlinna-Pick space, see [3, Example 5.17]. Its reproducing kernel

1
Krp2(z,w) = ——m
1(zw) (1 —zw)?
is the square of the Szeg6 kernel. In particular, powers of Nevanlinna-Pick kernels are not
Nevanlinna-Pick kernels in general.

(b) The Hardy space H?(B,) on the ball, which consists of all analytic functions f on
B, with finite norm
1By = sup [ 1fr2)P o),
0<r<1 JoBy,
where o denotes the normalized surface measure on 0By, is not a Nevanlinna-Pick space if
d > 2. Similarly, the Bergman space L2(By), which consists of all analytic functions on By
with finite norm

11 s = / FERAV(s),

where V' denotes the normalized Lebesgue measure on By, is not a Nevanlinna-Pick space.
Indeed, there is no Nevanlinna-Pick space on B; whose multiplier algebra is H>(B,) iso-
metrically, see [3, Section 8.8].

(c) The Hardy space H?(D?) on the polydisc, which consists of all analytic functions f
on B, with finite norm

A2 may = sup [ |f(rz)]?do(z),
0<r<1 JTd

where o denotes the d-fold product of the normalized Lebesgue measure on T, is not a
Nevanlinna-Pick space if d > 2. Indeed, its reproducing kernel

K(z,w):H;

i1 1-— lel

restricts to the Bergman kernel if we identify the unit disc D with its image in D¢ under the
embedding z — (z,2,0,...,0), and it is easy to see that restrictions of Nevanlinna-Pick
kernels are Nevanlinna-Pick kernels.

Nevertheless, there is a more complicated theorem about interpolation in H*(D?) =
Mult(H?(D?)), which directly generalizes Pick’s theorem. It is due to Agler [1], see also [3,
Theorem 11.49].
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Theorem 2.6.3 (Agler). Let 2z, ... 2" € D? and \V,... AW € C. There exists f €
H=(D?) with o
fFED) =AY (1<i<n)

and || f||so < 1 if and only if there are positive definite kernels K and L on {z", ... 2"} x
{20 2"} such that

1 — \ON\G) = (1— ),:Y)F)K()\(i)7 )\(j)) +(1— zéi)zéj))L(/\(i), /\(j))

for1<14,7 <n.

There is a version of this result for d > 3. The difference is that it does not characterize
interpolation using functions in the unit ball of H>°(D?) = Mult(H?*(D?)), but using func-
tions in the Schur-Agler class (see [3, Section 11.8]). An analytic function f on D? is said
to belong to the Schur-Agler class if for every commuting tuple 7' = (73, ...,Ty) of strict
contractions on a Hilbert space, we have

I[f(Ty,..., Ta)]| < 1.

If d = 1,2, then the Schur-Agler class and the unit ball of H>°(D9) coincide by Sz.-Nagy’s
dilation theorem [$3] and by Ando’s theorem [5], respectively. If d > 3, the examples of
Kaijser-Varopoulos [87] and Crabb-Davie [11] show that the Schur-Agler class is a proper
subset of the unit ball of H>(D?) if d > 3.
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3. Multipliers of embedded discs

3.1. Introduction

The contents of this chapter are joint work with Ken Davidson and Orr Shalit and appeared
in [19]. We study the classification problem for the algebras My, where V' C By is a variety.
Concretely, we ask: Given two varieties V., W C B,, when are My and My, isomorphic?

As mentioned in Chapter 1, this problem was completely resolved for isometric isomor-
phisms (if d < oo0) in [25]. Here we will be concerned with the question of algebraic
isomorphism. Since the algebras My are commutative and semi-simple, every algebraic
homomorphism between these algebras is automatically norm continuous (see, for exam-
ple, [17, Proposition 4.2]). In particular, the questions of algebraic and of topological
isomorphism are the same.

The main result in [25] regarding algebraic isomorphism is the following theorem.

Theorem 3.1.1 (Davidson-Ramsey-Shalit). Let V' and W be varieties in By, with d < oo,
which are the union of finitely many irreducible varieties and a discrete variety. Let ® be a

unital algebra isomorphism of My, onto Myy. Then there exist holomorphic maps F and
G from By into C? with coefficients in Mult(H3) such that

(1) F|W = (I)*’W and G|V = (CI)_I)*|V
(2) G’oF|W—1dW and FoG|y =idy
(3) ©(f)=foF for fe My, and

(4) @

4) 7 Yg)=goG for ge My.

In particular, when the multiplier algebras are isomorphic, the two varieties are biholo-
morphic. In fact, the function F' and its inverse G have the additional feature that the
component functions are multipliers. Thus, we say that F' is a multiplier btholomorphism.

In the case of homogeneous varieties (zero sets of a family of homogeneous polynomials),
everything works out in the best possible way. The results of [24, 10] combine to show that
the multiplier algebras of two homogeneous varieties are algebraically isomorphic if and
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only if the varieties are biholomorphic. Moreover the two algebras are similar in this case,
and there is a linear map that implements a (possibly different) biholomorphism between
the homogeneous varieties W and V.

However, in the non-homogeneous case, a number of examples in [25] showed that a com-
plete converse to the theorem above is not possible. One serious issue is that multiplier
biholomorphism is not evidently an equivalence relation. The reason is that the compo-
sition of two multipliers defined on varieties may not be a multiplier. In fact, multiplier
biholomorphism is not an equivalence relation at least when the varieties have infinitely
many components (see Remark 3.6.8).

In [25], two types of counterexamples to the converse of the theorem above are exhibited:
Blaschke sequences in the unit disc [25, Examples 6.2,8.2] and discs in B, [25, Examples
6.11, 6.12, 6.13]. We will examine these examples in more detail here. In particular, we give
precise conditions for when the multiplier algebras of two embedded discs in B, of a special
type are isomorphic. Our methods allow us to show that there are uncountably many discs
which are multiplier biholomorphic such that their multiplier algebras are not isomorphic.
Since these embedded discs live in an infinite dimensional ball, they may appear somewhat
pathological. However, from the point of view of Nevanlinna-Pick spaces, they are very
natural. Indeed, our most important class of examples arises from the spaces of Example
2.6.1 (c), a family of complete Nevanlinna-Pick spaces on the unit disc which interpolate
between the Hardy space and the Dirichlet space, and which have been studied classically.

We will also be concerned with proper embeddings of discs into finite dimensional balls
By. Here the prototype result is due to Alpay, Putinar and Vinnikov [4]:

Theorem 3.1.2 (Alpay-Putinar-Vinnikov). Suppose that f is an injective holomorphic
function of D onto V' C By such that

(1) f eatends to an injective C* function on D,
(2) f'(2) #0 on D,
(3) 1) =1 if and only if |2] =1,
(4) (f(2), f'(2)) # 0 when |z] = 1.
Then My, is isomorphic to H*.
We remark that [1] only asks that f be C1, but in [0, 2.3.6], where this result is generalized

to finitely connected planar domains, the authors point out that the proof requires f to be
C?. This result is further extended in [54] to finite Riemann surfaces.

We will show in Section 3.3 that the transversality condition (4) is a consequence of
being C*. We will also show (in Section 3.5) that for a minor weakening of the hypotheses
of Theorem 3.1.2, the conclusion is no longer valid.
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It remains open if the converse of Theorem 3.1.1 holds if the varieties have only finitely
many irreducible components. The finiteness of d and the finiteness of the number of
components eliminates all of the counterexamples that we know about.

The remainder of this chapter is organized as follows. In Section 3.2, we record prelimi-
naries regarding embedded discs which will be used throughout this chapter.

In Section 3.3, we show that the transversality assumption in the theorem of Alpay,
Putinar and Vinnikov is a consequence of being C*.

In Section 3.4, we present a modification of an example due to Josip Globevnik . This
example provides a proper analytic embedding of the unit disc in to By which extends to
be continuous on D, but transversality in an appropriate sense fails.

In Section 3.5, we exhibit a proper rational map f of the disc into By which satisfies all
of the hypotheses of the theorem of Alpay-Putinar-Vinnikov, except for the fact that the
C™ extension to D is not injective. In this case, the multiplier algebra is not isomorphic
to H.

In Section 3.6, we show that a biholomorphism between varieties which induces an
isomorphism between the multiplier algebras must be a bi-Lipschitz map with respect to
the pseudohyperbolic distance. Re-examination of the example of the preceding section
shows that indeed f fails to be bi-Lipschitz, hence cannot induce an isomorphism. We
also give an example which shows that for Blaschke sequences, being bi-Lipschitz does not
imply isomorphism.

In Section 3.7, we consider a special class of embeddings of D into B.,. We give conditions
for when the multiplier algebras of two such embedded discs are isomorphic. In particular,
we determine when such an algebra is isomorphic to H*>. We also show that the classical
scale of complete Nevanlinna-Pick spaces H,, where s € [—1,0], gives rise to uncountably
multiplier biholomorphic varieties whose multiplier algebras are not isomorphic.

In Section 3.8, we show that if we extend the scale Hy to s < —1, then we obtain a
family of varieties in B., which are homeomorphic to the compact unit disc. Again, we
determine when two multiplier algebras associated to compact embedded discs of a special
type are isomorphic.

In Section 3.9, we use interpolating sequences to show that no multiplier algebra on one
of these compact embedded discs can be isomorphic to a multiplier algebra from Section
3.7.
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3.2. Multipliers on discs and automorphism invariance

Let f: D — V = f(D) C B? be a proper holomorphic map. In the case of d < oo, it is well
known that if f is injective and f’(z) # 0 for all z € D, then the complex structure on V
as a subset of C? coincides with the complex structure induced from the homeomorphism
with . We require the analogous result for the case d = cc.

A function f : Q; — Qs between two open balls of two Hilbert spaces is said to be
holomorphic if it is Fréchet differentiable at every point. Equivalently, f is holomorphic
if around every point in §2; there is some neighborhood in which f is represented by a
convergent (vector valued) power series. Background material on holomorphic functions
on infinite dimensional domains can be found in [17, Section III.3].

Suppose that V,W C ¢2. A function h : V — ¢? will be called holomorphic if for
every v € V, there is a ball b,.(v) in 2 and a holomorphic function g on b,(v) such that
9lves,w) = hlvs,.(v)- A bijective map f between V' and W will be called a biholomorphism
provided that both f and f~! are holomorphic.

The following definition is not standard so it is singled out.

Definition 3.2.1. We say that a map f from the unit disc into the open unit ball of a
Hilbert space is proper if lim,|1 || f(2)]| = 1.

When the target space is finite dimensional this definition agrees (in this setting) with
the standard definition of “proper map”, which is that f is proper if the preimage of every
compact set is compact. We require this definition for dealing with maps into infinite
dimensional balls.

The following result is well known when the range is contained in C¢ for d < oo. Since
we do not have a convenient reference when d = oo, a proof is provided below. We let B
denote the open unit ball of 2.

Proposition 3.2.2. Let f : D — V = f(D) C By be a proper injective holomorphic
function such that f'(z) # 0 for = € D. Then f~' is holomorphic. More generally, a
function h : V. — C is holomorphic if and only if h o f is holomorphic.

Proof. Fix vg = f(20) € V. As f'(20) # 0, we can define

P B, —D, zH<2,M>.

1 (z0)

Then P o f is an analytic function on the disc with non-zero derivative at z, hence P o f
is injective in a neighbourhood of z.
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We claim that there is an 7 > 0 so that P is injective on b,(vg) N V. Assume toward
a contradiction that P is not injective in any neighbourhood of vy in V. Then there are
sequences w, and w, in V which converge to vy with w, # w, and Pw, = Pw,. Write
w, = f(z,) and W, = f(2,), and note that z, # Z,. Properness of f implies that z, and
Z, are contained in a disc of radius » < 1, so by passing to a subsequence, we may assume
that z, — z and Z, — Z for points z, Z in the disc. Thus f(z) = f(Z) = vy. Since f is
injective, it follows that z = Z = zy. But (Pf)(z,) = (Pf)(Z,), which contradicts the fact
that Pf is injective in a neighbourhood of z.

Since P o f has non-zero derivative at zy, there exists ¢ > 0 such that Po f is a
biholomorphism of b.(zy) onto its image. By shrinking e if necessary, we may further
assume that f(b.(z9)) C br(vg). Since Pf(b:(29)) is open, we can find ry with 0 < ro <r
such that

Pbyy(v9) © Pf(b.(20)).

Then g = (Pf|, (ZO))_lP is an analytic function on b,,(v).

We claim that g agrees with f~! on V N b,,(vg). To this end, let w € V N by, (vg). Then
P(w) € Pb,,(vg) C Pf(b-(20)), so there exists z € b.(z) such that Pf(z) = Pw. Since
f(b=(20)) C br(vg) and since P is injective on b.(vg), it follows that w = f(z). Hence
g(w) = (Pf|b5(zo))_1Pf(z) =z = f~1(w), as asserted.

The additional claim now follows from the fact that the composition of holomorphic
functions is holomorphic. O]

The following consequence is well known if the range is contained in B, for d < co.

Corollary 3.2.3. If f : D — V = f(D) C B is a proper injective holomorphic function
such that f'(z) # 0 for all z € D, then the space H>® (V') of bounded analytic functions on
V' coincides with {ho f~' : h € H*}. O

If V is a variety in By, then the algebra My is an algebra of functions on the variety V.
Thus, every v € V gives rise to the character 9, of evaluation at v. These are precisely the
weak-* continuous characters on My by [25, Proposition 3.2], and we will identify V' with
a subset of the maximal ideal space M(My ) in this way. As noted at the end of Section
2.2, the point evaluations typically only form a small subset of the maximal ideal space.

Since the coordinate functions in My form a row contraction and since characters are
completely contractive, there is a map

T M(My) = Ba,  p (p(z).
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It follows from [21, Theorem 3.2] that if d < co, then the characters in 7—!(B,) are precisely
the point evaluations. Unfortunately, this theorem is not true for d = oo, as the following
example shows.

Ezample 3.2.4. Let (v,) be a sequence in B,, with the property that ||lv,|| — 1, but
(v,) converges weakly to zero. By passing to a subsequence, we may assume that (v,) is
interpolating for Mult(HZ2) (see Proposition 3.9.1 below). Thus, the unital homomorphism
® : Mult(H2) — ¢°° defined by ®(f)(n) = f(v,) is surjective, so its adjoint ®* is an
embedding of the Stone-Cech compactification AN into the character space of Mult(H?2 ).
We claim that every point in SN\N lies in the fiber over the origin, i.e., 7(®*(SN\N)) = {0}.
Indeed, let p € SN\ N. Then for every k > 1, we have

(@7 () (28) = p((22(00)) = Jimn () =0

In particular, we see that there are points in 771 (B,,) which are not point evaluations.

We can also use this construction to show that there are algebras M,y with characters
that are fibered over points in B, \ V. Let (v,) be as above, and assume that vy = 0. Let
f € Mult(H2) satisfy f(0) =1 and f(v,) = 0 for n > 1. Then V = f~1(0) is a variety
such that 0 ¢ V, but the fiber 77!(0) contains a copy of AN \ N.

We also need a few variants of results in [25]. Consider two biholomorphisms of discs
i D—=V,=fi(D)CBy for i=1,2

such that V; are varieties. We allow the case d; = co. Suppose that ® : My, — My, is
an algebra homomorphism, and let ®* be the induced map from M(My,) to M(My,).
Composing ®* with the evaluation map 7 at the row contraction (z1,. .., z4,) yields a map
Fp =mo®* : M(My,) — By, given by

Fa(p) = (p(®(z)))i2, for pe M(Myy).

In particular, Fg|y, maps the variety V5 into By,.

Theorem 3.2.5. Let Vi, V, be discs in By, as described above. Furthermore, assume that
(1) for every A € V4, the fiber 7=Y(A\) = {6x}, and
(2) T(M(My,)) NBy, = W1.

Let & : My, — My, be an algebra homomorphism. Then F = Fg|y, is a holomorphic map
with multiplier coefficients. If F' is not constant, then F maps Vo into V1. In this case,
O*|y, = F and ® is given by composition with F, that is,

O(h)=hoF forall he My,.
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3.2. Multipliers on discs and automorphism invariance

In particular, if ® is injective, then F' is not constant. And if ® is an isomorphism, F' is
a biholomorphism of Va onto V.

Proof. Let F; = ®(z;) for 1 <i < d;. For v € V3, let §, denote the character of evaluation

at v. Then
di

Fv) = n(@°(8,) = (6.(2(20))) ", = (F(v))™.

Observe that the coefficients F; are all multipliers. We remarked above that F maps V5
into By, .

In a next step, we show that F' o fy is holomorphic. If d; < oo, this is clear since the
functions h; = Fj o fo are. If dj = oo, let a = (a;)%°, € (2. Then

(Fofoz),a) =Y aih(z).

i=1

This converges uniformly on V5 since by the Cauchy-Schwarz inequality,
> fatn(a) < (3 o) (Zw 2)
n=N =N
1/2 N%oo
<( Z ad?) A

Therefore (F' o f3(v),a) is holomorphic for all «, so F o fy is holomorphic. Since fs is a
biholomorphism, F' is holomorphic.

Now we assume that F' is not constant, and show that F' maps into By,. If p = F(\)
lies in the boundary 0B, for some A € Vs, then (F o fy(2), u) is a holomorphic function
into D which takes the value 1 at a point in . By the maximum modulus principle, this
function is constant. Since the image of F' is contained in the closed unit ball, F o fy itself
and thus F' must be constant. This contradicts our assumption.

Now for v € V4, ®*(d,) is fibered over the point F'(v), which lies in B, . By hypotheses
(1) and (2), the characters of My, in 7~ 1(Bg, ) are precisely the point evaluations at points
of Vi. Hence F maps V5 into V. Therefore

®(h)(v) = ®(du)(h) = dr@)(h) = h(F(v))

for all h € My, and v € V.
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3. Multipliers of embedded discs

If @ is injective, it follows as in [25, Lemma 5.4(2)] that £ maps V5 into V;. The argument
there assumed that @ is an isomorphism, but only injectivity is required. To recall, suppose
that F' maps V5 to a single point A € B;,. Then for every ¢, we have

hence z; = \; € My, by injectivity of . This is clearly impossible as V; consists of more
than one point. Therefore F' is not constant.

Now assume that ® is an isomorphism and recall that ® is automatically a topological
isomorphism in the norm topologies. By an adaptation of [24, Section 11.3], the fact
that ® is implemented by composition implies that ® is weak-* continuous. Since the
closed unit ball B; of My, is weak-x compact, and since the weak-* topology on My,
is Hausdorff, <I>} B By — ®(B;) is a homeomorphism in the weak-* topologies. Every
bounded set in My, is contained in r®(B;) for some r > 0, hence ®~! is weak-* continuous
on bounded sets. It follows from the Krein-Smulian theorem that ®~! is weak-* continuous.
In particular, (®~1)* takes point evaluations to point evaluations.

We deduce that ®*(V5) = Vi, hence F maps V; onto Vi. Since F~! = 7o (®71)*, the
map F~! is holomorphic with multiplier coefficients. O

Remark 3.2.6. The special hypotheses on the algebra My, always hold when d; < oo by
[25, Proposition 3.2]. Proposition 3.2.8 below shows that even when d; = oo, condition (2)
holds in many cases of interest.

Remark 3.2.7. Besides the special assumptions on My, , another issue which makes this a
weaker result than Theorem 3.1.1 in the case d; = oo is that we do not know if the map
F can be extended to a map from By, into ¢;. Better yet, we would like (F}, F5,...) =
(®(z1), P(22), . ..) to be a bounded vector-valued multiplier. In this case, (F1, F,...) would
extend to a bounded multiplier from Hj ® {5 into Hj , since the restriction map from
Mult(H3)) to My, is a complete quotient map.

Observe that if ® is assumed to be completely bounded, then F' is indeed a bounded
vector-valued multiplier, as (z1, 22, ...) is a row contraction. However, if ® is merely as-
sumed to be bounded, we only know that each F; extends to a multiplier of H§2, but the
resulting F' does not obviously extend to a bounded map on By, .

At least the second condition in the last result holds in many cases of interest. We let
A, denote the norm closure of the polynomials in Mult(H3).

Proposition 3.2.8. Suppose that a variety V in By is the intersection of zero sets of a
family F C Ayg. Then n(M(My))NB; = V.
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3.2. Multipliers on discs and automorphism invariance

Proof. Since every point v € V gives rise to the character of evaluation at v, one inclusion is
obvious. To prove the other inclusion, let p be a character on My such that A = w(p) € B,.
Then

p(f]y) = Flp(21), ., p(za) = F(N)

holds for every polynomial f, and hence for every f € A,. In particular, as every f € F
vanishes on V| we deduce that f(\) =0 for all f € F. Therefore A belongs to V. O

Remark 3.2.9. When the functions F defining V' belong to Ay, they extend to be continuous
on the closed ball. It follows by the same argument that if ||| = 1 and a character p belongs
to 7~ 1(\), then f(\) =0 for every f € F. Hence

ANe{zeBy: f(z)=0forall f € F}

In particular, if the set on the right equals V, we see that 7(M(My)) = V. This is of
interest even when d < oo (cf. [541, Corollary 5.4]).

It is well known that the conformal automorphisms of the unit disc are the M6bius maps

0:D—D, 2z 2
1—-az
for a € D and |\| = 1. Moreover, the automorphisms of H> are precisely the maps

Coh = h o 6. This familiar result is credited to Kakutani in [50, p.143].

Iff:D—V = f(D) C By is a biholomorphic map onto a variety V', then we can
transfer the Mobius maps to conformal automorphisms of V' by sending 6 to f o 8o f~1.
Since f is a biholomorphism, these are precisely the conformal automorphisms of V. We
say that My is automorphism invariant if composition with all of these conformal maps
yield automorphisms of My . A sufficient criterion for automorphism invariance is given in

[12, Theorem 3.5]. For further discussion of this property, the reader is referred to Section
8 in [13].

Corollary 3.2.10. Let Vi, V5, be discs in By as described above such that Vi satisfies con-
ditions (1) and (2) of Theorem 3.2.5. Let ® : My, — My, be an algebra isomorphism.
Then there is a Mobius map 0 of D such that the following diagram commutes:

P
My, —— My,

Cr l leQ

Hoo S0y oo

29



3. Multipliers of embedded discs

Proof. By Theorem 3.2.5, F' = ®*|y, is a biholomorphism of V5 onto V;, and ® is imple-
mented by composition with /. We will make use of the fact that My, can be embedded
into H* via

Cph=hof; for he My,

This map is contractive since the multiplier norm on My, dominates the supremum norm.
Observe that § = f;* o F o f, is a biholomorphism of ID onto itself, and thus is a Mobius
map. Clearly this makes the diagram commute. O

Suppose that the automorphism 6 can be chosen to be the identity or, equivalently, that
Cr, where F' = fjo f;! is an isomorphism of My, onto My,. Then we will say that My,
and My, are isomorphic via the natural map.

Corollary 3.2.11. Let Vi, V5 be discs in By as described above such that Vi satisfies condi-
tions (1) and (2) of Theorem 3.2.5. If My, or My, is automorphism invariant, then My,
and My, are isomorphic if and only if they are isomorphic via the natural map Cr, where

F:f10f51-

In particular, if My, is isomorphic to H*, then Cy, implements the isomorphism.

Proof. The first paragraph is immediate from the preceding corollary. To deduce the
additional statement, we let Vi be the variety defined by the monomials {z, z3,...}. Then
My, is naturally identified with H> and V} satisfies conditions (1) and (2) of Theorem
3.2.5. O

3.3. Transversality

Recall that a map of D into a ball By is proper if limy._,1 || f(2)|| = 1. If a proper analytic
map f : D — B, extends to be C' on D, we will say that the image meets the boundary of
By transversally at f(z) for z € 0D provided that

(f(2), f'(2)) # 0.

As noted in the introduction, transversality at the boundary is a hypothesis needed
in the theorem of Alpay, Putinar and Vinnikov. In this section, we show that a proper
analytic C'! embedding of the unit disc automatically meets the boundary transversally.
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3.3. Transversality

Proposition 3.3.1. Let f : D — B, be an analytic map which extends to be continuous at
1 such that ||f(1)|| = 1. Then

Re(f(1) = f(2), (1)) _ 1= [{f(2), fON] 1~ a]

>0
1—|z| - 1— |z ~ 1+ ]a

for all z € D, where a = (f(0), f(1)). We have
1—[(f(2), f(1))]

L = liminf < 00
z—1,z€eD 1-— |Z|

iof and only if the non-tangential limit of

(f(1) = f(2), f(1))
1—2

as z — 1 exists. In this case, this limit equals L. In particular, if f extends to be differen-
tiable at 1, then (f(1), f’(1)) > 0.

Proof. Consider the holomorphic function

g:D—=D, zw (f(2),f(1)).

An application of the Schwarz-Pick lemma (compare the discussion following Corollary
2.40 in [12]) shows that

1—lg(x)| o 1~ 19(0)]

> for all z € D,
L—1[z] = 1+]g(0)|
from which the first claim readily follows.

The second claim is a direct consequence of the Julia-Carathédory theorem [12, Theorem
2.44]. It follows from the first part that L > 0. In particular, if f extends to be differentiable
at 1, then

: ) =), 1)
(P, ) =ty LS g
so that f meets the boundary transversally at f(1). O

The following consequence is immediate.

Corollary 3.3.2. If f : D — By is a proper analytic map which extends to be C* on D,
then f(D) meets the boundary transversally. Indeed, (f(z2), f'(2)z) > 0 for all z € ID.
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3. Multipliers of embedded discs

Let us examine the geometric meaning of Corollary 3.3.2. For every n € N the space C”
carries the structure of a 2n-dimensional real Hilbert space with inner product

(u,v)r = Re(u, v).

Let f be as in the corollary, and let us assume for simplicity that f extends analytically
to an open neighbourhood U of D. The derivative f’(z) is a linear map from the complex
tangent space of C at z (which can be identified with C) into the complex tangent space
of f(U) at f(z) (which can be identified with a subspace of C% of complex dimension 1).
Every z € 0D also serves as the outward pointing normal vector of the real submanifold
0D at the point z. The derivative f’(z) maps z to the vector f'(z)z.

Intuitively, a curve f(D) is transversal to OB, at f(2) (for z € OD) if the real valued inner
product of the tangent vector to the curve at f(z) with the outward pointing normal vector
at f(z) is positive. But since the outward pointing normal of 0B, at f(z) is (colinear with)
f(2), this boils down to the condition (f(z), f'(z)z)r = Re(f(2), f’(2)z) > 0. Corollary
3.3.2 gives slightly more information.

The following proposition and corollary clarify further the geometric meaning of Propo-
sition 3.3.1 and Corollary 3.3.2.

Proposition 3.3.3. Let ¢ be a differentiable map from the interval [0, 1] into the closed
unit ball B of a real Hilbert space such that ||¢p(1)|| =1 and (¢'(1),¢(1)) > 0. Then for x
near 1

le(1) = (@) ~ 1= flp@)] ~1 -

a

Here we use the notation a(z) ~ b(z) to mean lim, ,; % =c € (0,00).

Proof. By differentiability

le(1) = (@)l = [l¢'(D(z = 1) + ol =) ~ 1 ==,

since ¢'(1) # 0. Moreover 1 — ||¢(z)]| ~ 1 — |j¢(x)||* and

L= [le(@)]? =1 = [le(1) + ¢ (1)(z — 1) + oz — D[* = 2(¢'(1), p(1))(1 = x) + o(1 — z),
and the latter is ~ 1 — x. O

Corollary 3.3.4. Suppose that f is a proper analytic map of D into a ball By, and that
f extends to D U {1} and is differentiable at 1. Then there exist ¢ > 0 such that for all
z € (0,1),
Lo dst(f@).0B) _ 1- @l -
IF@) = f@)l (@) = f@)]

32



3.4. Tangential embedding

3.4. Tangential embedding

Following the discussion in the previous section we ask: can a proper biholomorphic em-
bedding of the disc into the ball that extends continuously to the boundary meet the sphere
tangentially? Proposition 3.3.1 shows that (f’(1), f(1)) is always bounded away from 0,
when f extends to be differentiable at 1. And the Julia-Carathéodory Theorem shows that
differentiability (at least in the direction of f(1)) is equivalent to having a bounded differ-
ential quotient along some approach to the boundary point. So a possible reformulation of
a tangential condition might be that

b B = £ (). £1)

= +400.
z—1,2€(0,1) 1—=x

A different formulation is used in [6]. They suggest that the tangential condition should

be
lim inf dist(f(z), OBy = liminf % =0.
woLre(n) [[f(1) = f(@)  etaeon [[£(1) = f(2)l]
If this is an actual limit, this intuitively says that as x approaches 1 along the real axis,
the curve f(x) approaches the boundary much more quickly than it approaches f(1), and
hence must approach f(1) along a curve tangent to the boundary.

Corollary 3.3.4 shows that if f is holomorphic and differentiable at 1, then the curve
f(x) cannot approach 0B, tangentially in either of these senses. We have been unable to
determine a relationship between these two tangential conditions.

We now construct an example of a continuous proper embedding of a disc into B, which
meets the boundary tangentially in both of these senses. Unfortunately we have been
unable to determine whether the multiplier algebra is isomorphic to H°.

FExample 3.4.1. The following construction is a modification of an example shown to us
by Josip Globe_vnik. There is a proper embedding F' of D into B, which extends to be
continuous on D such that

' 1—|F)]
o TR — F @~
and
Re(F(l) - F(:E), F(1)> = +00.

i
z—1,2€(0,1) 1—2

Let A be the region in the upper half plane bounded by two semicircles in the upper half
of the unit disc which are tangent at 1, and have radii r| = % and ry = % together with

the line segment [—3,0]. The closure of A is shown in Figure 3.1.
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3. Multipliers of embedded discs

N[ =

Figure 3.1.: The closure of A

Let f be a conformal map of D onto A such that f(1) = 1. For definiteness, we may

assume that f(—i) =0 and f(i) = —3 .

The map f can be achieved by the following sequence of conformal maps. First apply
the Mobius map w — ;‘L’}fl which takes —i to 0, ¢ to oo, carries D onto the upper half
plane, takes 1 to 1, and is analytic in a neighbourhood of 1. Then take the square root map
onto the first quadrant, followed by the Mobius map w — z—ﬁ which carries the quadrant
onto the upper half disc. Call the composition of these maps g. Then g maps the disc
onto the upper half disc, g takes 1 to 0, and is still analytic in a neighbourhood of 1; and
g(%i) = £1. Now the standard branch of log (with cut along the negative imaginary axis)
carries the region onto the half strip bounded by the negative real axis (—oo, 0], the line
segment [0, 7i] and half line (—oo, 7i] parallel to the real line. Then take a final Mdbius

map w — ﬁ The composition of all these maps is the desired map f.

Observe that f extends to a homeomorphism of D onto A and satisfies f(1) = 1. The

map ¢ from D to the half circle is conformal in a neighbourhood of 1, so g(e®) ~ at where
1

¢'(1) = —ia # 0; in fact, @ = ;. Hence logg(e") =~ log(at) for ¢ > 0 and log g(e") =~

log(alt|) + mi for t < 0. So we obtain that

log(at)—mi

f(eit) N m fOI' t > 0
) _log(alt)
log(ag|t|)+37r'i for t <0

Hence we may compute that

u(e) := 5 log (1 —|f(e")?) =~ —loglog |¢] .
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3.5. Crossing on the boundary

In particular, u is in L*(T).

Fix 2/3 < r < 1, and define p(z) = rz + 1 — r. This maps D onto a disc of radius r
tangent to D at 1. Therefore fi(2) = f(p(2)) maps D conformally onto a region contained
in A which extends to be analytic on a neighbourhood of D\ {1}. It is still true that

(i) = %log (1= ("))

belongs to L', but now it is C°° except at 1, where it goes to —oo. Hence u; extends to
a real harmonic function on D which is smooth except at 1, where it goes to —oo. Let i
be its harmonic conjugate. This is also smooth except at 1. Let fy(z) = e“1™%1. Then f,
extends to be continuous on D with fo(1) = 0, and f, is smooth except at 1.

Now [fi(e")]* + |fa(e™)]* = 1 on T. Tt follows that F(z) = (fi(2), f2(2)) is a proper
map of D into B, that extends to be continuous on I, and smooth except at 1. Since f; is
conformal, F'is a biholomorphism of D onto its image.

It is easy to see that as z approaches 1, F'(z) approaches (1,0) tangentially in the sense
that . .
LR

= 0.
a=1,2€(01) [|[F(1) = F(x)]|

A careful look at the estimates above shows that for z € (0, 1),

log(ax) — %i 1 Co

fa=a)~ m ~ = long) +i10g$'
Hence c
Re(f(1) — f(z), f(1)) ~ m>
so that
R = F(o),PM)
z—1,z€(0,1) -z

3.5. Crossing on the boundary

In this section, we will provide a method for constructing a smooth proper embedding of
a disc into a ball such that the multiplier algebra is not isomorphic to H*°. The idea is to
have the boundary cross itself.
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3. Multipliers of embedded discs

Theorem 3.5.1. Suppose that f : 1D — By is a proper analytic map which satisfies
(1) flp is injective,
(2) f extends to a differentiable map on DU {£1}, and
(3) f(1) = f(=1).

Suppose that V = f(D) is a variety (in the sense of [25]). Then f~' & My. In particular,

the embedding
My — HOO, h— ho f,

18 not surjective.

Proof. We first make some first order estimates in order to approximate the kernel functions
near f(£1). By Proposition 3.3.1, we have (f’(1), f(1)) > 0. Furthermore, differentiability
of f at 1 implies that for small x > 0, we have

fA—z)=f(1) —=f (1) + o(z).

Hence
L= fQ =)= [fOI* = If(1 = 2)?
= (f(1), f(1) = f(L =) + (f(1) = f(L — =), f(1 —2))
= (f(1),zf'(1) + o(x)) + (zf'(1) + o(z), f(1) + o(1))
=2z(f'(1), (1)) + o().

Similarly, (f'(—1), f(—=1)) < 0 and for small y with y > 0,
f(=14y) = f(=1) +yf' (1) + o(y)

and

L= [[f(=1+ )" = =2y(f'(=1), f(=1)) + o(y).

Likewise, for small positive values of z and y, we obtain (using f(1) = f(—1))
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3.5. Crossing on the boundary

and set y = sx. We have that

(L= [F(L = 2)IP)(A = | f (=1 + sa)lP) _ (202 + o(x))(2az +o(a) _ |
1-(f —x),f(—l—l—sx)>|2 N (2ax + o(x))? =1+o(1). (3.1)

Assume now for a contradiction that f~' is a multiplier and let C' = ||f ||, and
h=f=1/C, so that ||f||m, = 1.

Applying the Pick condition (see Lemma 2.2.1) to h at the points {f(1—x), f(—14sz)},
we see that the matrix

L-|h(f(1=2))|? 1-h(f(A=z))h(f(=1+sz))
1=l f(1-2)[12 1= (f(1—z),f(—1+s2))
1-h(f(=1+sz))h(f(1-2)) L—|h(f(=1+sz))?
1=(f(=1+sz),f(1-x)) 1=l f(=14sz)|?
1-C~2(1—x)? 1+C~2(1—x)(1—sz)
. 1=l f(1-2)[]2 1-(f(1—z),f(—1+s2))
| 1ro20-2)(1-s2) 1-C~2(1—sz)2
1=(f(~1+sz),f(1-2)) 1= f(=1+sz)|?

is positive. Taking the determinant and clearing denominators yields
(C2+ (1 =) (1= s2)) (L= | (1 = 2) ) (1 = £ (=1 + s2)] )
< (C? = (1—2)))(C? = (1 —s2)?) |1 = (f(~1 + s2), f(1 —2))|".
Using the estimate from (3.1) and letting = decrease to 0, we obtain
(C*+1)* < (C*—1)~

As this is false, we deduce that f=! ¢ My.. In particular, the coordinate function z is not
in the range of the map in the additional statement. O]

Now we show that a map with these properties can be obtained.

Theorem 3.5.2. There is a rational function f with poles outside D and values in C?
which satisfies the conditions of Theorem 3.5.1, meets 0By transversally, and is one-to-one
except for the fact that f(—1) = f(1), and so that f is a biholomorphism. Then V = f(D)
is a variety (in the sense of [25]) such that My & H*®(V)). In particular, f~' is not a
multiplier.
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3. Multipliers of embedded discs

Proof. Fix 0 <r <1, and let

Note that b(£1) = 1. Define

1 2 2
f(z) = E('z ,b(2) )

Then it is clear that f is a rational function with poles outside . Since z and b(z) are
automorphisms of the disc, it is easy to see that |[f(z)|| < 1if |z] < 1 and ||f(2)|] = 1 if
|z| = 1.

Since f is analytic on a disc (1 + &)D for some £ > 0 and

V=F((1+¢)D)NB,,

it follows that V' is a variety [54]. By Proposition 3.3.1, V' meets the boundary transversally
at every point.

Note that the first coordinate of f(z) is 22/v/2. Hence if f(w) = f(z), we have w = 2.
If f(z2) = f(—2), then b(—2)? = b(z)?, which is easily seen to have solutions z € {0, +1}.
Thus f(—1) = f(1) is the only failure to be one-to-one. Moreover,

() = = 2,20(2)b (2
f(Z)—\/g(Qa?b( W'(2))

is never zero since the first coordinate vanishes only at z = 0, while
20(0)b'(0) = —2r(1 —r%) #£ 0.

So this map is a biholomorphism. It is now clear that the hypotheses of Theorem 3.5.1 are
satisfied. Therefore, My & H*(V) and indeed, f~" is not a multiplier. O

Remark 3.5.3. The fact that f~! is not a multiplier means that this approach will not yield
counterexamples to the converse of Theorem 3.1.1.

Corollary 3.2.11 and the automorphism invariance of H* yield the following consequence.

Corollary 3.5.4. For V' given in Theorem 3.5.2, My, is not isomorphic to H*.
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3.6. Pseudohyperbolic distance

3.6. Pseudohyperbolic distance

The pseudohyperbolic metric on By is defined by

d<Z7w) = ||§0w(z>|| = ||90z(w)H

where ¢, is the conformal automorphism of B, onto itself interchanging the points w and
0 given by
w— Ppz — (1 —|Jw|?)'2(1 - Py)z

(pw(2> = 1_ <Z,U)> )
where P, is the orthogonal projection of C? onto Cw. By [75, Theorem 2.2.2(iv)],
1— JJw|)(1 —I=]1?) K (2, w)|?
(=) 1= {w, )P K(w )k (z.2) 32

where K(z,w) = (1 — (z,w))! is the reproducing kernel of the Drury-Arveson space.

The Schwarz lemma [75, Theorem 8.1.4] in this context states that if F'is a holomorphic
map of B, into B, then
d(F(2), F(w)) < d(z,w).

Lemma 3.6.1. Let V C B, be a variety and let \,;u € V. Then
d(A, 1) < |05 = Opllmy < 2d(A, ).

Proof. The inequality |0y — 9,/ < 2d(A, 1) was observed in [25, Lemma 5.3]. For com-
pleteness, by the Schwarz lemma

p(A) — o)
L —p(Nep(p)

for all ¢ with [|¢]|am, < 1 and it follows that

< d(A, ),

[0x = Oull < d(A ) sup |1 —@(N)e(p)| < 2d(A, ).

lloll gy, <1

For the lower bound, let r = d(\, ). Equation (3.2) shows that the determinant of the

matrix
K (p, ) K (p, )
K(Awu) K()‘7 /\)<1 _T2)

is equal to 0, hence this matrix is positive semidefinite. Since H 3’\/ is a Nevanlinna-Pick
space, it follows that there exists a multiplier ¢ in the unit ball of My, such that ¢(u) =0
and ¢(X) = r. Thus, [|0y — .|| > 7. O
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3. Multipliers of embedded discs

The following result shows that a biholomorphism F' : W — V which induces an iso-
morphism between My and My, is necessarily a bi-Lipschitz map with respect to the
pseudohyperbolic distance.

Theorem 3.6.2. Suppose that ® : My — My is an isomorphism given by composition
with a biholomorphism F : W — V. Then there are constants ¢, C > 0 such that

cd(A\p) <d(F(N),F(p) <Cd\p) forall A\ueW.

Proof. Put t = || !||7!, and denote by (My); and (My); the unit balls of My and
My Then t - (My); C &((My)1), so

[0r0) — 0p@wll = sup [®(f)(A) = (f) ()]
feMvyn
= sup  [g(A) —g(u)
geD((My)1)
> sup [tg(\) —tg(u)|
gEMw)1
— 10y — 3,1

From the preceding lemma, we deduce that

Eod(h ) < 118y — 8l < [18p0y) — Bl < 24(F(N), F(w)).
This gives one inequality with ¢ = ¢/2. The other inequality follows by symmetry. O]
Remark 3.6.3. The proof of Theorem 3.5.1 shows that

A=A =2))(A = If (=1 + s2)[*)
1= (f(1 = =), f(=1 4 s2))]

d(f(1—z), f(-1+s2))? =1~ =o(1).
That is, we have
lim d(f(1—z), f(—1+sx)) =0.

z—0t
It follows that f does not induce an isomorphism between My and H°.
Moreover in the example in Theorem 3.5.2, an easy estimate shows that || f'(2)|| > v/2
on JdD. Since f’ never vanishes, we have that inf.cp || f'(2)|| > 0. Nevertheless, because

of the crossing on the boundary, the previous paragraph shows that the pseudohyperbolic
distance is not preserved up to a constant. Thus this property is not just a local condition.
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3.6. Pseudohyperbolic distance

Remark 3.6.4. Using Equation (3.2), it is not hard to see that given points z,w € B, and
a, B € D, the Pick matrix

K(z,2)(1 = |o]*)  K(zw)(l—ap)
K(w,z)(1 = pa) K(w,w)(1— |

is positive if and only if
d(a, B) < d(z, w).

This observation shows that the argument in the last remark and the original proof of
Theorem 3.5.1 are very closely related.

Ezxample 3.6.5. Consider the sequences

n2

vp=1—-1/n* and w,=1—¢€" for n>1,

and set V = {v,}22, and W = {w,}?°,. In [25, Example 6.2] these two varieties were
examined, and it was shown that there exist g, h € H* such that

hogly =idy and gohly =idy,

while at the same time, since W is interpolating and V is not, My and My are not
isomorphic. Theorem 3.6.2 sheds new light on this example. Indeed, we can check that

2n+1
d nsy Un =00 — Oa
(Vn, Un41) 2n2 + 2n
while ) o1
d(Wy, Wp11) = — ¢ — 1.

1 + 6—2n—1 _ e—n2—2n—1

Thus the biholomorphisms g and A are not bi-Lipschitz on the varieties, hence they cannot
induce an isomorphism.

The following result generalizes this example significantly.

Proposition 3.6.6. Let V = {v,} be a Blaschke sequence in D. Then there is an interpo-
lating sequence W = {w,} and functions g,h € H*> such that

g(v,) =w, and h(w,) =wv, forall n>1.

Proof. Let b,(z) = %22 for a € D. Define

al 1-az
On = H by, (0]
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3. Multipliers of embedded discs

These values are positive because V' is a Blaschke sequence. (Carleson’s interpolation
theorem shows that V' is an interpolating sequence if and only if it is strongly separated,
i.e. inf,>1 0, > 0.) A result of Garnett [35, Theorem 4] (see [30, ch.VII, Exercise 9]) shows
that if

|lan| < 6,(1 +1logd, ') 72,

there is an f € H* such that f(v,) = a, for n > 1. Choose (a,) with a, > 0 satisfying
these inequalities, and tending to 0 sufficiently fast that w, = 1 — a,, is an interpolating

sequence. Then g = 1— f is the desired map. Finally, since W is an interpolating sequence,
there is an h € H* such that h(w,) = v, for all n > 1. O

It is tempting to conjecture that a biholomorphism with multiplier coordinates between
two varieties, which is also bi-Lipschitz with respect to the pseudohyperbolic distance d,
induces an isomorphism. The following example shows that this fails.

Example 3.6.7. A Blaschke sequence V' = {v,} is separated if

inf d(vy,,v,) > 0.

m#n
Interpolating sequences are separated, and are characterized by being strongly separated.
However there are Blaschke sequences which are separated but not strongly separated,
and thus are not interpolating. For such a sequence V', the maps constructed in Proposi-
tion 3.6.6 will be bi-Lipschitz in the pseudohyperbolic metric but the multiplier algebras
are not isomorphic.

An explicit example of a separated but not interpolating sequence is given in [27]. Here
is a related example which has the additional virtue of having 1 as the only limit point of
the sequence. Let

Vpp = (1 — 2_")6““27" for n>1and0<k <22

Then set V = {v, :n > 1, 0 < k < 22}, It is routine to verify that this satisfies the
Blaschke condition and is separated. In order for the sequence to be interpolating, it is
necessary that the measure p =3 (1 — |v,|)dy, , be a Carleson measure [30, Theorem
VIL1.1]. This means that there is a constant C' so that u(S(I)) < C|I| for every arc I C T,
where

S(I)={re :1—|I|<r<1, ¢’ eI}

But p is not a Carleson measure: for p > 1, let

S, =5([0,277)) ={re? :1-27<r<1,0<60<2"}
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3.6. Pseudohyperbolic distance

Then

1 -n .. n— n
o= > 1= ol =27 2 " min{2" 7,277}
Un,kesp nzp
2p
>0y 2P =p 1

n=p

This is not bounded.

Remark 3.6.8. Proposition 3.6.6 raises a fundamental issue in finding a converse to The-
orem 3.1.1. The property of having a multiplier biholomorphism between two varieties V'
and W is not an equivalence relation. The proposition shows that every Blaschke sequence
is equivalent to some interpolating sequence. Moreover, examination of the proof shows
that if V = {v,} and X = {x,} are Blaschke sequences, there is a common interpolating
sequence W which is equivalent to both V' and X.

However in general, there is no h € H> such that h(V) = X. To see this, let
vp=1-n"? and z,=(-1)"v, for n>2.

Suppose that h exists. Let C'= ||h]|o, and g = C~'h. Then there is an increasing sequence
n; so that h(v,,) > 1/2 and h(v,,11) < —1/2. Then d(vy,, vy, +1) tends to 0, but

A(g(0n,). 90 11) > d(g, 52) > 0.

This contradicts the Schwarz inequality.

The problem is that if Z is an interpolating sequence and if g : V — Zand h: 7 — X
are multiplier biholomorphisms, then h o g may not be a multiplier. We can extend g and
h to H* functions on the whole disc, but these extensions do not have norm 1 in general,
and thus do not map the disc into the disc. Hence, the extensions cannot be composed.

In this example, the varieties have infinitely many irreducible components. We do not
know of any examples with finitely many irreducible components in a finite dimensional ball
where multiplier biholomorphism does not imply isomorphism of the multiplier algebras.
Obviously, isomorphism is an equivalence relation. Showing that multiplier biholomor-
phism is not an equivalence relation in this setting therefore requires a counterexample to
the hoped-for converse of Theorem 3.1.1.
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3. Multipliers of embedded discs

3.7. A class of discs in B

We consider a class of embeddings of D into B, which were studied in [25, Section 6]. Let
(b))%, € 2 with ||(b,)||2 = 1 and by # 0. Define f : D — B, by

f(2) = (b12,bp2%, b32°,...) for ze€D.

Then f is a biholomorphism with inverse g = b; 'z, and these maps are multipliers. The
range V = f(D) is a variety in the sense of [25] because

V ={z € By : bz — bz, =0 for n > 2}.
Moreover, f extends to a homeomorphism from D onto V. It is easy to see that any two

varieties of this type are multiplier biholomorphic.

Define a kernel on D by

B 1
1= {f(2), f(w))

and let H; be the Hilbert function space on D with kernel K. It is easy to check that the
map

K(z,w)

for z,w e D,

U:H.|, =My, hehof,

is unitary. Moreover, if ¢ € My, then UM, ,U* = M., hence composition with f also
induces a unitarily implemented completely isometric isomorphism Cy : My — Mult(Hy).
This observation allows us to work with multiplier algebras of Hilbert function spaces on
the disc instead of the algebras My, .

Thanks to the special form of f, there exists a sequence (a,,) of non-negative real numbers
such that

1 — o n
Kew) = T s piy — 20"

Hence H; is a weighted Hardy space. Background material on these spaces can be found
in [13, Section 2.1] and [31, Section 6]. Set ¢, = |b,|?. It was established in [25, Section 6]
that the sequence (a,,) satisfies the recursion

a=1 and a,= chan_k for n > 1. (3.3)
k=1

Moreover, a,, € (0,1] for all n € N.
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3.7. A class of discs in B

Remark 3.7.1. The coefficients (a,) can also be determined in the following way. First,
note that as |[(b,)||2 = 1, the function g defined by

o0

g(z) = Z cn 2"

n=1

is holomorphic on D and does not take the value 1 there. Evidently,
1 = .
1——M = ZO anpz for all z € D. (34)

That is, (a,) is the sequence of Taylor coefficients of (1 — ¢g)~! at the origin.

The special form of the kernel K allows us to explicitly compute the multiplier norm of
monomials in Hy.

Lemma 3.7.2. Suppose that H is a reproducing kernel Hilbert space on D with kernel
K(z,w) = Zan(zw)",
n=0

where the sequence (a,) satisfies a recursion as in (3.3) for some sequence of nonnegative
numbers (c,) with ¢; # 0. Then

n . 1
2" ey = 1215 = —  forall neN.

Proof. The assumptions imply that a, # 0 for all n € N, so from the general theory of
weighted Hardy spaces, we have

nj2 _ —
12", =
Therefore for n € N,
12" |14 Ok
|| ||Mult(7‘[) >0 HZkHH k>0 an+k

Since ag = 1, it suffices to show that
arty, < any forall k,neN.
The proof of this claim proceeds by induction on k. The base case holds since ay = 1.

Assume that k£ > 1, and that the assertion has been established for natural numbers smaller
than k. Then

k n+k
ApQpn = E Ag—iQnC; < E Antk—iCi = Onik
i=1 i=1
as asserted. O
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3. Multipliers of embedded discs

The results of Section 3.2 suggest that we should attempt to verify the properties
1. for every A € V, the fiber 7~1(\) = {6, }, and
2. W(M(Mv)) N Bd =V.

We first observe that Proposition 3.2.8 shows that (2) always holds because the functions
{bnz7 — bV 2, : m > 2} are polynomials. In fact, Remark 3.2.9 shows that 7(M(My)) = V.

We do not know if (1) holds in general. It does hold for a large class of examples. In
particular, if the ideal of multipliers which vanish at A coincides with (z — \) Mult(H),
then it is clear that any character p € 7#~1()\) must be the character of point evaluation at
A. We do not have a characterization of when this occurs. The following result, without
the norm closure, will suffice for our current needs.

Lemma 3.7.3. Let f(2) = (b12, 0222, 0323, ...) for 2 € D, where ||(b;)||2 < 1. The following
assertions are equivalent:

(i) For every g € My with g(0) = 0, there is g € My such that g = z13.
(i) For every g € Mult(H ) with g(0) =0, we have g/z € Mult(H;).

an

p— )nz1 18 bounded.

(iii) The sequence (

Proof. The equivalence of (i) and (ii) follows by an application of the isomorphism
My — Mult(Hs), g—gof.

Suppose that (iii) holds. Then
D: Hf — Hf, h+— ———,

is a bounded linear map. Indeed, D maps 2" to 2", and ||z"||? = i Let g € Mult(Hy)
with ¢(0) = 0. Then for every h € Hy, we have

DM,h = D(gh) = %h.
z

This shows that g/z € Mult(Hy) and that DM, = M,,.. Hence, (ii) holds.
Conversely, suppose that (ii) is satisfied. Then

D : Mult(#;) — Mult(#;), g~ g_—g(O),
z
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3.7. A class of discs in B

is defined and clearly linear. Since convergence in Mult(# ) implies pointwise convergence

on D, we conclude with the help of the closed graph theorem that D is bounded. In
particular,

) - - -
= 12" MRty = D2 Rratereyy < WP 2" Rrwtere,y = 1D -
n

n—1

where we have used Lemma 3.7.2. Thus, (iii) holds. O

It is not hard to modify Example 6.12 in [25] to see that the conditions in the preceding
lemma are not always satisfied.

Corollary 3.7.4. Let f(z) = (b1z,022%,b32%,...) for z € D, where ||(b;)|l2 < 1. If My is
automorphism invariant and sup,, ;- < oo, then 7Y A) = {0} for every A€ V.

Proof. The result is immediate for A = 0 since every g € My such that g(0) = 0 factors
as g = z1h for some h € My.. Thus if p € 77(0), we have p(g) = p(z1)p(h) = 0 = §o(g).
Hence p = dp. Automorphism invariance readily shows that the same holds for every
AeV. O

Suppose now that . o .
f(2) = (b12,by2%, b32®,...) for z€D

is another embedding of the disc into B, as above, and set V= f (D). We may define a
sequence (G,) using (3.3) or Remark 3.7.1. We ask: when are My and My isomorphic?

Proposition 3.7.5. The algebras My and Mg are isomorphic via the natural map of
composition with f o f~' if and only if the sequences (a,) and (a,) are comparable.

Suppose that My satisfies (1) 71 (X) = {6} for every \ € V and is automorphism
invariant. Then My is isomorphic to My if and only if the sequences (a,) and (ay,) are
comparable. In particular, My is isomorphic to H*™ if and only if the sequence (a,) is
bounded below.

Proof. Suppose that (a,) and (a,) are comparable. The sequence {2"} is an orthogonal
basis for H; and ’Hf, and Lemma 3.7.2 shows that their norms in H; and Hf are com-
parable. Thus the identity map is an invertible diagonal operator between Hy and H .
Therefore, Mult(H;) = Mult(#), so that My and My are isomorphic via the natural
map.

Conversely, if My and Mj; are isomorphic via the natural map, then Mult(H;) =
Mult(H Jz). Therefore the identity map is an isomorphism between these two semisimple
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3. Multipliers of embedded discs

Banach algebras. Consequently, it is a topological isomorphism. So by Lemma 3.7.2; the
sequences (a,) and (a,) are comparable.

If My is automorphism invariant and satisfies (1), Corollary 3.2.11 applies. Finally,
note that H? corresponds to the map f(z) = (2,0,0,...) and a,, = 1 for all n > 1 because

1 n
Erh By

n>0

In general, 0 < a, < 1, so (a,) is comparable to (a,) if and only if it is bounded below.
The last claim now follows from the previous paragraph and the automorphism invariance
of H® = Mult(H?). m

In [25, Example 6.12], an example was given of a variety V' = f(ID) as above such that
H ¢ is not isomorphic to H? via the identity map (so that My is not similar to H> in the
obvious way), and the question was raised whether or not My, is isomorphic to H*. The
above proposition answers this question, showing that those algebras are not isomorphic.

The following result gives a criterion for My being isomorphic to H* in terms of the
sequence (b,) in the definition of the map f.

Corollary 3.7.6. Let V = f(D) where f(z) = (b1z,b222,b323,...), ||(bn)]|l2 = 1 and by # 0.
Then My, is isomorphic to H* if and only if

[e.9]

Z n|b,|* < oo.

n=1

Proof. We know that My is isomorphic to H* if and only if the sequence (a,,) is bounded
below. Define

p=3"nlbal? € (0,00]
n=1
By the Erdds-Feller-Pollard theorem (see [31, Chapter XIII, Section 11}),

lim a, = —,
n—oo 'LL

where oo™ = 0. The theorem is applicable since |b;|*> > 0. Hence, (a,) is bounded below
if and only if this series converges. O
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3.7. A class of discs in B

Corollary 3.7.7. Let V and (b,) be as in the previous corollary. If My is not isomorphic
to H*, then the series

9(2) = Sl and (1-g(2) =D e

n>1 n>0

both have radius of convergence 1.

Proof. Since (b,) is in £2, the sequence is bounded, and hence the series for g has radius of
convergence at least 1. If this radius of convergence is R > 1, then the series Y - n|b,|?
converges. So Corollary 3.7.6 shows that My is isomorphic to H*. Observe that g is
bounded on D by ||(b,)||3 = 1. In particular, g(z) # 1 for z € D, and thus (1 — g(2))~ ! is
defined on D. Hence the series for (1 — g(z))~! has radius of convergence at least 1. If this
radius of convergence were greater than 1, then the only obstruction to

1

9(2) =1-=——
Y >0 an?n

being defined on a disc of radius R > 1 is that (1 —g(z))~! has a zero on dD. This however
implies that ¢g has a pole on the circle, which is impossible because g is bounded on D.
Therefore ano a,z" has radius of convergence exactly 1. O]

We have seen that not all algebras M, are isomorphic to H*. In fact, we will now
exhibit a whole scale of mutually non-isomorphic algebras of this type. To this end, it is
again more convenient to work with the algebras Mult(# ), which are subalgebras of H*.
The following proposition answer the question of which algebras of functions on D arise in
this way.

Proposition 3.7.8. An algebra M of functions on D arises in the way described above if
and only if M is the multiplier algebra of a Hilbert function space on D with kernel K of
the form

K(z,w) = Z a,(zw)",

where ag = 1 and ay # 0, which satisfies the following two properties:

(1) K 1is an irreducible complete Nevanlinna-Pick kernel.

(2) >ontpan = 0.
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3. Multipliers of embedded discs

Proof. Suppose that K satisfies the conditions above. Since K is an irreducible complete
Nevanlinna-Pick kernel, the sequence (c,) defined by

icnznzl—#

n=1 n=0 4n?

is positive by [3, Theorem 7.33]. The last condition guarantees that

o o0
E C, = sup E et = 1.
— 0<t<1%—
n=1 n=1

As a; # 0, also ¢; # 0. Defining b, = ,/c,, we see that M arises as above (compare
Remark 3.7.1).

Conversely, suppose that M arises as above. Then M is the multiplier algebra of a
reproducing kernel Hilbert space on the disc whose kernel is of the desired form. By [3,
Theorem 7.33|, K is an irreducible complete Nevanlinna-Pick kernel. Finally,

oo o 1
n
E a, = sup g ap,t” = sup 1 = = =00
0 0<t<1:—) o<t<1 1 — anl Cn
because Y >° ¢, = 1. O

Ezxample 3.7.9. For s <0, let H, be the irreducible complete Nevanlinna-Pick space on D

with kernel -

K(zw) = 3 (n+ 1) ()",
n=0
see Example 2.6.1 (¢). Recall that H, is the Hardy space, and that H_; is the Dirichlet
space. If —1 < s <0, these spaces satisfy the hypotheses of the last proposition (see also
[3, Example 8.8]). Consequently, every multiplier algebra Mult(#) is isomorphic to an
algebra My, where V; = f4(D) is a variety and f, is of the form

fs(2) = (bs12,bs02%,...) for ze€D.

Moreover, each H, and thus each Mult(#;) is automorphism invariant (see [12, Theorem
3.5]). Condition (iii) of Lemma 3.7.3 holds: sup,,-; (”n+—1) = 2° < 0o. Thus by Corol-
lary 3.7.4, My, satisfies condition (1). As we observed, condition (2) always holds.
Therefore Proposition 3.7.5 applies. Since the sequences ((n+1)°),>1 are not comparable
for distinct values of s, the multiplier algebras My, for —1 < s < 0 are mutually non-
isomorphic. In this way, we obtain uncountably many isomorphism classes of algebras

My
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3.7. A class of discs in B

Consider
[ee]

(fo(2), 2f3(2)) = > nlboul*|2[*"
n=1
This series converges to a finite limit as |z| tends to 1 if and only if > 7 n|bs,|* < oo,
which by Corollary 3.7.6 holds precisely when My, is isomorphic to H*, namely when
s = 0. Moreover, when s < 0, f, is not C! because

oo
. / 2 1 2,.2n 2 __
i, [1£1(2) 2 = lim D~ 2o, | = +oc,

n=1

A closely related class of examples considered in [6, p.1128-30] are the Besov spaces
B3 (D) for 0 < o < 1/2. These spaces coincide as spaces of functions with H, for s =
—1 + 20, although the kernels are somewhat different. Not surprisingly, just as for their
embeddings, our embeddings are tangential in the sense that

L — || fs(ze")|

lim . —— =0
e—1,2€(0,1) || fs(e®) — fo(xet)]]
as well. Indeed, using that
d 41y =T(1+s)(1—a)' "
n=0

as * — 1 from below (see [89, Chap. XIII, p.280, ex. 7]), we see that

L—[[fa(@e)| ~ 1 =[] fo(ze™)| "

:1—§iwwﬁﬁn:(§:m+4fﬁﬁ_l
n=1

n=0
~ (1 o $2)1+S ~ (1 - x)lJrs'

Here, we used the notation f(x) ~ g(z) if lim,_,; f(z)g(z)~* € (0,00). On the other hand,

I £s(e") = fo(ze™)|]> = Z\bsnl (1—2")

=1-2 Z |bs.n |22 + i |bg | ? 2"
=1

(inﬂs O (i(n+1)s )
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3. Multipliers of embedded discs

Since

> —1

Q(Z(n + 1)8:5”) ~ 2D(1+ s)7(1 — 2)1+

n=0

and
° -1
(Z(n + 1)8;1;2“) ~T(1+8) 1 (1 — 22)* = T(1 4 5) 712145 (1 — )1+,
n=1
we have '
[1fo(e") = folwe™)|| ~ (1 —a) 2,
Thus,
_ it
TRl F1C o] I
e—1,2€(0,1) || fs(e®) — fs(xe®)||
Similarly, for s = —1, we obtain the same tangential property because
> -1
L= s~ (D4 1)7a%)  ~ —log(1 —2)”!
n=0
and
. . ad -1 > -1
1fu(e") = fulweD P =2( D+ 1)0") = (Yot + 1))
n=0 n=1
~ —log(1—z)™".
It also follows for —1 < s < 0,
R s 1) — s s x"
z—1,z€(0,1) 1—=x T—1— =
=3 nlbyf? = +oo
n>1

by Corollary 3.7.6.

3.8. Embedding closed discs

In this section, we will consider a class of varieties in B,, which includes varieties associated
to the spaces H, for s < —1. Again we define f: D — B, by

f(2) = (biz,by2? b3z, ..) for z€D,

with (b,)5°, € 2 and by # 0. Here, however, we assume that
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3.8. Embedding closed discs

L [l(bn)[|l2 =7 <1, and

2.n 3
2. Y51 |bn|*2" has radius of convergence 1.

Let V = f (D). As observed in the previous section, f extends to a continuous injection of
D onto V. But because r < 1, V is a compact subset of rBs C Boo

is unitarily equlvalent to a reproducing

As we observed in the previous section, OO|V

kernel Hilbert space H¢ on D with kernel

1
K
S SN E T ZW”

Setting ¢, = [bn|?, we see as in Remark 3.7.1 that g(2) = >_, ., c,2" determines (a,) by

o0
= Zanz” for z € D.
n=0

Now (c,) is summable and ||g|/c =72 < 1, 50 (1 — g)~! extends to be continuous on D.

Once again, it will be convenient to work with the multiplier algebras Mult(#y). The
following result characterizes which algebras of functions on the unit disc arise in this way:.
It is the analogue of Proposition 3.7.8 in this setting.

Proposition 3.8.1. An algebra M of functions on D arises in the way described above if
and only if M is the multiplier algebra of a Hilbert function space on D with kernel K of

the form
w) = Z a,(zw)"
n=0

where ag = 1 and a; # 0, which satisfies the following two properties:
(1) K is an irreducible complete Nevanlinna-Pick kernel.

(2) D02 pan < 00 and the series Y~ an,z" has radius of convergence 1.

Proof. The proof of Proposition 3.7.8 carries over to this setting once we show that
Yo gan < oo if and only if 7 ¢, < 1, and that in this case, > - a,z" has radius
of convergence 1 if and only if > °  ¢,2" has radius of convergence 1.

The first claim is immediate from the relation between (a,) and (¢,). Moreover, since
Yo gan and > 7 | ¢, converge, both power series have radius of convergence at least 1. If
> o anz™ extends analytically across 0D, then so does ZZO o Cn2" by the argument in the
proof of Corollory 3.7.7. Conversely, if g(z) = Y, ¢,2" extends analytically across D,
then the only obstruction to (1 — g(z))™* = Y7, a,2" being defined on a disc of radius
R > 1 is that g(z) takes the value 1 on 0D, which is impossible since > >~ ¢, < 1. O
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3. Multipliers of embedded discs

An example of this are the spaces H of Example 3.7.9 for s < —1. The reproducing
kernel of the space H, is

K(z,w) = Z(n + 1)°(zw)" for z,w € D.
n=0
Since
Zan = Z(n+ 1)° < o0,
n>0 n>0

this space does not fit into the framework of Proposition 3.7.8. However, the series
Yoo o(n +1)°2" has radius of convergence 1, so by the previous proposition, the space
H, fits into the framework of this section for s < —1.

The fact that f has radius of convergence 1 means that there is no open neighbourhood
U of D such that the functions in H; all extend to analytic functions on U. Closely related
to this observation is the fact that there is no variety which properly contains V.

We will now show that while V is not a variety, its compact closure V is a variety in Bo.
This is in stark contrast to the finite dimensional case, since the only compact varieties in
B, consist of finitely many points if d < oo, see [75, Theorem 14.3.1].

Lemma 3.8.2. If (b,) and f are defined as above, then V. = f(D) is the common zero
locus of the polynomials {b,z] — b}z, : n > 2}; that is,

V =V({bpz} — bz, :n > 2}).

Proof. Note that every point in V is a zero of the polynomials b, 2" — b7z,. Conversely, if
z = (21, 22, . . .) satisfies these equations, then setting z = 21 /by, we find that

zp = b,z forall n e N.

Since (21, 22, ...) is a point in £, we have

oo o
oo > Z |Zn|2 = Z |bN|2|Z|2n'
n=1 n=1

As the series on the right has radius of convergence 1, it follows that |z| < 1. Hence z € D
and z = f(z) belongs to V. O

Remark 3.8.3. V is the minimal variety containing V. Hence every function in H§O|V
‘V’ and My can be naturally identified with My,
(see [25, Proposition 2.2]). It is V, not V, which fits into the framework developed in [25].

extends uniquely to a function in HZ
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3.8. Embedding closed discs

Another property which distinguishes the algebras My from the algebras in the preced-
ing section is that the function in My are continuous on the compact set V.

Lemma 3.8.4. If (b,) and f are defined as above, then Hgo‘v and My consist of contin-
uous functions on V.

Proof. Let v = [[(bn)[l2 < 1. Observe that the Drury-Arveson kernel K is jointly norm
continuous on rB,, X rB.,, hence the map

rBo, — Hfo, w— K(-,w),

is continuous, so that all functions in H2 are norm continuous on rBo. Since V C rBo,
it follows that all functions in H2  are continuous on V. In particular, this is true of

My O

Alternatively, we could have argued with the space H in the last proof. Since Y~ ja, <
00, the reproducing kernel of H; extends to a continuous function on D x D, so all function
in H; extend to continuous functions on D.

Let § : V — M(M;7) be the map taking v € V to the character §, which evaluates
multipliers at v. Since the functions in My are continuous on V, the map ¢ is a homeo-
morphism onto its image. We do not know if § is always surjective. Shields [¢1, Section 9]
asks a similar question in the context of spaces of weighted shifts. He answers the question
positively when the algebra is strictly cyclic, in which case the multiplier algebra and the
Hilbert space coincide as sets. We can use his result here.

Lemma 3.8.5. Suppose that

sup

(akan—k
n>1

><oo.
an

k=0

Then the natural injection § of V into M(Myy) is a homeomorphism. In particular, this
is the case if V' arises from Hg, s < —1.

Proof. The results in Section 9 of [81] show that the operator M, on H; is strictly cyclic
if the supremum is finite, hence the Gelfand space of Mult(#) is the closed unit disc. It
follows that J is a homeomorphism. In the case of H,, s < —1, Example 1 after Proposition
33 in [81] shows that the supremum is finite. O

Now we can establish isomorphism results for this family of compact varieties that par-
allel the results of the previous section.
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3. Multipliers of embedded discs

Theorem 3.8.6. Let
f(2) = (biz,bo22,b52%, . .) and  f(z) = (byz,bo2? b3z, .. .)
be functions of D into Bao, with
I(b)lla=7<1, [[(b)la=7" <1 and byb #0

Z b2 2" and Z 1b,, 22"

n>1 n>1

such that the series

both have radius of convergence 1. Let V = f(D) and V= f(D).

(a) My and M; are isomorphic via the natural map if and only if the sequences (a,)
and (a,) are comparable.

(b) Suppose that My satisfies the hypothesis of Lemma 3.8.5:
1

n
akan—k) n
< 00 where a2t =
( an, Z " 1=

n>0 n>1

sup

n>1 |bn|2zn7

k=0
and is automorphism invariant. Assume that My, is isomorphic to Mﬁ. Then the re-

striction F' of ®* to ? is @ homeomorphism of V onto V which is holomorphic on V and
®(h) = ho F. There is a Mdébius map 0 so that the following diagram commutes:

My —— M=

|k

AD) - A(D)

Moreover, they are isomorphic via the natural map of composition with G = f o f'~1.

Proof. (a) This follows as in Proposition 3.7.5.

(b) Since ® is an isomorphism, ®* yields a homeomorphism of the maximal ideal spaces.
By Lemma 3.8.5, M(My7) = §(V) =~ V. So we identify M(Myz7) with V. For the other
algebra, we have that V is identified with (V) as a subset of M(Mz). Let F: V =V be

the restriction of ®* to this copy of 5 The argument in the proof of Theorem 3.2.5 again
shows that F'is holomorphic on V. Now

O (h)(7) = D*(65)(h) = bp(s(h) = (ho F)(®) for he€ My and € V.
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3.9. Interpolating sequences

Thus ® = CF is a composition operator.

By an adaptation of [24, Section 11.3] as in the proof of Theorem 3.2.5, the fact that
® is implemented by composition implies that ® is weak-x continuous. And the argument
continues to conclude that ®~! is also weak-* continuous. In particular, (®~!)* takes point
evaluations to point evaluations. As this map is the inverse of F', we deduce that F' maps

onto V; and hence M(Mz) = V.

The commutative diagram is obtained as in the proof of Corollary 3.2.10. The only
change is that, since the multipliers are continuous by Lemma 3.8.4, the range is considered
as a subalgebra of the disc algebra A(ID), rather than in the larger algebra H*. Since My
is automorphism invariant, we may apply the automorphism for 6~! to obtain the natural
map as in Proposition 3.7.5. L]

Example 3.8.7. The spaces H, for s < —1 yield an uncountable family of varieties in
B.. which are homeomorphic to I. Their multiplier algebras are automorphism invariant
(see [12, Theorem 3.5]) and they satisfy the hypothesis of Lemma 3.8.5. The sequences
((n + 1)*) are not comparable for different values of s. Thus by Theorem 3.8.6, they have
non-isomorphic multiplier algebras.

3.9. Interpolating sequences

We finish the treatment of the algebras My of the previous section by showing that under
the assumptions of Lemma 3.8.5 these algebras are not isomorphic to an algebra of the type
My for any variety W whose closure meets the boundary of the ball. This result should
not be surprising, as isomorphism of the algebras yields a homeomorphism of the maximal
ideal spaces. In the setting of Lemma 3.8.5 the maximal ideal space is homeomorphic to
D. The reader may suspect that this is never the case when W intersects the boundary.

We will establish this is by showing that any sequence in the ball which converges
to the boundary contains an interpolating subsequence. It then follows that My, has
(> as a quotient, and hence its maximal ideal space contains a copy of the Stone-Cech
compactification SN of N. In particular, it is not metrizable, so it is not homeomorphic
to the unit disc. We were not able to show, without imposing any special assumptions,
that an algebra Ms; as in Section 3.8 can never be isomorphic to an algebra of the type
occurring in Section 3.7.

A sequence (z,,) in By, is an interpolating sequence for Mult(H?2) if the evaluation map

Mult(H2) = =, o (p(zn)),
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3. Multipliers of embedded discs

is surjective. The multiplier algebras considered here are all of the form My, where V is
a variety in B.,. These are (complete) quotients of Mult(H2) via the restriction map. So
any sequence in V' is interpolating for My, if and only if it is interpolating for Mult(H?2).

Proposition 3.9.1. Let (z,) be a sequence in By, such that lim,,_, ||z,|| = 1. Then (2,)
contains a subsequence which is interpolating for Mult(HZ,).

Proof. Fix r € (0,1). We wish to show that there is a subsequence (z,,) of (z,) such that
for every sequence (wy) € ¢ of norm at most r, there is a multiplier ¢ € Mult(H) of norm
at most 1 such that ¢(z,, ) = w. We will recursively construct the subsequence (z,, ) such
that for each k and for all w = (w;) € £*° with ||w|| < r, the k x k matrix

k
A(w) = (1= 0K (202,

)=
is positive and invertible. Once we have achieved this, the Nevanlinna-Pick property yields,
for each w € £>° with ||w|| < r and any positive integer k, the existence of a multiplier hy
of norm at most 1 such that hg(z,,) = w; for 1 <i < k. Any weak-* cluster point h of the
sequence (hy) will then satisfy h(z,,) = w; for all i € N.

We begin the construction by setting z,, = 2. Suppose that k > 2 and that z,,,..., 2, _,
have already been constructed. Given w = (w;) € (> with ||w|| < r, we set v;; = 1 —w;w;.
For z € B, we consider the matrix A(w, z) defined by

'ULlK(an, an) T Ul,k*lK(ZTu ) anfl) 'ULkK(an, Z)
/Uk—l,lK(an,17 an) T Uk—l,k—lK(ZTLk,1 ’ anfl) /Uk—l,kK<ZTLk,17 Z)
v K (2, 2n,) e k-1 K (2, 2, ) vk K (2, 2)

Observe that the first (k—1) x (k—1) minor equals A;_;(w), which is positive and invertible
for all choices of w with ||w|| < r by our recursive assumption. By Sylvester’s criterion, it
therefore suffices to show that there exists z,, with ng > ng_; such that det(A(w, z,,)) > 0
for all such w. To see that this is possible, note that

lim K ( )= i 1

im K(zp,2,) = lim ——— = o0.

n—00 n—oo | — Hanz
On the other hand, each K(z;,z) is bounded. Moreover, by compactness of the unit ball
in finite-dimensional spaces, there exists d > 0 such that

det(Ay_, (w)) > 6
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3.9. Interpolating sequences

for all w with |Jw|| < r. Thus, in the expansion of the determinant of A, (w,z) along the
last row, there is one term

[ K (2, 2) det (Ap_1(w))| > (1 —1r?)dK (2, 2),

which tends to infinity as z — 1 uniformly in w, whereas all other terms are uniformly
bounded. Therefore the determinant is eventually strictly positive on the whole r-ball.
This establishes the existence of the desired point z,,, and thus finishes the recursive
construction. [

Corollary 3.9.2. If W is a variety in the ball By for d < oo such that W intersects the
boundary of the ball, then (> is a quotient of My, and hence M(My) contains a copy of

AN.

Proof. Proposition 3.9.1 shows that WW contains an interpolating sequence. The restriction
map to this sequence is the desired quotient onto ¢*°. Hence M (¢*°), which is homeomor-

phic to SN, embeds as a closed subset of M(Myy). O

Thus we obtain the desired consequence.

Proposition 3.9.3. Let V be a compact variety as considered in Theorem 3.8.6 (b), and

let V be a variety as considered in section 3.7. Then there is no unital surjective algebra
homomorphism from My onto M. In particular, they are not isomorphic. O

Combining this observation with Examples 3.7.9 and 3.8.7, we obtain the following
consequence.

Corollary 3.9.4. The Hilbert spaces Hs have non-isomorphic multiplier algebras for dis-
tinct s < 0. ]
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4. A new approach to the classification
problem for multiplier algebras

4.1. Introduction

The contents of this chapter appeared in [13]. We continue the study of the isomorphism
problem for multiplier algebras of complete Nevanlinna-Pick spaces. In Chapter 3 and in
[24, 25, 10, 54], this problem was studied by making use of the universality theorem of
Agler and McCarthy (see Section 2.5) to identify a given complete Nevanlinna-Pick space
with a restriction of the Drury-Arveson space to an analytic variety. Roughly speaking, the
results then typically state that two algebras are isomorphic if and only if the underlying
varieties are geometrically equivalent in a suitable sense. For an up-to-date account on
these results, the reader is referred to the recent survey article [76].

While this approach has been successful in dealing with the (completely) isometric iso-
morphism problem (see [25] and [76]), the algebraic (or even completely bounded) isomor-
phism problem seems to be more difficult. Indeed, we encountered some of these issues in
Chapter 3. Essentially the only instance for which the algebraic isomorphism problem has
been completely resolved is the case of restrictions of Drury-Arveson space on a finite di-
mensional ball to homogeneous varieties [24, 10]. The existence of algebraic isomorphisms
is also quite well understood for multiplier algebras associated to certain one-dimensional
varieties under the assumption of sufficient regularity on the boundary [1, 6, 51]. For more
general varieties, however, the situation is far less clear. Moreover, several results in [25)]
only apply to varieties which are contained in a finite dimensional ball. From the point of
view of the study of multiplier algebras of complete Nevanlinna-Pick spaces, this condition
is rather restrictive. There are many natural examples of complete Nevanlinna-Pick spaces
on the unit disc or, more generally, on a finite dimensional unit ball, which cannot be
realized as the restriction of Drury-Arveson space on a finite dimensional ball. Indeed, the
classical Dirichlet space, which consists of analytic functions on the unit disc, is such an
example (see also Proposition 4.11.8).

In this chapter, we take a different point of view and study the complete Nevanlinna-Pick
spaces and their reproducing kernels directly. In particular, we consider a class of spaces
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4. A new approach to the classification problem for multiplier algebras

on homogeneous varieties in a ball in C?. This more direct approach has the disadvantage
that we can no longer make use of the well developed theory of the Drury-Arveson space. In
particular, the tools coming from the non-commutative theory of free semigroup algebras
[21, 22, 23] are not available any more.

Nevertheless, the direct approach has certain benefits. Firstly, by studying the spaces
directly, we are able to stay within the realm of reproducing kernel Hilbert spaces on sub-
sets of C? for finite d. We thus avoid the issues surrounding the Drury-Arveson space H2
on an infinite dimensional ball, such as the extremely complicated nature of the maxi-
mal ideal space of Mult(H2%) (cf. Example 3.2.4). Secondly, many spaces of interest are
graded in a natural way. Indeed, we consider a class of complete Nevanlinna-Pick spaces
of analytic functions on the open unit ball B; in C? which contain the polynomials as a
dense subspace and in which homogeneous polynomials of different degree are orthogonal.
When identifying such a space with a restriction of the Drury-Arveson space, the grading
becomes less visible, since it is usually not compatible with the natural grading on the
Drury-Arveson space. By working with the spaces directly, we are able to exploit their
graded nature. Finally, when working with two spaces on the same set, one can also ask if
their multiplier algebras are equal, rather than just isomorphic.

In addition to this introduction, this chapter has ten sections. In Section 4.2, we gather
some preliminaries regarding unitarily invariant spaces.

In Section 4.3, we observe that it is possible to recover the reproducing kernel of a
complete Nevanlinna-Pick space from its multiplier algebra. As a consequence, we obtain
that two complete Nevanlinna-Pick spaces whose multiplier algebras are equal have the
same reproducing kernels, up to normalization.

In Section 4.4, we apply the results of Section 2 to composition operators on multiplier
algebras. In particular, we characterize those complete Nevanlinna-Pick spaces of ana-
lytic functions on B; whose multiplier algebras are isometrically invariant under conformal
automorphisms of B,.

In Section 4.5, we study the notion of algebraic consistency, which, roughly speaking,
assures that the functions in a complete Nevanlinna-Pick space are defined on the largest
possible domain of definition. It turns out that this notion is closely related to the notion
of a variety from [25].

In Section 4.6, we consider a general notion of grading on a complete Nevanlinna-Pick
space. The main result in this section asserts that multiplier norm and Hilbert space norm
coincide for homogeneous elements.

In Section 4.7, we set the stage for the remainder of this chapter by introducing a
family of unitarily invariant complete Nevanlinna-Pick spaces on By. The aim is then to
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4.2. Preliminaries

investigate the isomorphism problem for multiplier algebras of restrictions of such spaces
to homogeneous varieties. This is done by following the route of [24].

In Section 4.8, we study the maximal ideal spaces of the multiplier algebras of spaces
introduced in Section 4.7. In particular, we introduce a regularity condition on the maximal
ideal space, which we call tameness. It is shown that a large collection of spaces, which
includes the spaces H, of Chapter 3 and their counterparts on By, is indeed tame.

In Section 4.9, we recall several results from [21] about holomorphic maps on homoge-
neous varieties, thereby providing simpler proofs in some instances. We also point out that
a crucial argument from [24] can be used to show that the group of unitaries is a maximal
subgroup of the group of conformal automorphisms of B,.

In Section 4.10, we show that the arguments from [21] can be adapted to our setting to
show that if two of our multiplier algebras are isomorphic, then they are isomorphic via
an isomorphism which preserves the grading.

Finally, Section 4.11 contains the main results about isometric and algebraic isomorphism
of the multiplier algebras. We finish by reformulating some of the results in terms of
restrictions of Drury-Arveson space, thereby providing a connection to examples in Chapter

3.

4.2. Preliminaries

Let B, denote the open unit ball in C?. Occasionally, we will allow d = oo, in which case
C? is understood to be ly. A unitarily invariant space on By is a reproducing kernel Hilbert
space H on By with reproducing kernel K which is normalized at 0, analytic in the first
component, and satisfies

KUz, Uw) = K(z,w)

for all z,w € B, and all unitary maps U on C?. Spaces of this type appear throughout the
literature, see for example [39, Section 4] or [38, Section 4]. The following characterization
of unitarily invariant spaces is well known. Since we do not have a convenient reference
for the proof, it is provided below.

Lemma 4.2.1. Let d € NU{oo} and let K : By x By — C be a function. The following
are equivalent:

(i) K is a positive definite kernel which is normalized at 0, analytic in the first compo-
nent, and satisfies K(z,w) = K(Uz,Uw) for all z,w € By and all unitary maps U
on C1.
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4. A new approach to the classification problem for multiplier algebras

(ii) There is a sequence (ay), of non-negative real numbers with ag = 1 such that

K(z,w) = Z an(z, w)"

n=0

for all z,w € By.

Proof. (ii) = (i) By the Schur product theorem (Theorem 2.1.4), the map (z,w) — (z,w)"
is positive definite for all n € N, hence K is positive definite. Clearly, K is normalized at
0 and invariant under unitary maps of C?. Moreover, for fixed w € By, the series in (ii)
converges uniformly in z on B,, hence K is analytic in the first variable.

(1) = (ii) Let 21, wy, 22, wy € By satisfy (21, w;) = (22, ws). We will show that K (21, w;) =
K (z3,wsy). This will complete the proof, since then, there exists a function f : D — C
such that K(z,w) = f({z,w)) for all z,w € B,. Since K is analytic in the first component
and is normalized at the origin, f is necessarily analytic and satisfies f(0) = 1. Positive
definiteness of K finally implies that the Taylor coefficients of f at 0 are non-negative, see
the proof of [3, Theorem 7.33] and also Corollary 4.6.3 below.

In order to show that K (z1,w;) = K (29, ws), first note that for z,w € By, the identity

K(\z,w) = K(z, \w)

holds for all A € T, as multiplication by a complex scalar of modulus 1 is a unitary map
on C%. Since K(z,\w) = K(A\w,z), we see that both sides of the above equation define
analytic maps in ) in an open neighbourhood of D, hence the above identity holds for all
X € D. In particular, we see that

K(rz,w) = K(z,rw)

for z,w € By and r € [0, 1]. Consequently, we may without loss of generality assume that
|wi]| = ||ws||. Then there exists a unitary map on C? which maps w; onto wy. Since K
is invariant under unitary maps by assumption, and so is the scalar product (-,-), we may
in fact suppose that w; = wy. Let w denote this vector. Since K is normalized at 0, the
claim is obvious if w = 0, so assume that w # 0.

From the assumption (z;,w) = (29, w), we deduce that there exist vectors v, ry,ry € C?
such that v € Cw and ry,ry € (Cw)t and such that

z=v+r (i=1,2).
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For A € T, let Uy, denote the unitary map on C? which fixes Cw and acts as multiplication
by A on (Cw)*. Then for i = 1,2 and A € T, we have

K(zj,w) = K(Uyz;, Uyw) = K(v + Arj, w).

Observe that the right-hand side defines an analytic function in A in an open neighbourhood
of D, which is therefore constant. In particular,

K(z,w) = K(v,w) = K(2,w),

which completes the proof. O

If H is a unitarily invariant space on B, then it easily follows from the representation
of the kernel in part (ii) of the preceding lemma that convergence in H implies uniform
convergence on rBy for 0 < r < 1. Since the kernel functions K(-,w) for w € B, are
analytic by assumption, and since finite linear combinations of kernel functions are dense
in ‘H, we therefore see that every function in H is analytic on By.

We also require the following straightforward generalization of [3, Theorem 7.33].

Lemma 4.2.2. Let d € NU {oo} and let H be a unitarily invariant space on By with

reproducing kernel

K(z,w) = Z an(z, w)",

n=0

where ag = 1. Assume that a1 > 0. Then the following are equivalent:

(i) H is an irreducible complete Nevanlinna-Pick space.

(ii) The sequence (b,)S2, defined by

n=1 ! Zzozoantn

for t in a neighbourhood of 0 is a sequence of non-negative real numbers.

In particular, if (ii) holds, then H is automatically irreducible.

Proof. Observe that

1 D
1— =N b, (2, W)
K(zw) 2 (=)

It is known that this kernel is positive if and only if b, > 0 for all n > 1 (see the proof of
[3, Theorem 7.33], and also Corollary 4.6.3 below). Consequently, the implication (i) =
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4. A new approach to the classification problem for multiplier algebras

(ii) follows from [3, Theorem 7.31], and (ii) = (i) will follow from the same result, once we
observe that # is irreducible in the setting of (ii).

Since ag = 1 and a; > 0, the space ‘H contains the constant function 1 and the coordinate
functions (see [39, Proposition 4.1] or [38, Section 4]), from which it readily follows that
K(-,z) and K(-,y) are linearly independent if = # y. We finish the proof by showing that
ZZOZO a,t™ never vanishes on . Assume toward a contradiction that ¢ty € D is a zero of
> ooe o ant™ of minimal modulus. Then the equality in (ii) holds for all ¢ € D with [¢] < |¢o],
and ty is a pole of > °°  b,t"™. Since b, > 0 for n > 1, this implies that |¢o| is a pole
of 77, b,t", and consequently |to| is a zero of Y~ a,t". This is a contradiction, since
ap =1 and a,, > 0 for n > 0, and the proof is complete. O

We observe that the Drury-Arveson space H? is a unitarily invariant complete Nevan-
linna-Pick space on B,,. Indeed, it corresponds to the choice a,, = 1 for all n € N above,
since its reproducing kernel is given by

1

(2, w0) = ———.
(2, w) 1 —(z,w)

Recall from Section 2.5 the universality theorem of Agler and McCarthy:

Theorem 4.2.3 (Agler-McCarthy). If H is a normalized irreducible complete Nevanlinna-
Pick space on a set X with kernel K, then there exists m € NU {oo} and an embedding
j: X — B, such that

K(z,w) = kn(j(2),j(w)) (z,w € X).

In this case, f — f o7 defines a unitary operator from an|j(X) onto H.

In this setting, we say that j is an embedding for H.

4.3. From multiplier algebras to kernels

We begin by observing that the kernel of a Nevanlinna-Pick space can be recovered from
the isometric structure of its multiplier algebra. Results similar to the next proposition
are well known, see for example [33] and [3], especially Exercise 8.35. Since we do not have
a reference for the exact statement, a complete proof is provided.
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4.3. From multiplier algebras to kernels

Proposition 4.3.1. Let ‘H be an irreducible reproducing kernel Hilbert space on a set
X with kernel K. Suppose that K is normalized at vo € X and satisfies the two-point
Nevanlinna-Pick property. Then

1 1/2
SWM%wwwuwmmms1awv@MZOPZO—Eﬂrm)

for every w € X, and this number is strictly positive if w # xo. Moreover, there is a unique
multiplier ., which achieves the supremum if w # xo, namely

L~ %ew
zZ,Ww
pr(z) = 1
1 - K(w,w)
Equivalently,
1
K(z,w)

T 1 pu(2)pu(w)

Proof. By the two-point Nevanlinna-Pick property, there exists a contractive multiplier ¢
with ¢(z9) = 0 and p(w) = A if and only if the Pick matrix at points (zq, w),

1 1
1 K(w,w)(1—[AP))"
is positive, which, in turn, happens if and only if

1

K > —.
(w,'I.U) — 1_ ’)\|2

This proves the formula for the supremum. Moreover, we see that the supremum is actually
attained.

Irreducibility of H implies that K(w,w) > 1 if w # zy. Indeed, since K is normalized

at xg, we have
1= K(x07w) = |<K(,’LU),K(,:C0)>| < K(waw)1/2

by Cauchy-Schwarz, with equality occurring only if K(-,w) and K(-,zo) are linearly de-
pendent. Since H is irreducible, this only happens if w = x.

Let ¢ = ¢, be any multiplier which achieves the supremum. If z € X is arbitrary, then
the Pick matrix at points (zo, w, z),

1 1 1
1 L Kw2)(l=pw)e(2) |,
I K(z,w)(1=p(2)e(w))  K(z2)(1 = [e(2)])
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4. A new approach to the classification problem for multiplier algebras

is positive, since |||y < 1 (observe that the three-point Nevanlinna-Pick property is
not needed for this implication). The determinant of this matrix is

=1 = K(z,w)(1 = o(2)p(w)),

hence

K(z,w)(1 = pu(2)pu(w)) = 1.

Since

eulw) = (1= )

the formula for ¢,, follows. In particular, ¢,, is unique if w # xy. m

The following consequence, which generalizes Section 5.4 in [3], is immediate.

Corollary 4.3.2. Let Hi and Ho be two irreducible Nevanlinna-Pick spaces on the same
set X, with kernels K1 and K, respectively, which are normalized at a point xo € X. Then
the following are equivalent:

(i) Mult(H1) = Mult(Hz) isometrically.

(il) Mult(#H1) = Mult(Hz) completely isometrically.

(iii) Hy = Ha isometrically.
) K

(iv

Proof. The implications (iv) = (iii) = (ii) = (i) are clear. The implication (i) = (iv)
follows from the preceding proposition. O]

Observe that the last result is generally false without the assumption that both spaces
are Nevanlinna-Pick spaces. Indeed, the Hardy space and the Bergman space on the unit
disc both have H*>°(D) as their multiplier algebra.

We can also use Proposition 4.3.1 to show that certain algebras of functions are not multi-
plier algebras of complete Nevanlinna-Pick spaces. For H*(B,), this is done in Proposition
8.83 in [3].

Corollary 4.3.3. There is no irreducible reproducing kernel Hilbert space on D? for d >

2 which satisfies the two-point Nevanlinna-Pick property and whose multiplier algebra is

H>(DA).
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4.3. From multiplier algebras to kernels

Proof. Let a = 1/2 and let w = (a,a,0,...) € D% Let ¢ € H*(D?) be non-constant with
|¢lleo < 1 and ¢(0) = 0. Then z — ¢(z, 2,0,...) defines an analytic map from D into D
which fixes the origin, hence |p(a)| < 1/2 by the Schwarz lemma. In particular,

N | —

sup{Re(¢(a)) : [[¢]|goepey < 1 and ¢(0) = 0} <

But there are several functions which realize the value 1/2, for example the coordinate
projections z; and zy. In particular, the extremal problem with normalization point 0 in
Proposition 4.3.1 does not have a unique solution. Since every non-vanishing kernel can be
normalized at an arbitrary point without changing the multiplier algebra (see Section 2.5
or [3, Section 2.6]), it follows that H°>°(D?) is not the multiplier algebra of an irreducible
reproducing kernel Hilbert space which satisfies the two-point Nevanlinna-Pick property.

O

We now consider a second way of recovering the reproducing kernel of a complete
Nevanlinna-Pick space from its multiplier algebra. In contrast to Proposition 4.3.1, this
approach uses the operator space structure of the multiplier algebra.

If p: X = B(E,C) is a function with ||p(z)|] <1 for all z € X, where £ is an auxiliary
Hilbert space, we define a kernel K, on X by

B 1
- 1-p(2)e(w)

Expressing the last identity as a geometric series, we see that K, is positive definite.

K,(z,w)

Proposition 4.3.4. Let H be an irreducible reproducing kernel Hilbert space on a set X
with kernel K, normalized at xo € X. Then K is an upper bound for the set

{Kw Lo € Mult(H ® &, H) with || M,]| < 1 and (x) = o}

with respect to the partial order given by positivity. Moreover, K is the mazimum of this
set if and only if H is a complete Nevanlinna-Pick space.

Proof. We first observe that every ¢ as in the proposition maps X into the open unit ball
of B(€,C). To this end, let z € X, and consider the Pick matrix associated to {zo,x}.
Since K is normalized at x¢, and since p(zy) = 0, we obtain

(1 Kwa -~ eopptar))
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4. A new approach to the classification problem for multiplier algebras

so this matrix is positive. In particular, the (2,2)-entry is necessarily bounded above by 1,
so that

le(@)]]* <1 -

Now, if ¢ : X — B(£,C) is a multiplier of norm at most 1, then K/K, is positive
definite by Lemma 2.3.1. If in addition ¢(zy) = 0, then K, is normalized at 0, hence so
is K/K,. This implies that K/K, — 1 is positive definite (see, for example, the proof of
Corollary 4.2 in [37]), and thus also

K
K=K, =K, (5 - 1)

©
is positive definite by the Schur product theorem. Consequently, K, < K.

If K belongs to the set in the statement of the proposition, then 1 — 1/K is positive
definite, so ‘H is a complete Nevanlinna-Pick space by Theorem 2.5.1.

Assume now that H is a complete Nevanlinna-Pick space, so that we can write

B 1
1= (0(2), b(w))

for some function b : X — B, by Theorem 2.5.2. Consider for z € X the row operator

K(z,w)

©(2) = (bi(2),ba(2),...) € B(f*,C),

where the b; are the coordinate functions of b. Since

K(z,w)(1 = p(2)p(w)’) =1,

we have ¢ € Mult(H @ (2, H) with ||¢|| < 1, and K = K,. Also, p(x) = 0 since K is
normalized at xg. O

One advantage of this second approach is that we also obtain information about inclu-
sions of multiplier algebras.

Corollary 4.3.5. Let Hy and Ho be reproducing kernel Hilbert spaces on the same set
X with kernels Ky and K, respectively. Assume that Hy is an irreducible complete
Nevanlinna-Pick space, and suppose that K1 and Ko are both normalized at xo € X. Then
the following are equivalent:

(i) Mult(#1) C Mult(H2), and the inclusion map is a complete contraction.
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4.3. From multiplier algebras to kernels

(il) Ky/ K is positive definite.

In this case, Hi C Ha, and the inclusion map is a contraction.

Proof. (i) = (ii) Proposition 4.3.4 yields a multiplier ¢ € Mult(H; ® £,H;) of norm at
most 1 such that K; = K,. By assumption, ¢ is a multiplier on H, of norm at most 1,
hence K,/K; = K,/ K, is positive. Moreover, another application of the proposition shows
that

K, =K, < Ky,

so that H; C H, and the inclusion map is a contraction.

(ii) = (i) always holds for reproducing kernel Hilbert spaces. Indeed, ¢ belongs to the
unit ball of Mult(H; @ ¢3(n), Hq @ ¢(n)) if and only if

Ky (2, w)(I = @(2)p(w)”)

is a positive definite operator valued kernel. By assumption and the Schur product theorem,
it follows that

Ko (z,w) (I — p(2)p(w)")
is positive definite, hence ¢ € Mult(Hy ® €2(n), Ho @ £2(n)) with ||p]] < 1. O

We finish this section by observing that the completely bounded version of Corollary 4.3.2
is not true, that is, if the identity map from Mult(#;) to Mult(#2) is merely assumed to
be a completely bounded isomorphism, then it does not follow that H; = H, as vector
spaces.

Example 4.3.6. Let D be the Dirichlet space on D, whose reproducing kernel is given by

log(l —wz
Kp(z,w) = —%

and let H? = H?(D) be the Hardy space on D with reproducing kernel

1
1—zw

Ky2(z,w) =

Then H? and D are complete Nevanlinna-Pick spaces (see, for example, [3, Corollary 7.41]).

Let (2,)22, be a sequence in (0, 1) with zgp = 0 and lim,,_, 2, = 1 which is interpolating
for the multiplier algebra of the Dirichlet space D. Then (z,) is also interpolating for
H* = Mult(H?), so if V = {2, : n € N}, then Mult(H?| ,) and Mult(D|,,) are equal as
algebras, since they are both equal to £°°.
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4. A new approach to the classification problem for multiplier algebras

In fact, the normalized kernels in Dlv and H?|  form a Riesz system (see Section 9.3 in

[2]), so there is a bounded invertible map

v

A: H?

|V KHz(-,w) > KD(-,w)

D h that A =
= Ply such tha <||KH2<-,w>|| 1Kp (- w)]|

for all w € V. A straightforward computation shows that if ¢ € Mult(H Q‘V), then

(AT MA" ) (w) = p(w) f(w)
for f € D|v and w €V, so
(A" 'M,A* = M,,.
It follows that the identity map between Mult(H> ‘V) and Mult(D‘V) is given by a similarity.

However, the spaces H 2}‘/ and D}V are not equal. Indeed, if f € D, then

[f(2)] = [{f, Kp(, 2)| < |[fIl vV Ep(z, 2) = [[f]|v/—log(1 — 2?)

as z — 1, but there are functions in H? which grow faster, such as

[e.9]

fz) =) (n+ 1),

n=0
for which |

) =r(5) =2
as z — 1 from below (see [29, Chap. XIII,p.280,ex. 7]).

4.4. Composition Operators

The methods of the last section also apply to composition operators on multiplier algebras.
If Ky and K, are two kernels on a set X, we say that K is a rescaling of K5 if there exists
a nowhere vanishing function 6 : X — C such that

Ki(z,w) =0(2)0(w)Ks(z,w) (z,w € X).

Rescaling is an equivalence relation on kernels, and two kernels which are equivalent in
this sense give rise to the same multiplier algebra (see Section 2.6 in [3]).
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Proposition 4.4.1. Let H1 and Ho be irreducible complete Nevanlinna-Pick spaces on sets
Xy and Xs with kernels K1 and K, respectively. Suppose that F : Xo — X1 is a bijection.
Then the following are equivalent:

(i) Cp : Mult(Hy) — Mult(Hz), o — @ o F, is an isometric isomorphism.
(ii) Ky is a rescaling of (K1)r, where (K1)p = K1(F(z), F(w)) for z,w € X,.
In fact, if

Ky(z,w) = 0(2)0(w) K1 (F(2), F(w)) (z,w € Xs)
for some nowhere vanishing function § on Xs, then
U:Hi—= Mo, frd(foF),
is unitary, and Cr = Ad(U).
Proof. (i) = (ii). We may assume that K, is normalized at a point g € X,. Define a
kernel K on X5 by

K (F(2), F(w)) K1 (F(x0), F(20))
Ky (F(2), F(20)) Ky (F(x0), F(w))

K(z,w) =

and let H be the reproducing kernel Hilbert space on X with kernel K. Since K is
a rescaling of (K;)p, the assumption implies that Mult(H) = Mult(Hsz), isometrically.
Moreover, K is normalized at xy, hence Ky = K by Corollary 4.3.2.

(ii) = (i). This implication holds in general, without the assumption that the kernels are
complete Nevanlinna-Pick kernels. To see this, it suffices to show the additional assertion.
It is a standard fact from the theory of reproducing kernels that U is unitary. Indeed, the
adjoint of U satisfies

UK (- w) = 6(w) Ky (-, F(w))
for all w € X5, thus the assumption easily implies that U* is unitary. Moreover, for f € Hs
and ¢ € Mult(H,), we have
* 1 —
UM U f =U(ps(fo 1)) = (po F)f,

hence Cr = Ad(U) is a well-defined completely isometric isomorphism. ]

The last result applies in particular to automorphisms of multiplier algebras.
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4. A new approach to the classification problem for multiplier algebras

Corollary 4.4.2. Let H be an irreducible complete Nevanlinna-Pick space on a set X with
kernel K, normalized at xy, and let F : X — X be a bijection and a = F~*(zg). Then Cp
is an isometric automorphism of Mult(H) if and only if

K(z,w)K(a,a)
K(z,a)K(a,w)

K(F(z), F(w)) =
for all z,w € X.
Proof. This follows from the preceding proposition as Kr is normalized at a. O

We wish to apply the preceding result to spaces of analytic functions on B,;. The group
of conformal automorphisms of B, is denoted by Aut(B,;). We also allow the case d = oo,
see [16] and the references therein.

Proposition 4.4.3. Let d € NU {oo} and let H be a reproducing kernel Hilbert space of
analytic functions on By with kernel K. Assume that K is normalized at 0 and does not
vanish anywhere on By. Then the identity

K(z,w)K(a,a)

K(e2), o) = 2 9K (@ )

(z,w € By), (4.1)

where a = ~1(0), holds for every ¢ € Aut(By) if and only if

1

REw =0y

for some a € [0, 0).

Proof. Tt is well-known that (4.1) holds if K(z,w) = (1—{(z,w))™", see [75, Theorem 2.2.5].
When raising this identity to the power of «, care must be taken if « is not an integer.
However, (4.1) holds for arbitrary «, and z,w € B, with ||z|| small, as K(z,w) is close to
1 in this case. Since both sides of (4.1) are analytic in z, it holds for all z € B,.

Conversely, suppose that (4.1) holds for all automorphisms ¢. Choosing ¢ to be unitary,
it follows that K (Uz, Uw) = K(z,w) for all unitary operators U on C%. By Lemma 4.2.1,
there exists an analytic function f : D — C with f(0) = 1 and non-negative derivatives at
0 such that

K(z,w) = f({z,w)).
We wish to show that f(z) = (1 — 2)~* for some a € [0,00). Since every conformal

automorphism of D extends to a conformal automorphism of B, (see [75, Section 2.2.8]),
it suffices to prove this for the case d = 1.
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For r € (—1,1), consider the conformal automorphism ¢, of D given by

or(z) = 17"—_rzz'
Then for z € D and w € (0,1), we have
Fon(ehon(uw)) = FEE S,

hence
Fler(2)er(w)) f(rz) f(rw) = f(zw) f(r?).
Taking the derivative with respect to r at r = 0, and simplifying, we obtain

(z + w)(f'(zw) (zw = 1) + f(2w) f'(0))) = 0

for all z € D and w € (0, 1), hence

f'(2) (A =2) = f(2)f(0) = 0.

for all z € D, and f(0) = 1. This is a first order linear ODE, whose solutions are given by

fz) =1 =2)"%,
where av = f’(0). Since f’(0) > 0, the result follows. O

The desired result about complete Nevanlinna-Pick spaces on B; whose multiplier alge-
bras are isometrically automorphism invariant is the following corollary.

Corollary 4.4.4. Let d € NU {oo} and let H be a reproducing kernel Hilbert space of
analytic functions on By with kernel K, normalized at 0. The following are equivalent:

(i) H is an irreducible complete Nevanlinna-Pick space and every ¢ € Aut(By) induces
an isometric composition operator on Mult(H).

(ii) There exists a € (0,1] such that
1
(1 - <Z> w>)a

Proof. In light of Corollary 4.4.2 and Proposition 4.4.3, it suffices to show that

K(z,w) = (z,w € By).

1

e =y
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4. A new approach to the classification problem for multiplier algebras

is an irreducible complete Nevanlinna-Pick kernel if and only if a € (0, 1].

If @ =0, then K is identically 1, and thus not irreducible. If o > 0, then Lemma 4.2.2
applies to show that K is an irreducible complete Nevanlinna-Pick kernel if and only if the
function 1 — (1 — z)® has non-negative Taylor coefficients at 0. Observe that

1—(1-2)° = i(—n’”l (Z)xk

k=1

where

(Z) :a(a—l)(a—2k)!...(a—k:+1)

The coefficient of 2 in this formula equals

ala—1)
;-

which is negative if a > 1. Conversely, if o < 1, then all Taylor coefficients are non-
negative. O

4.5. Algebraic consistency and varieties

When studying isomorphisms of multiplier algebras, we will usually make an additional
assumption, which, roughly speaking, guarantees that the functions in the reproducing
kernel Hilbert space are defined on their natural domain of definition.

More precisely, let H be a Hilbert function space on a set X with 1 € H. A non-zero
bounded linear functional p on H is called partially multiplicative if p(¢f) = p(e)p(f)
whenever ¢ € Mult(H) and f € H. We say that H is algebraically consistent if for every
partially multiplicative functional p on H, there exists x € X such that p(f) = f(x) for all
feH.

Ezxample 4.5.1. The reproducing kernel Hilbert space H on D with kernel

K(zw) = 3 27 (2m)" = 1_;_

1
22w

is not algebraically consistent. Indeed, every function in H extends uniquely to an analytic
function on the open disc of radius v/2 around the origin.
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Remark 4.5.2. Our definitions of a partially multiplicative functional and of algebraic con-
sistency are inspired by [12, Definition 1.5] of Cowen-MacCluer, but are slightly different.
A non-zero bounded linear functional p on H is partially multiplicative in the sense of
Cowen-MacCluer if p(fg) = p(f)p(g) whenever f,g € H such that the pointwise product
fg belongs to H as well. The Hilbert function space H is algebraically consistent in the
sense of Cowen-MacCluer if every such functional is given by evaluation at a point in X.
We also refer the reader to [57, Section 2]; their generalized kernel functions are precisely
the elements of H which give rise to partially multiplicative functionals in the sense of
Cowen-MacCluer.

Clearly, every functional which is partially multiplicative in the sense of Cowen-MacCluer
is partially multiplicative in our sense. Therefore, every Hilbert function space which is

algebraically consistent in our sense is algebraically consistent in the sense of Cowen-
MacCluer.

Our definition of algebraic consistency requires that 1 € H and is only meaningful if H
has “enough” multipliers. This limits its applicability for general Hilbert function spaces.
However, it seems to be well-suited for normalized irreducible complete Nevanlinna-Pick
spaces. In particular, we will see that in this setting, algebraic consistency in our sense is
closely related to the notion of a variety from [25] (see Proposition 4.5.6 below) and behaves
well with respect to restrictions of complete Nevanlinna-Pick spaces to subsets (see Lemma
4.5.4 below). Moreover, if H is a normalized irreducible complete Nevanlinna-Pick space,
then 1 € H and the multiplier algebra contains at least all kernel functions (this known fact
can be deduced, for example, from Proposition 4.3.1, as ¢, = 1 — 1/K(-,w) is a strictly
contractive multiplier, so K (-,w) = > 7 ¥ converges absolutely in the Banach algebra
Mult(#)). In particular, Mult(H) is dense in H. It remains open if the two definitions
of algebraic consistency agree for normalized irreducible complete Nevanlinna-Pick spaces
(see also Remark 4.5.5 below).

The following lemma provides examples of algebraically consistent spaces (compare with
[12, Theorem 2.15]). The proof in fact shows that for unitarily invariant spaces, our notion
of algebraic consistency and the one of Cowen-MacCluer coincide.

Lemma 4.5.3. Let d € NU {00} and let H be a complete Nevanlinna-Pick space on By
with kernel of the form

K(z,w) = Z an(z, w)"

n=0
such that ag =1 and a; # 0.

(a) If 3" an = 0o, then M is algebraically consistent on By.
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(b) If>°02gan < 00, but the series Y " anx™ has radius of convergence 1, then the func-
tions in H extend to (norm) continuous functions on By, and H is an algebraically
consistent space of functions on By.

(¢) If Yo% yanx™ has radz'us_of convergence greater than 1, then H is not algebraically
consistent on By or on B,.

Proof. We begin with some considerations that apply to both (a) and (b). It is known
that the condition a; # 0 implies that the function (-, w) is a multiplier for w € By (see,
for example, [33, Section 4]). Incidentally, this can also be deduced from Proposition 4.6.4
below. For each 7, let

i = p(2i)-

We claim that ()\;) € By. To this end, let w € By be finitely supported, say w; = 0 if
1t > N. Then

(A w) = Z A = p({- w)).

Since p is partially multiplicative and non-zero, p(1) = 1. Thus, we get

=N awp((w)™) = 3 anp((w)) = 3 an(h w)". (4.2)

In either case, the series )~ a,z" has radius of convergence 1, hence |[(\, w)| < 1. Since
w € B, was an arbitrary finitely supported sequence, we conclude that A € B,.

Assume now that y >~ a, = oco. We wish to show that A\ € B;. Suppose for a contra-
diction that ||A|] = 1. Observe that (4.2) holds for all w € By, so choosing w = r\ for
0 <r <1, we see that

Z%r 7%<WMZ%%)SWMZ%@%
n=0

which is not possible as >~ ja, = co. Consequently, A € B,, and it follows from (4.2)
that p equals point evaluation at A. This proves (a).

For the proof of (b), we observe that K extends to a jointly norm continuous function
on By x By, hence all functions in H extend to norm continuous functions on By, and H
becomes a reproducing kernel Hilbert space on B, in this way. Equation (4.2) shows that
every partially multiplicative functional is given by point evaluation at a point A € B, so
that H is algebraically consistent.
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Finally, to show (c), we observe that if >~ ja,z" has radius of convergence R > 1,
then the functions in H extend uniquely to analytic functions on the ball of radius VR.
In particular, H is not algebraically consistent on By or on By. O]

To show that algebraic consistency is closely related to the notion of a variety from [25],
we first need a simple lemma.

Lemma 4.5.4. Let H be a normalized irreducible complete Nevanlinna-Pick space on a
set X which is algebraically consistent. If Y C X, then 7-[|Y 1s an algebraically consistent
space of functions on'Y if and only if there is a set of functions S C H such that

Y={xeX: f(xr)=0 foral f €S}

Proof. Suppose that Y is the common vanishing locus of a set S C H, and let p be
a partially multiplicative functional on ?—[}Y. Then p(f) = p(f ‘Y) defines a partially
multiplicative functional on H. Since H is assumed to be algebraically consistent, p is
given by point evaluation at a point y € X. We claim that y € Y. To this end, observe
that for f € S, we have

fy) = p(f) = p(f],) = p(0) =0,
from which we deduce that y € Y. Since every function in H}Y is the restriction of a
function in H, it follows that p is given by evaluation at y. Hence, H‘Y is algebraically
consistent.

Conversely, assume that H}Y is algebraically consistent. Let S be the kernel of the
restriction map H — 7—[|Y and let Y denote the vanishing locus of S. Clearly, Y C }A/, and
we wish to show that Y = Y. To this end, observe that every function f &€ /H}Y extends
uniquely to a function ]/C\G 7—[‘? of the same norm. Assume for a contradiction that there
exists z € Y \ ' Y. Then we obtain a bounded functional p on ’H|Y which is defined by
p(f) = f(z). To see that p is partially multiplicative, note that if ¢ € Mult(#|,,), then
by the Nevanlinna-Pick property (see Lemma 2.4.3), ¢ extends to a multiplier on ’H‘f,,

which necessarily equals . Thus, g;} = cﬁf Since H is irreducible, it separates the points

of X, so p is not equal to point evaluation at a point in Y, a contradiction. Therefore,
Y=Y. O

Remark 4.5.5. Tt is the second part of the above proof where the difference between our
definition of partially multiplicative functional and the one of Cowen-MacCluer is impor-
tant. Whereas the functional p constructed above is partially multiplicative in our sense,
it does not seem to be clear if p is partially multiplicative in the sense of Cowen-MacCluer.
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Using notation as in the proof, the crucial question is the following: If f, g € ’H‘Y such
that fg € 7—[|Y, is fg = fg?

It is not hard to see that the following properties are equivalent for a normalized irre-
ducible complete Nevanlinna-Pick space H on a set X and a subset Y C X:

(i) Whenever f, g € ’H‘Y such that fg € ”H‘Y, then E = f@
(ii) Whenever f, g € ’H‘Y such that fg € H‘Y, then ffq\ € 7-[!?.
(iii)) Whenever hy, ho, hy € ‘H such that h; = hohs on Y, then hy = hohs on Y.

Here, as in the proof, Y denotes the vanishing locus of the kernel of the restriction map
H — H‘Y, which is the smallest common zero set of a family of functions in H which

contains Y. Moreover, for f € H{Y, the unique extension of f to a function in H}? is

denoted by ]/C\

Property (iii) and hence all properties are satisfied if H = H?*(D), the Hardy space on
the unit disc, and Y C D is any subset, since the product of two functions in H%(ID) belongs
to H'(ID), and the zero sets of families of functions in H?(D) and H!(D) coincide (they are
precisely the Blaschke sequences in D, see [30, Section I1.2]).

It does not seem to be known if these properties hold if H = H2 for d > 2 and Y C By
is an arbitrary subset. If they always hold in this case, then the arguments of this section
show that our notion of algebraic consistency and the one of Cowen-MacCluer agree for
normalized irreducible complete Nevanlinna-Pick spaces. We also refer the reader to [57,

Section 5], where it is shown these properties hold for H = H2 and certain special subsets
Y of B.

Let H be a normalized irreducible complete Nevanlinna-Pick space on X with kernel K.
Recall from Section 4.2 that an embedding for H is an injective function j : X — B, such
that

K(z,w) = km(j(2),j(w)) (2,0 € X),

where k,, denotes the kernel of the Drury-Arveson space on B,,. A variety in B,, (see [25,
Section 2|) is the common zero set of a family of functions in HZ.

Proposition 4.5.6. Let H be a normalized irreducible complete Nevanlinna-Pick space on
a set X with kernel K. The following assertions are equivalent:

(1) H is algebraically consistent.
(ii) There exists an embedding j : X — B, for H such that j(X) is a variety.
(iii) For every embedding j : X — B, for H, the set j(X) is a variety.
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(iv) Every weak-x continuous character on Mult(H) is given by evaluation at a point in
X.

Proof. Let j : X — B,, be an embedding for H, and let V' = j(X). Then

U:H| —H, fr fojy,

v

is a unitary operator, and consideration of the map 7" — UTU* shows that U maps
Mult(an‘V) onto Mult(#H). Thus, H is algebraically consistent if and only if an‘v is
Observe that H? is algebraically consistent by Lemma 4.5.3. Thus, the equivalence of (i),
(ii) and (iii) follows from Lemma 4.5.4.

To see that (iii) implies (iv), we note that the identification of Mult(H?> } ) with Mult(#)
from the first part is a weak-x-weak-*x homeomorphism, since it is 1mp1emented by conju-
gation with a unitary operator. Thus, the result follows from the fact that every weak-x
continuous character on Mult(HﬁL!V) is given by evaluation at a point in V', provided that
V is a variety (see [25, Proposition 3.2]).

Conversely, suppose that (iv) holds, and let p be a partially multiplicative functional on
H. Then the restriction of p to Mult(H) is a character. Since

p(p) = p(M,1)  for all ¢ € Mult(H),

it is weak-* continuous. By assumption, there is a point € X such that p(¢) = ¢(z) for
all ¢ € Mult(H). Since Mult(H) is dense in H, it follows that p is given by evaluation at
x. Consequently, H is algebraically consistent. O]

In the setting of the last proposition, we identify X with a subset of the maximal ideal
space of Mult(H) via point evaluations.

Lemma 4.5.7. Let Hy, and Hy be normalized algebraically consistent irreducible complete
Nevanlinna-Pick spaces on sets X, and X, respectively. Let & : Mult(H;) — Mult(Hs) be
a unital homomorphism. Then the following assertions are equivalent:

(i) ® is weak-x-weak-x continuous.
(i) *(X2) C Xi.
(iii) There is a map F : Xo — X3 such that
O(p) =po F

for all p € Mult(H,).
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In this case, the map F in (iii) is the restriction of ®* to Xj.

Proof. The implication (i) = (ii) follows immediately from the description of the weak-x
continuous characters in Proposition 4.5.6. Assume that (ii) holds, and let F' denote the
restriction of ®* to X,. Then

D(p)(A) = °(0x)(#) = (Or)(p) = (9o F)(A)

for all A € X5. Hence, ® is given by composition with F', that is, (iii) holds.

To show that (iii) implies (i), it suffices to show that ® is weak-*-weak-* continuous on
bounded sets by the Krein-Smulian theorem. This in turn follows from the general fact
that for a bounded net of multipliers, convergence in the weak-* topology is equivalent to
pointwise convergence (see Lemma 2.2.4).

Finally, if F' is as in (iii), then

for all z € X, and all ¢ € Mult(#,), so the assertion follows from the fact that Mult(#,)
separates the points of X as H; is an irreducible complete Nevanlinna-Pick space (this
can be deduced, for example, from Proposition 4.3.1). O

As a consequence, we see that weak-x-weak-+x homeomorphic isometric isomorphisms
between multiplier algebras are always unitarily implemented. In [25], this was shown for
spaces which admit an embedding into a finite dimensional ball using different methods.
This additional assumption was recently removed in [76] by refining these methods.

Proposition 4.5.8. Let Hy and Hs be normalized algebraically consistent irreducible com-
plete Nevanlinna-Pick spaces on sets X; and Xs, respectively. Let ® : Mult(H,) —
Mult(Hs) be a unital isometric isomorphism. If ® is a weak-x-weak-+ homeomorphism,
then ® 1is given by composition with a bijection F 'Y — X and it is unitarily imple-
mented.

Proof. Lemma 4.5.7, applied to ® and ®~!, shows that ® is given by composition. Thus,
Proposition 4.4.1 implies that ® is unitarily implemented. O
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4.6. Graded complete Nevanlinna-Pick spaces

4.6. Graded complete Nevanlinna-Pick spaces

In this section, we consider reproducing kernel Hilbert spaces which admit a natural grad-
ing. Let H be a reproducing kernel Hilbert space on a set X with reproducing kernel K,
and let X be equipped with an action of the circle group T. We say that K is T-invariant
if

T—C, A— K(\z,w),

is continuous for all z,w € X, and
KAz, \w) = K(z,w)

forall A € T and z,w € X. Then the T-action on X induces a strongly continuous unitary
representation

I''T— BH), TN(f)z)=f(A2).

Indeed, I'(\) is unitary for A € T, and for v,w € X, we have
(TVK(w), K(-,0)) = KA, w),
which is continuous in A\. For n € Z, let
Hy={feH :T(\)f=A"fforall A\ € T}.

Then the closed subspaces H, are pairwise orthogonal, and it follows from a standard
application of the Fejér kernel that

H=EPH..

neL

Elements of H,, are called homogeneous of degree n.

Ezample 4.6.1.  (a) Let d < oo and Q C C? be open and connected with 0 € Q and
T € Q. Then T acts on §2 by scalar multiplication. Let H be a reproducing kernel
Hilbert space of analytic functions on 2 with a T-invariant kernel K. It is not hard to see
that

H, ={f € H: fis a homogeneous polynomial of degree n}

for n > 0, and H,, = {0} for n < 0. Concrete examples of this type include many classical
spaces on By or D, such as the Hardy space and the Dirichlet space.
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4. A new approach to the classification problem for multiplier algebras

(b) Let d € NU {0}, and let X C C? satisfy DX C X. Let H be a reproducing kernel
Hilbert space on X with a T-invariant kernel K, and assume that for f € H and z € X,

the function -
fo :D—=>C, 2z f(zz),
is contained in the disc algebra. Then #,, = {0} for n < 0 and for n > 0, the space #,

consists of all functions f in H such that f, is a multiple of 2" for every x € X.

We require a homogeneous decomposition not only for functions, but also for kernels.

Lemma 4.6.2. Let K be a T-invariant positive definite kernel on X, possibly with zeroes
on the diagonal. Then there are uniquely determined Hermitian kernels K,, on X such that
for z,w € X, we have

(1) K,(Az,w) = \"K,(z,w) for A\ € T and
(2) K(z,w) =),z Kn(z,w), where the series converges absolutely.

In this case, K, is the reproducing kernel of the space of homogeneous elements of degree
n in H. In particular, each K, is positive definite.

Proof. Let H be the reproducing kernel Hilbert space on X with kernel K. For w € X let
K(-,w) ::zg:]{n(vuo
neZ

be the homogeneous expansion of K(-,w) in H = ,,., Hn. Observe that for f € H,, and
w € X, we have

(f, Kn(-sw)) = (f, K(-,w)) = [(w),
hence K, is the reproducing kernel of H,, and in particular positive definite. The first
property is clear. Since convergence in H implies pointwise convergence on X, it follows

that
K(z,w) = Z K,(z,w).

Positive definiteness of K implies that |K,(z,w)|* < K, (z,2)K,(w,w), thus |K,(z,w)| <
max{ K, (z,z), K,(w,w)}, so the series converges absolutely.

The uniqueness statement follows from the uniqueness of the Fourier expansion of the
continuous function

A K(Qzw) =) Kp(Az,w) =Y XK, (2,w)

nez ne”L

on T. O
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4.6. Graded complete Nevanlinna-Pick spaces

Incidentally, the last lemma provides a simple proof of the following known fact (cf. the
proof of Theorem 7.33 in [3]).

Corollary 4.6.3. Let (a,), be a sequence of complex numbers such that the power series
Yoo g ant™ has a positive radius of convergence R. Let € be a Hilbert space and let Br(0)
denote the open ball of radius R around 0 in €. Then the function K defined by

K(z,w) =Y an(z,w)" (2w € Bg(0))

is a positive definite kernel if and only if a, > 0 for all n € N.

Proof. By the Schur product theorem, (z,w) +— (z,w)" is a positive definite kernel for all
n € N. Thus, the backward direction is clear. Conversely, if K is a positive definite kernel,
then an application of Lemma 4.6.2 shows that

K, (z,w) = a,(z,w)"

defines a positive definite kernel for all n € N. In particular, each K, is Hermitian, hence
a, € R. Moreover, if a,, < 0, then — K, is positive definite as well, hence K,, = 0 and thus
a, = 0. This observation finishes the proof. O

Let H be a reproducing kernel Hilbert space on a set X with a T-invariant kernel K.
Assume that K is normalized at a point in X, so that the constant function 1 is contained
in % and has norm 1. Recall that  admits an orthogonal decomposition H = @,,.;, Hn.
We say that H is standard graded if Hy = C1 and H,, = {0} for n < 0. All spaces in
Example 4.6.1 are standard graded, provided their kernel is normalized at a point. In
particular, unitarily invariant spaces on By are standard graded.

In Drury-Arveson space, the multiplier norm of a homogeneous polynomial is equal to
its Drury-Arveson norm. This can be shown by embedding H? into the full Fock space (see
also [80, Lemma 9.5]). For a special class of complete Nevanlinna-Pick spaces H on D, it
was shown in Lemma 3.7.2 that ||2"|[% = ||2"||mus(s) for all n € N. The next proposition
generalizes these results.

Proposition 4.6.4. Let H be an wrreducible complete Nevanlinna-Pick space which is
standard graded. If f € H is homogeneous, then f € Mult(H) and || f||muer) = || f]]#-

Proof. The proof is an abstract version of the proof of Lemma 3.7.2. Let K = > K,
be the homogeneous decomposition of K from Lemma 4.6.2. In a first step, we will show
that for every pair of natural numbers n and k, the kernel

Kn+k - KnKk

85



4. A new approach to the classification problem for multiplier algebras

is positive definite. We proceed by induction on n. The assumption Hy = C1 implies that
Ko = 1, so this is trivial for n = 0. Assume that n > 1 and that the assertion is true
for 0,1,...,n — 1. Since K is a normalized irreducible complete Nevanlinna-Pick kernel,
F=1- % is a positive definite kernel on X by Theorem 2.5.1, and it is clearly T-invariant.
Let F' =3 """ F; be the homogeneous decomposition of F'. Since K = KF' + 1, we have

iKl - iiKi_]‘Fj + 1,
1=0

i=0 j=0

where we have used that all series converge absolutely. Since the homogeneous expansion
is unique, we may compare homogeneous components in this equation. For ¢ = 0, we use
that Ky =1 to obtain Fy = 0. For ¢ > 1, we therefore get the identity

K; = Z K;_jF;.
j=1

Using this identity with ¢ = n + k£ and ¢ = n, we deduce that

n+k n

K = KBy = Y K jFy = ) K j Ky F
j=1 j=1

> (Knihj — Kn jEKR)F; >0

j=1
by induction hypothesis and the Schur product theorem. This finishes the inductive proof.

Now, let f € H be homogeneous of degree n > 0 and suppose that ||f|lx < 1. A
well-known characterization of the norm in a reproducing kernel Hilbert space implies that

(va) = K(Z,U)) - f(Z)m

is positive definite. Note that the degree n homogeneous component of this kernel is
K,(z,w) — f(2)f(w), which is positive definite by Lemma 4.6.2. Using the Schur product
theorem, we deduce that

S Kile, w)(Kolz,w) — £(2)Fw))

is positive definite. Since K, K < K, this implies that

03 Kuirlzw) = S (K2 w) ()T @) < K (2,0)(1 — £(2)F(w)),
k=0 k=0
so that f is a contractive multiplier on H. O]
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4.6. Graded complete Nevanlinna-Pick spaces

Remark 4.6.5. For Drury-Arveson space, the above proof can be somewhat simplified. In
this case, K, (z,w) = (z,w)", hence K, = K, K}, so that the first step is trivial.

As a consequence, we obtain a simple necessary condition for the complete Nevanlinna-
Pick property of a unitarily invariant space.

Corollary 4.6.6. Let d € NU {oo} and let H be an irreducible unitarily invariant repro-
ducing kernel Hilbert space on By with reproducing kernel

K(z,w) = Z an(z, w)"

such that ag = 1. If H is a complete Nevanlinna-Pick space, then
AnQl < Gpik
for alln, k € N.
Proof. The proof of Proposition 4.6.4 shows that if H is a complete Nevanlinna-Pick space,

then
Kn+k - KnKk

is positive definite for every k,n € N. But
K, (z,w) = a,(z,w)"
for z,w € By, hence the result follows. O
FEzample 4.6.7. In the setting of the last lemma, let a,, = (n+1)® for n € N. If s > 0, then
a%:45>3‘9:a2,

so H is not a complete Nevanlinna-Pick space. Observe that if d = 1 and s = 1, we obtain
the well-known fact that the Bergman space on D is not a complete Nevanlinna-Pick space.
Example 4.6.8. Let us observe that the necessary condition in Corollary 4.6.6 is not suffi-
cient. Let d = 1 and define ag = 1,a; = %,an = 1 for n > 2, that is, H is the space on D
with reproducing kernel

- 1 1
K = n w)" = — = _‘
(z,w) ,;0 a,(2W) w550
Then aga, < a, for n, k € N. However,
1 1 3 1 )
l———— =220+ ~(zw0) + - (zw)® — —(zw)* + h.o.t..
K o) 570+ 4(zw) + 8(zw) 16(zw) +h.o

Hence, H is not a complete Nevanlinna-Pick space by [3, Theorem 7.33].
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4. A new approach to the classification problem for multiplier algebras

If H is a standard graded complete Nevanlinna-Pick space, we let A(H) denote the norm
closed linear span of the homogeneous elements in Mult(#). For example, A(H?) is the
disc algebra.

For standard graded complete Nevanlinna-Pick spaces, there is a bounded version of
Corollary 4.3.2.

Proposition 4.6.9. Let X be a set equipped with an action of T. Let Hi and Ho be two
wrreducible complete Nevanlinna-Pick spaces on X with reproducing kernels Ky and Ko,
respectively. Assume that Hy and Hy are standard graded with respect to the action of T
on X. Then the following assertions are equivalent:

(i) H1 = Hz as vector spaces.

(il) Mult(H) = Mult(Hs) as algebras.

) A(Hy) = A(H2) as algebras.

(iv) There exist ¢y, cy > 0 such that 3Ky — K, and 3K, — Ky are positive definite.
)

(v

(iii

The identity map Hi — Hs 15 a bounded isomorphism which induces similarities
Mult(Hl) Mult(HQ) and A(Hl) (7‘[2)

Proof. The equivalence of (i) and (iv) is well known. (v) implies (i), (ii) and (iii) is
trivial, and (i) implies (v) follows from the closed graph theorem. It remains to see that
(ii) or (iii) implies (i). In both cases, H; and Hy have the same homogeneous elements
by Proposition 4.6.4. Moreover, since all algebras in question are semi-simple, there are
constants C, Cy > 0 such that

@||f||Mu1t(H2) < f vty < Crllfl vuteers)

for every homogeneous element f (see [17, Proposition 4.2]). Since homogeneous elements
of different degree are orthogonal in ‘H; and H,, we deduce from Proposition 4.6.4 that
there is a bounded isomorphism H; — Hs which acts as the identity on homogeneous
elements, and hence everywhere. Thus, (i) holds. O

4.7. Restrictions of unitarily invariant spaces

For the remainder of this chapter, we will consider restrictions of unitarily invariant spaces
on By, and from now on, we will always assume that d < oc.
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Suppose that H is a unitarily invariant space on B, with reproducing kernel

K(z,w) = Zan(z,w)”, (4.3)

where ag = 1 and a,, > 0 for all n € N. We will assume that H has the following properties:
(a) H contains the coordinate functions.
(b) H is algebraically consistent on B,.
(c) H is an irreducible complete Nevanlinna-Pick space.

For simplicity, we will call a space which satisfies these conditions a unitarily invariant
complete NP-space on B,.

The conditions above can also be expressed in terms of the reproducing kernel. If the
kernel is given as in (4.3), then (a) is equivalent to demanding that a; > 0 (see, for example
[38, Section 4] or [39, Proposition 4.1]). Lemma 4.5.3 shows that Condition (b) holds if and
only if the radius of convergence of the series >~ ° ja,t™ is 1 (so that H is defined on By)
and Y a, = oo. In the presence of (a), H is an irreducible complete Nevanlinna-Pick
space if and only if the sequence (b,,)>°, defined by

> 1
bt =1 — (4.4)
2 T

for ¢ in a neighbourhood of 0 is a sequence of non-negative real numbers, see Lemma 4.2.2.

We will also consider spaces on By. The only difference to the above setting is that here,
the functions in H are assumed to be analytic on B; and continuous on B,. Moreover, H
is assumed to be algebraically consistent on By. In terms of the reproducing kernel K, this
means that ) >°  a, < oo but the power series >~ a,t" has radius of convergence 1 (see
Lemma 4.5.3). We call such a space a unitarily invariant complete NP-space on B, We
say that H is a unitarily invariant complete NP-space to mean that H is either a unitarily
invariant complete NP-space on B, or on By.

Remark 4.7.1. Let H be a unitarily invariant complete NP-space as above.
(a) H is standard graded in the sense of Section 4.6.

(b) The condition that the sequence (b,) in Equation (4.4) in non-negative is often
difficult to check in practice. A sufficient condition for this to hold is that the sequence
(an)y, is strictly positive and log-convex, i.e.

Qn < Ap—1

Ap+1 Qp

(n > 1),

see, for example, [3, Lemma 7.38].
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4. A new approach to the classification problem for multiplier algebras

(¢) Since H contains the coordinate functions, it follows from Proposition 4.6.4 that the
coordinate functions are multipliers. Thus, all polynomials are multipliers. In particular,
H contains all polynomials, so that a,, > 0 for all n € N (see also [38, Section 4]).

(d) The monomials z*, where a runs through all multi-indices of non-negative integers
of length d, form an orthogonal basis for H. Moreover,

al
Zoz 2 -
| | ||H | a| | Qo
for every multi-index « (see, for example, [38, Section 4] or [39, Proposition 4.1]). It follows
from unitary invariance that
| |2 | ’w’ ’2n

for all w € C% and all n € N.

Ezample 4.7.2. For —1 < s <0, let H,(B,) be the reproducing kernel Hilbert space on B,

with kernel .

Ky(zw) =Y (n+1)"*(zw).

n=0
Using part (b) of Remark 4.7.1, it is easy to see that Hs(B,) is a unitarily invariant complete
NP-space on Bj.

If s < —1, the series in the definition of K, converges on By x By. Let H,(By) be the
reproducing kernel Hilbert space on B, with this kernel. As above, it is not hard to see
that this space is a unitarily invariant complete NP-space on By.

Closely related to the spaces Hs(By) for s € (—1,0] are the spaces from Corollary 4.4.4.
If a € (0, 1], the space K, with reproducing kernel

-
(1= {z,w))

is a unitarily invariant complete NP-space on B,;. Expressing the reproducing kernel as a
binomial series and using part (d) of Remark 4.7.1, it is straightforward to see that K,
and H,_1 agree as vector spaces, and have equivalent norms.

K(z,w): (z,wEIB%d)

Remark 4.7.3. While we assume that our spaces on B, are invariant under unitary maps,
we specifically do not assume that they are invariant under other conformal automorphisms
of the unit ball. Such an assumption would simplify some arguments, but the condition of
automorphism invariance is often difficult to check in practice. Indeed, even for spaces on
D, there does not seem to be a simple criterion for automorphism invariance. We refer the
reader to [12, Section 3.1] and [13, Section §].
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We now turn to restrictions of unitarily invariant complete NP-spaces. Suppose that
I C Clz,...,z4 is a homogeneous ideal. Following [21], we define

Z°(I) = V(I) N By

and
Z(I) =V (I) N By,

where

V(I)={z€C*: f(z)=0forall fcI}

denotes the vanishing locus of I. Observe that since I is a proper ideal, Z°(I) always
contains the origin.

If H is a unitarily invariant complete NP-space on By, we define H; = 7-[| 200" IfHisa

unitarily invariant complete NP-space on By, we define H; = ’H‘ 20" Recall from Lemma
2.1.2 that the norm on H; is defined in such a way that the restriction map from H onto
H; is a co-isometry. Lemma 4.5.4 shows that H; is algebraically consistent in both cases.
Observe that the circle group acts on Z°(I) and on Z(I) by scalar multiplication, which
gives the spaces H; a grading in the sense of Section 4.6. Moreover, the restriction map
from H onto H; respects the grading. Thus, a function in H; is homogeneous of degree n
if and only if it is the restriction of a homogeneous polynomial of degree n.

Since an ideal and its radical have the same vanishing locus, there is no loss of generality
in restricting our attention to radical homogeneous ideals. If I C Cl[z, ..., z4] is a radical
homogeneous ideal, then the ring of polynomial functions on V(1) is canonically isomorphic
to the quotient Cl[zy, ..., z4]/I by Hilbert’s Nullstellensatz. The following lemma, which
gives a different description of the space H;, can be thought of as a Hilbert function space
analogue of this fact. Results of this type are certainly well known (cf. [241, Section 6]),
but we do not have a convenient reference for the precise statement.

Lemma 4.7.4. Let H be a unitarily invariant space on By or on By with reproducing kernel
K, and let I C Clz, ..., 24] be a radical homogeneous ideal. Then the closure of I in H is
given by

Yz{fe?-[:f’zo([) = 0}.

Hence the map
Hel— Hy,

giwen by restriction, is a unitary operator. Moreover, H & I s the closed linear span of the
kernel functions K(-,w) for w € Z°(I).
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Proof. Let
R:H— 7‘[1

be the restriction map. Then R is a co-isometry by definition of H;, thus it suffices to show
that ker R = I. It is clear that I C ker R. Conversely, let f € ker R and let f = > f,
be the homogeneous decomposition of f. Then

0= ftz) = Y " ful2)

for all t € D and all z € Z°(I), hence each f, vanishes on V/(I). Consequently, f, € I for
all n € N by Hilbert’s Nullstellensatz, thus f € I.

Since the restriction map from H onto H; is a co-isometry, it follows that this map is a
unitary operator from H © I onto ‘H;. Moreover, given f € H, we see that f is orthogonal
to the kernel functions K(-,w) for w € Z°(I) if and only if f vanishes on Z°(I), which
happens if and only if f € I by the first part. m

Thus, instead of thinking of H  as a space of functions on Z°(I) or on Z(I), we may also
regard it as a subspace of H. The following lemma shows how composition operators act
in this second picture of H;. It is a straightforward generalization of a well-known result
about composition operators on reproducing kernel Hilbert spaces (see, for example, [12,
Theorem 1.4]).

Lemma 4.7.5. Let H be a reproducing kernel Hilbert space on a set X with reproducing
kernel Ky, and let IC be a reproducing kernel Hilbert space on a set Y with reproducing
kernel Ki. Suppose that Z C X and W C Y, and define

1Z)={fen:f|,=0)
and

(W)= {fEIC:f!Wzo}.
Then for a function ¢ : W — Z, the following are equivalent:

(i) There exists a bounded composition operator C, : H‘Z — IC}W such that Cy,(f) = fop
for all f € 'H}Z.

(ii) There exists a bounded operator T, : K & I(W) — H & I(Z) with T(Kk(-,w)) =
Kx (-, p(w)) for allw € W.
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In this case,
TSO = REI(C@)*R‘/V?

where

z:Hel(Z)

f=fl,
and

Ry :KeIW)—= K|, = fly

denote the unitary restriction maps.

Proof. Suppose that (i) holds. For w € W and f € H © I(Z), we have

(f. R7(Co) R Kic (s w))w = {(f] 1) 0 0, Kic (-, w)] i
= [(p(w))
= (s K 0(w)) )

Since Ky (-, p(w)) € He I(W), we conclude that (ii) holds with T, = R} (C,)* Ry, which
also proves the additional assertion.

Conversely, if (i) holds, let f € H & I(Z) and let w € W. Clearly, R}(f|,) = f and

Ry (Kk (-, ‘W K (-, w), hence

(RWT;R*ZJC‘Z>( = (RwT f, Kk (-, w |W Klw
= ([, T Kic (-, w))2
= (f, Kn (s o(w)))n
= (fop)(w).
Consequently, (i) holds with C, = Rw T R}. O

It may seem restrictive that we only consider restrictions to varieties defined by homo-
geneous polynomials. Indeed, if H is a unitarily invariant complete NP-space on B, and
X C By has circular symmetry, i.e. TX = X, then ”H| « 1s standard graded in the sense of
Section 4.6. It turns out, however, that algebraic consistency forces X to be a homogeneous
variety. More generally, we obtain the following result.

Lemma 4.7.6. Let H be a normalized irreducible Hilbert function space of analytic func-
tions on By (respectively of continuous functions on By which are analytic on By). Let
X C By (respectively X C By) be a non-empty set which satisfies TX C X. ]fH’X is alge-
braically consistent, then X = Z°(I) (respectively X = Z(I)) for some radical homogeneous
ideal I C Clz, ..., zd4).
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Proof. We first consider the case where H is a space of analytic functions on B,;. Let I be
the ideal of all polynomials that vanish on X. Suppose that f € O(B,) vanishes on X,
and let f =" f. be the homogeneous expansion of f. Given z € X, the function

D—C, A= f(O),

is contained in the disc algebra and vanishes on T, hence it vanishes identically. Using
the homogeneous expansion of f, we see that f,(z) = 0 for all n € N. Thus, every f,
and hence f vanishes on Z°(I). This argument also shows that I is a homogeneous ideal.
Moreover, every function in H‘ « extends uniquely to a function in O(B,) | ZO 0"

Clearly, X C Z°I). To establish equality, denote for f € H the unique extension
of f to a function in O(B,) | 2001 by f. Observe that f in fact belongs to 7—[! 2001) and

has the same norm as f. Since (9 (By) |ZO ) is an algebra, we see that g;}" = @f for all
¢ € Mult( H!X )and f € H|X. Assume for a contradiction that there exists z € Z°(I)\ X.
Then f — f(w) defines a bounded functional on 7—[} « Which is partially multiplicative.

Since H is irreducible, this functional is not given by evaluation at a point in X. This
contradicts algebraic consistency of 7—l| «» hence X =7 o).

Finally, if # is a space of continuous functions on B, which are analytic on By, then the
proof above applies to this setting as well once we replace Z°(I) with Z(I) and O(Bgy) with
the algebra of all continuous functions on B; which are analytic on B,. O

4.8. The maximal ideal space

To classify the multiplier algebras of the spaces H; introduced in the last section, we follow
the same route as [24]. To this end, we first study the character spaces of these multiplier
algebras. We begin with an easier object. Recall that if H is a standard graded complete
Nevanlinna-Pick space, A(H) denotes the norm closure of the span of all homogeneous
elements in Mult(#). If A is a unital Banach algebra, we let M(A) denote its maximal
ideal space.

Lemma 4.8.1. Let H be a unitarily invariant complete NP-space on By or on By, and let
I C Clz,...,z4 be a radical homogeneous ideal. Then

M(A(HI)) — Z(]>7 pr— (P(Zl), SR 7p(Zd)>7

s a homeomorphism.
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Proof. Let p € M(A(H;)). We first show that A = (p(z1),...,p(z4)) € By Suppose
otherwise, and let 0 < r < 1 be such that ||7A|| > 1. If p is a polynomial with homogeneous
decomposition p = ZfLO P, then

2n

Eﬂz
WE

p(rA)? < (irwp(pm)z <

n=0 n

| Pn] |§/Iult(’z’-[1)‘

Il
=)
Il
=)

n

By Proposition 4.6.4, |[p.||mutr,) = ||Pnl|#,, hence this quantity is dominated by

1 N 1
2 _ 2
— Xgupnuqﬂ = 5 lplf-

Consequently, p — p(r)) extends to a well-defined bounded functional p on H;. It is easy
to see that p is partially multiplicative, but

(ﬁ(zl)’ S 7ﬁ(2d)) =7\ §é E

This contradicts the fact that H; is algebraically consistent. Clearly, A € V(I). Thus, if ®
denotes the map from the statement of the lemma, it follows that ®(p) € Z(I). It is clear
that @ is continuous, and since the polynomials are dense in A(#;) by definition, it is also
injective.

Since M(A(H;)) is compact, we may finish the proof by showing that ® is surjective. If
H is a space on By, then the elements of A(H ) extend to continuous functions on Z(I),
as the multiplier norm dominates the supremum norm. If H is a space on B, they are
already defined on Z(I), so in both cases, every A\ € Z(I) gives rise to a character 0, given
by point evaluation at A, and this character satisfies ®(J,) = A. O

The character space of the whole multiplier algebra is often much more complicated.
Indeed, if H is the Hardy space H?*(D), then Mult(#) = H*, an algebra whose character
space is known to be very complicated (see, for example, [36, Chapter V]).

Since every character on Mult(#;) restricts to a character on A(H;), we obtain in the
setting of the last lemma a continuous map

7 M(Mult(Hp)) — Z(I), p—= p(z1,...,24).

This map is surjective, as evaluation at a point in Z°(I) is a character and the character
space is compact.

If H is a space on By, then Mult(?;) consists of continuous functions on the compact
set Z(I). The weak-* continuous characters are precisely the point evaluations at points in

95



4. A new approach to the classification problem for multiplier algebras

Z(I) by Proposition 4.5.6 and thus form a compact subset of M(Mult(?)). The question
whether every character is a point evaluation in this setting remains open.

If H is a space on By, then the weak-* continuous characters are point evaluations at
points in Z°(I), again by Proposition 4.5.6, thus they form a proper subset of the maximal
ideal space. The next lemma shows that in this case, multipliers can oscillate wildly near
the boundary of By, and hence the character space of Mult(H;) is rather complicated.

Lemma 4.8.2. Let ‘H be a unitarily invariant complete NP-space on By and let I C
Clz1,. .., z4] be a radical homogeneous ideal. Let (\,) be a sequence in Z°(I) which satisfies
lim,, o |[|[Anl| = 1. Then (\,) contains a subsequence which is interpolating for Mult(H;).
In particular, 71 ()\) contains a copy of BN\ N for every A\ € V(I) N OB,.

Proof. The proof of Proposition 3.9.1 shows that it suffices to show that K;(\,, A,) con-
verges to oo, where K denotes the reproducing kernel of H;. However, if

K(z,w) = an(z,w)" (z,w € By)

n=0

denotes the reproducing kernel of H, then K7 is simply the restriction of K to Z°(I)x Z%(I).
Moreover, since H is algebraically consistent on By, we have Y ° ' a,, = 0o by Lemma 4.5.3,
thus K7(A,, A,) tends to oo, as asserted.

For the proof of the additional assertion, we note that for every A\ € V(I) N 0By, there is
an interpolating sequence (A,) which converges to A by the first part. Hence, the algebra
homomorphism

is surjective, and its adjoint is a topological embedding of AN \ N into 7= (). O

We now turn to the fibers of 7w over points in the open ball. Let H be a unitarily invariant
complete NP-space on B; or on By, and let

7 M(Mult(H)) = B, pr (p(z1),...,p(2)),

be the map from above. For A\ € By, the fibers 7='()\) always contains the character of
evaluation at A. If one allows the case d = oo, then these fibers can be much larger, see
Example 3.2.4. We say that H is tame if the fibers of 7 over B, are singletons. Equivalently,
if p is a character on Mult(#) such that A = 7(p) € By, then p is the character of evaluation
at \. Note that even if H is a space on B, we do not impose a condition on fibers over the
boundary. It remains open whether there are non-tame spaces if d < co. We also mention
that for spaces on D, the question of when the fibers of 7 are singletons already appears
in [21] (see Question 3 on page 78).
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Example 4.8.3. Perhaps the easiest example of a tame space is the Hardy space H?(D)
on the unit disc. Let us briefly recall the well-known argument, which we will generalize
below. Suppose p is a character on H*(D) = Mult(H?(D)) such that A = p(z) € D. If
v € H*(D), then

o= 2L Z_fg\A) e H™(D)

by the maximum modulus principle, and

o =p(A)+ (2= Npa

Since p is a character and since p(z — \) = 0, it follows that

thus p is the character of evaluation at .

Remark 4.8.4. If H is tame and if I C Clzy, ..., 2z4] is a radical homogeneous ideal, then
H; is similarly well-behaved. More precisely, if p is a character on Mult(#;) such that
7(p) € By (and hence 7(p) € Z°(I)), then p is the character of evaluation at . Indeed,
this follows from tameness of H and from the fact that the restriction map from Mult(H)
to Mult(#;) is surjective, since H is a Nevanlinna-Pick space.

Proposition 3.2 in [25] shows that H3 is tame (for d < oo). The argument in [25]
uses a result about characters on the non-commutative free semigroup algebra L£; from
[21], and the fact that Mult(H?) is a quotient of L4 [22]. Since this does not apply
to unitarily invariant complete NP-spaces besides HZ, we will use a different argument
similar to the one in Example 4.8.3. The underlying principle, however, is always the
same, namely a factorization result for elements in the Banach algebra in question. In the
following proposition, we record some sufficient conditions for tameness in decreasing order
of generality.

Proposition 4.8.5. Let H be a unitarily invariant complete NP-space with reproducing
kernel K(z,w) =3 " a,(z,w)". Consider the following conditions:

(a) Gleason’s problem can be solved in Mult(H). That is, given A € By and ¢ € Mult(H),
there are @1, ..., pq € Mult(H) such that
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4. A new approach to the classification problem for multiplier algebras

(b) For every A € By, the space

1s closed in H.

(¢) The condition

lim

holds.
Then (c¢) = (b) = (a), and each of (a), (b), (c) implies that H is tame.

Proof. We first show that (a) implies that # is tame. Let p be a character on Mult(H)
with 7(p) = A € B, and let ¢ € Mult(#). By assumption, there are ¢4, ..., ps € Mult(H)

such that
d

=) =) (2 — M.
i=1
Since the right-hand side is contained in the kernel of the multiplicative linear functional
p, it follows that

p(e) = p(A),
hence p is the character of point evaluation at .

(b) = (a) We use a factorization theorem for multipliers on complete Nevanlinna-Pick
spaces to show that (a) is satisfied (cf. Section 4 of [37]). We first claim that

d

D (s = MH={f eH: f(}) =0}

i=1

Indeed, to see the nontrivial inclusion, suppose that f € H vanishes at A. Since the
polynomials form a dense subset of #H, there is a sequence (p,) of polynomials which
converges to f in ‘H. Then (p, — p,(X)) is a sequence of polynomials vanishing at A which
converges to f, as evaluation at A is continuous. Observe that the space on the left-hand
side contains all polynomials vanishing at A and is closed by assumption. Thus, f belongs
to the space on the left-hand side, as asserted.

Hence, if ¢ € Mult(#H) with ¢(X) = 0, then ran(M,,) is contained in the range of the
row multiplication operator
(May—nyy oo s May—n,).
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Let 2 — A denote the B(C?, C)-valued multiplier (z; — Ay, ..., 24— Aq). Then by the Douglas
lemma, there exists ¢ > 0 such that

MM} < M. _\M}_,.

In this situation, a factorization theorem valid for multiplier algebras of complete Nevan-
linna-Pick spaces (see, for example, Theorem 8.57 in [3]) implies the existence of a B(C, C?)-
valued multiplier ¥ such that

c(z=ANU = .
Writing
(O
v=1:1,
(0¥
we see that .
o= (zi = Ni)(cths).
i=1

Consequently, Gleason’s problem can be solved in Mult(#), so (a) holds.

(¢c) = (b) The proof uses the notion of essential Taylor spectrum (see, for example,
Section 33 and 34 in [60], Section 2.6 in [30], or [15]). By Theorem 4.5 (2) in [39], the
assumption that a,/a,;1 converges to 1 implies that the essential Taylor spectrum of
M, = (M,,,...,M,,) equals OB, hence the d-tuple (M., — Ay, ..., M,, — A4) is a Fredholm
tuple for all A = (Aq,...,A\y) € By. In particular, the last coboundary map in the Koszul
complex has closed range, thus the row operator

(M, — Ay, .o, M, — A\g)
has closed range for all A € B;. Consequently, (b) holds. O
Ezample 4.8.6. The spaces H,(Bgy), Hs(By) and K, in Example 4.7.2 all satisfy condition

(c) of the preceding proposition and are hence tame.

Remark 4.8.7. (a) The regularity condition lim,, a2 = 1is not uncommon in the study
of unitarily invariant kernels, see for example Section 4 in [38]. Proposition 4.5 in [38] shows
that this condition automatically holds if Y~ ° ; a, = oo and (a,) is eventually decreasing.

(b) If (@), is log-convex (see part (b) of Remark 4.7.1), then lim,,_,« oo always exists

in [0,00]. Since H is assumed to be algebraically consistent on B, or on B,, the power
series 220:0 a,z" has radius of convergence 1 (see Lemma 4.5.3), hence lim,,_, a“—il =1is
automatic in this case.
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4. A new approach to the classification problem for multiplier algebras

(c) As mentioned after Lemma 3.7.3, it is possible to modify Example 6.12 in [25] to
construct a unitarily invariant complete NP space H on D which violates condition (a) at
A =0, and hence all conditions of the preceding proposition. It is not known if this space
‘H is tame.

(d) The idea to use the factorization theorem to solve Gleason’s problem in Mult(#)
already appears in [37], where this was done for the multiplier algebra of the Drury-Arveson
space. The main difference between the two arguments is that in [37], it was shown that
Gleason’s problem can be solved in Mult(H?) for A = 0, and automorphism invariance
of Mult(H?) was used to deduce the general case. The argument here does not require
automorphism invariance.

We finish this section by observing that tameness is also implied by the presence of
a Corona theorem. In practice, this result is of very limited use, since establishing
tameness is usually much easier than establishing a Corona theorem. Indeed, it is very
easy to see that H?*(D) is tame (see Example 4.8.3), whereas the Corona theorem for
H* (D) = Mult(H?(D)) is hard. Nevertheless, since there are no known examples of com-
plete Nevanlinna-Pick spaces on B; for which the Corona theorem fails, the next result
explains the lack of examples of spaces which are not tame.

Proposition 4.8.8. Let H be a unitarily invariant complete NP-space on By. If the set of
all point evaluations at points in B, is weak-+ dense in the maximal ideal space of Mult(H),
then H is tame.

Proof. Let p be a character on Mult(#) such that 7(p) = A € B;. By assumption, there
is a net of points (A,) in By such that d,, converges to p in the weak-* topology. Hence,
Ao = 7(0y,) converges to A = m(p). Since the multipliers are continuous on By, it follows
that d,, converges to d, in the weak-* topology, whence p = dj. O

4.9. Holomorphic maps on homogeneous varieties

In the last section, we saw that the maximal ideal space of an algebra of the type A(H;)
or Mult(#;) contains a copy of the homogeneous variety Z°(I). We will see in the next
section that under suitable conditions, algebra homomorphisms between our algebras in-
duce holomorphic maps between the varieties. Thus, we will require some results about
holomorphic maps on homogeneous varieties. The arguments presented in the first part
of this section (up to Lemma 4.9.6) already appeared in the author’s Master’s thesis [11,
Section 3.3].
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Throughout this section, let I, J C C|zy,. .., z4] be radical homogeneous ideals. We say
that a map F : Z°(I) — C%, where d’ € N, is holomorphic if for every z € Z°(I), there
exists an open neighbourhood U of z and a holomorphic function G on U which agrees
with F on U N Z°(I).

We require the following variant of the maximum modulus principle.

Lemma 4.9.1. Let F : Z°(I) — By be a holomorphic map. If F is not constant, then
F(Z°(I)) C B,.

Proof. We may assume that {0} C Z°(I). Suppose that there exists w € Z°(I) such that
||F'(w)|| = 1 and choose w € Z°(I) satisfying w € Dw. The ordinary maximum modulus
principle shows that the holomorphic function

D—D, te (F(tw),F(w)),

is the constant function 1. Consequently, F(tw) = F(w) for all ¢t € D, and in particular
F(0) = F(w) € OB,;. Now, if z € Z°(I) is arbitrary, another application of the maximum
modulus principle shows that the function

D—D, t (F(tz),F(0)),

is the constant function 1, hence F'(z) = F'(0). Thus, F' is constant. O

The next goal is to show that every biholomorphism between Z°(I) and Z°(J) which
fixes the origin is the restriction of an invertible linear map. This result is Theorem 7.4 in
[24], where it was established by adjusting the proof of Cartan’s uniqueness theorem from
[75, Theorem 2.1.3]. We provide a simpler proof, which only uses the Schwarz lemma from
ordinary complex analysis. We begin with the following variant of the Schwarz lemma.

Lemma 4.9.2. Let d € N and let F : Z°(I) — By be a holomorphic map such that
F(0) =0. Then ||F(2)|| < ||2|| for all z € Z°(I). If equality holds for some z € Z°(I)\{0},
then there exists wy € OBy such that

F(t : >:tw0 (4.5)

[I2]]

for allt € D. In particular, F' maps the disc Cz N By btholomorphically onto the disc
CF(z) NBy in this case.
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Proof. We may assume that {0} C Z°(I). Let z € Z°(I) \ {0}, suppose that F(z) # 0 and
define wy = F(2)/||F(2)||. By the classical Schwarz lemma, the function

FiDoD, tes <F(t|l—z”),wo>,

satisfies |f(t)| < [t| for all t € D. The first statement now follows by choosing ¢t = ||z||.

If [|F(2)]| = ||z||, then f(]|z]|) = ||z]|, thus f is the identity by the Schwarz lemma. Since
| F (tHZTH)H < |t| for all t € D by the first part, Equation (4.5) holds. The last assertion is
now obvious. O

The desired result about biholomorphisms which fix the origin follows as an application
of the last lemma.

Proposition 4.9.3 ([21, Theorem 7.4]). Let F : Z°(I) — Z°(J) be a biholomorphism
such that F(0) = 0. Then there exists an invertible linear map A on C* which maps V (I)
isometrically onto V(J) such that A‘ZO(I) =F.

Proof. We may again assume that {0} C Z°(I). Let G be a holomorphic map which is
defined on a neighbourhood U of 0 and which coincides with F' on UNZ%(I). Let Ay be the
derivative of G at 0. Lemma 4.9.2, applied to F' and its inverse, shows that ||F(2)|| = ||z||
for all z € Z°(I), so the second part of the same lemma applies. Taking the derivative
with respect to ¢ in Equation (4.5) for fixed z € Z°(I) \ {0}, we see that wy necessarily
satisfies wy||z|| = Apz, hence

F(z) = ||z||lwo = Apz.

Thus, AO} o0 = F, and Ay is isometric on Z°(I) since F' is. Linearity of Ay implies that
Ap maps V(1) isometrically onto V' (.J).

Finally, the same argument, applied to F'~! in place of F', shows that there exists a
linear map By on C¢ such that BO‘ 200) = F~1. From this, we deduce that A, restricts to

a linear isomorphism from the linear span of Z°(I) onto the linear span of Z°(J). Thus, if
we let A be an invertible extension of AO‘ 20(1) to C?, then A satisfies all the requirements
of the proposition. O

We also crucially require a result from [24], which, loosely speaking, allows us to repair
biholomorphisms which do not fix the origin. This result is contained in the proof of
Proposition 4.7 in [24]. The proof in [24] proceeds in two steps. In a first step, tools
from algebraic geometry and knowledge about the structure of conformal automorphisms
of By are used to reduce the statement about arbitrary homogeneous varieties to the case
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of discs. The second step, which deals with the case of discs, is an argument from plane
conformal geometry.

It turns out that the first step, namely the reduction to discs, also follows immediately
from Lemma 4.9.2.

Lemma 4.9.4. Let F : Z°(I) — Z°(J) be a biholomorphism with F(0) # 0. Let b= F(0)
and let a = F~1(0). Then ||a|| = ||b|| and F maps the disc D1 = CanBy biholomorphically
onto the disc Dy = Cb N By.

Proof. Let
FiD = 200)), tes F(ti)

lal]

and let ¢ be an automorphism of I which maps 0 to ||a|| and vice versa. Then h = fo ¢
satisfies the assumptions of Lemma 4.9.2, hence

[[bl] = [[R([lalDI] < flall

By symmetry, ||a|| < |[b]], so ||a|| = ||b]|. It now follows from the second part of Lemma
4.9.2 that h maps D biholomorphically onto the disc Dy. The result follows. O]

The second step is essentially the following lemma. For A € T, let U, denote the unitary
map on C? defined by
Ux(z) = Az

for z € C“.

Lemma 4.9.5 (Davidson-Ramsey-Shalit [21]). Let ¢ be a conformal automorphism of D.
The set
{(Uyop ' olU,00)(0): \,peT}CD

is a closed disc around 0 which contains the point o~ 1(0).

Proof. We repeat the relevant part of the proof of Theorem 7.4 in [241]. The assertion is
trivial if o fixes the origin, so we may assume that ¢(0) # 0. Then

C={(U,09)0): neT}

is the circle around 0 with radius |¢(0)|. Since automorphisms of D map circles to circles, it
follows that the set ¢~1(C) is a circle which obviously passes through 0. Moreover, ¢~*(0)
is contained in the interior of the circle ¢~1(C) as 0 is contained in the interior of C. Thus

{(Urxop oU,09)(0): A\ pueT}={Uxp ' (C)): AeT}

is a closed disc around 0 which contains ¢1(0). O
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Observe that if I C Clzy, ..., 24 is a radical homogeneous ideal, then U leaves Z°(I)
and Z(I) invariant for each A € T. Combining Lemmata 4.9.4 and 4.9.5, we obtain the
result from [24] which allows us to repair biholomorphisms which do not fix the origin.

Lemma 4.9.6 (Davidson-Ramsey-Shalit [21]). Let I,J C Clzy,...,24] be radical homo-
geneous ideals and suppose that F : Z°(I) — Z%(J) is a biholomorphism. Then there are
A, i € T such that the biholomorphism

FoUyoF 'oU,oF:Z°I)— Z°(J)
fixes the origin.

Proof. The assertion is trivial if F(0) = 0, so we may assume that F'(0) # 0. It follows
then from Lemma 4.9.4 that it suffices to consider the case where d = 1 and where Z°(I) =
Z%(J) = D, the unit disc. An application of Lemma 4.9.5 shows that there are \,u € T
such that

F710) = (Uyo F~'oU, o F)(0),

hence FoUyo F~'oU,o F fixes the origin. O

We finish this section by giving another application of the crucial Lemma 4.9.5 of David-
son, Ramsey and Shalit [21]. We will show that the group of unitaries is a maximal sub-
group of Aut(B,), the group of conformal automorphisms of B,. Since the group Aut(B,)
is well studied, it is likely that this has been observed before. Nevertheless, even when
d = 1, the only result in this direction that seems to be widely known is the fact that the
group of unitaries is a maximal compact subgroup of Aut(B,).

Recall that for a € By, there exists an automorphism ¢, of B, defined by

a— P,z — 5,0,z
- <Zv a)

va(2) = (2 € Ba),

where P, is the orthogonal projection of C? onto the subspace spanned by a, Q, = I — P,
and s, = (1 — |a|?)"/2. Then ¢, is an involution which interchanges 0 and a (see, for
example, [75, Theorem 2.2.2]). Moreover, every ¢ € Aut(B,) is of the form ¢ = U o ¢,,
where U is unitary and a = ¢~1(0) [75, Theorem 2.2.5]. We begin with a preliminary
lemma.

Lemma 4.9.7. Let G C Aut(B,) be a subsemigroup which contains all unitary maps and
let O denote the orbit of O under G. Then the following assertions hold:

(a) G is a subgroup of Aut(B,).
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(b) A point a € By belongs to O if and only if v, € G.
(c) G = Aut(By) if and only if O = B,.

Proof. (a) If ¢ € G, then ¢ = Uy, for some unitary map U and a € B,;. Then ¢, € G.
Since ¢, is an involution, it follows that ¢! = p,U~! € G. Hence, G is a group.

(b) For the proof of the non-trivial implication, suppose that a € O and let ¢ € G with
a = ¢(0). Then p~! € G by part (a) and (¢~*)7*(0) = a, hence

¢ '=Uoep,

for some unitary map U. Since U € G, it follows that ¢, € G, as asserted.

(c) This follows immediately from (b) and the description of the automorphisms of B,
in terms of unitary maps and the involutions ¢,. O]

We now show that the group of rotations is a maximal subgroup of the group Aut(D).
We will then deduce the higher-dimensional analogue from this result.

Lemma 4.9.8. The group of rotations is a mazximal subgroup of the group Aut(D).

Proof. Let G be a subgroup of Aut(D) which properly contains the group of rotations. Let
O be the orbit of 0 under G. We wish to show that O = D, which is equivalent to the
assertion by part (c¢) of Lemma 4.9.7.

We first claim that DO C O. To this end, let a € O. Then ¢, € G by part (b) of
Lemma 4.9.7. An application of Lemma 4.9.5 now shows that O contains the closed disc
of radius |a| around 0, which proves the claim.

We finish the proof by showing that O contains points of modulus arbitrarily close to
1. Since G contains a non-rotation automorphism, @ # {0}. Clearly, O is rotationally
invariant, hence there exists r > 0 such that » € O and therefore ¢, € G by part (b) of
Lemma 4.9.7. Consider the hyperbolic automorphism f defined by

£) = prl=2) = 1=

for z € D. Then f € G. Moreover, it is well known and easy to see that

lim £7(0) = 1,
n—oo
where f" denotes the n-fold iteration of f. Thus, the proof is complete. n
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We are now ready to prove a multivariate analogue of the last lemma.

Proposition 4.9.9. The group of unitary maps on C? is a mazimal subsemigroup of
Aut(IBd).

Proof. Suppose that G is a subsemigroup of Aut(B,) which properly contains the group of
unitary maps. Then G is a subgroup by part (a) of Lemma 4.9.7. Let O denote the orbit
of 0 under G. Our goal is to show that O = B, (see part (c¢) of Lemma 4.9.7). Since G
contains all unitaries, it suffices to show that De; C O, where e; denotes the first standard
basis vector of C.

To this end, let
H={peG:pDe)=De}.

Identifying De; with D we obtain a subgroup
H= {gp!D cp € H}

of Aut(D). Clearly, H contains all rotations Uy for A € T. Since G contains a non-unitary
automorphism, {0} # O. Moreover, O is invariant under unitary maps, hence there exists
r > 0 such that re; € O and thus ¢,., € G by part (b) of Lemma 4.9.7. Observe that
Yre;, € H, 50 H contains the non-rotation automorphism ¢,. It now follows from Lemma
4.9.8 that H = Aut(D). Since Aut(D) acts transitively on I, the definition of H implies
that De; C O, which completes the proof. n

There is an immediate consequence for collections of functions on B, which are unitarily
invariant.

Corollary 4.9.10. Let S # 0 be a collection of functions on By and define
G={pe€Aut(By): fop eSS forall f € S}.

Assume that G contains U, the group of unitary maps on C%. Then either G = U or
G = Aut(IBd).

Proof. 1t is clear that G is a subsemigroup of Aut(By), so the result follows from Proposition
4.9.9. ]

The last result applies in particular to reproducing kernel Hilbert spaces H on B, with
a kernel of the form

K(z,w) = Zan(z,w)” (z,w € By).
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In this case, by the closed graph theorem, G is also the set of all automorphisms of B,
which induce a bounded composition operator on H. Moreover, G contains all unitaries.
Thus, the last result says that such a space H is either invariant under all automorphisms
of By, or under unitaries only.

4.10. Existence of graded isomorphisms

The question of when two algebras of the type Mult(#;) are isomorphic is more difficult
than the question about equality of multiplier algebras studied in Section 4.6. The chief
reason is that isomorphisms do not necessarily respect the grading. Thus, our goal is
to establish the existence of graded isomorphisms. As in [24], this will follow from an
application of Lemma 4.9.6.

Throughout this section, let H and K be unitarily invariant complete NP-spaces on B,
or on By and let I, J C Clz,..., 2] be radical homogeneous ideals. We allow the case
where H is a space on By, and K is a space on By, or vice versa. We will consider the
multiplier algebras Mult(#;) and Mult(IC;), as well as their norm closed versions A(H)
and A(K ). To cover both cases, we first study homomorphisms from A(#;) into Mult(KC,).
We identify the maximal ideal space of A(#;) with Z(I) by Lemma 4.8.1. Similarly, we
identify Z°(J) with a subset of the maximal ideal space of Mult(K ;) via point evaluations.
The following lemma should be compared to Proposition 7.1 and Lemma 11.5 in [24].

Lemma 4.10.1. Let H and K as well as I,J C Clz, ..., 24 be as above.
(a) If D : A(H;) — Mult(K;) is an injective unital homomorphism, then ®* maps Z°(J)
holomorphically into Z°(I).
(b) If® : Mult(H;) — Mult(K;) is an injective unital homomorphism and weak-+-weak-*
continuous, then ®* maps Z°(J) holomorphically into Z°(I).

(c) If & : Mult(H;) — Mult(K,) is an injective unital homomorphism, and if H is tame,
then ®* maps Z°(J) holomorphically into Z°(I), and ® is weak-+-weak-+ continuous.

Proof. (a) Clearly, ®* maps Z°(J) into Z(I), and the j-th coordinate of ®* is given by
®(z;) € A(Hr), hence F' = ®* }ZO(J) is holomorphic. Lemma 4.9.1 shows that the range of F'
contains points in OB, only if F' is constant. In this case, ®(z;) = Aj, where (A1,...,\g) €
OB,. Since @ is unital and injective, it follows that A\; = z; on Z°(I), which is absurd.
Thus, the range of F is contained in Z°([).

(b) By definition of the map = : M(Mult(H;)) — Z(I), part (a) implies that 7o ®* is
holomorphic and maps Z°(J) into Z°(I). Since ® is weak-+-weak-* continuous, ®*(Z°(J))
consists of point evaluations by Lemma 4.5.7, so the assertion follows.
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(c) Again by part (a), m o ®* is holomorphic and maps Z°(J) into Z°(I). Since H is
tame, we conclude that ®* maps Z°(J) into the set (of point evaluations at points in)
Z%I) (see Remark 4.8.4). If K is a space on By, Lemma 4.5.7 therefore implies that ® is
weak-*-weak-* continuous. Now, assume that K is a space on By. If H is a space on By as
well, then ®*(Z(J)) C Z(I) by continuity of ®*, thus ® is again weak-*-weak-* continuous
by Lemma 4.5.7.

It remains to consider the case where H is a space on B,y and K is space on B;. We
claim that ®*(Z°(J)) is contained in a ball of radius r < 1. This will finish the proof,
as ®*(Z(J)) Cc rZ(I) C Z°(I) by continuity, so once again, the assertion follows from
Lemma 4.5.7. Suppose that ®*(Z°(J)) contains a sequence (®*(\,)) with |[|[®*(\,)|| — 1.
By passing to a subsequence, we may assume that (\,) converges to a point A € Z(J).
Lemma 4.8.2 shows that there is a multiplier ¢ € Mult(?;) such that (p(P*(\,))) does
not converge. However,

P(27(An) = (2(9))(An),

and ®(p) € Mult(K;) is a continuous function on Z(J). This is a contradiction, and the
proof is complete. O

For isomorphisms, we obtain the following consequence.

Corollary 4.10.2. Let H and K as well as I,J C C|zy, ..., zq4] be as above.

(a) If @ : A(H;) — A(H,) is an isomorphism, then ®* maps Z°(J) biholomorphically
onto Z°(I).

(b) Let ® : Mult(#H;) — Mult(H,) be an isomorphism, and assume that H is tame or
that ® is weak-x-weak-+ continuous. Then ®* maps Z°(J) biholomorphically onto
Z%I), and ® is a weak-x-weak-+ homeomorphism.

Proof. (a) immediately follows from part (a) of the preceding lemma.

(b) By part (c) of the last lemma, ® is weak-*-weak-* continuous in both cases. Since
it is also a homeomorphism in the norm topologies, the Krein-Smulian theorem combined
with weak-* compactness of the unit balls shows that ®~! is weak-*-weak-* continuous as
well (see, for example, the argument at the end of the proof of Theorem 3.2.5). Thus, part
(b) of the last lemma also applies to @', so that ®* is a biholomorphism between Z°(.J)
and Z°(1). O

For n € N, let (H;), denote the space of all homogeneous elements of H; of degree n.
Recall that (H;), C A(H;) for all n € N. We say that a homomorphism ® : A(H;) —
Mult(K,) is graded if

O((Hr)n) C (K)n
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4.10. Existence of graded isomorphisms

for all n € N. Graded isomorphisms admit a particularly simple description in terms of
their adjoint.

Lemma 4.10.3. Let H and K as well as I, J C C|zy, ..., zq4] be as above, and suppose that
O A(H;) = A(Ky) is an isomorphism (respectively that ® : Mult(H;) — Mult(K;) is a
weak-x-weak-x continuous isomorphism). Then the following are equivalent:
(i) @ is graded.
(il) @*(0) = 0.
(iii) There exists an invertible linear map A on C* which maps V (J) isometrically onto
V(I) such that ® is given by composition with A, that is,

P(p) =po A

for all o € A(Hp) (respectively ¢ € Mult(H;)).

Proof. (iii) = (i) is obvious.

(i) = (ii) Let A\ = ®*(0) € Z(I). If A # 0, then there is a homogeneous element
¢ € A(H;) of degree 1 such that p()\) # 0. Corollary 4.10.2 implies that ®*(0) € Z°(1),
hence

D(0)(0) = p(27(0)) = (A) # 0.

In particular, ®(¢) is not homogeneous of degree 1, hence ® is not graded.

(i) = (iii) By Corollary 4.10.2, ®* maps Z°(J) biholomorphically onto Z°(I). Since
®*(0) = 0, Proposition 4.9.3 therefore yields an invertible linear map A which maps V' (J)
isometrically onto V() such that ®* coincides with A on Z°(J). It follows that

D(p) =po A

on Z°(J) for all p € A(H;) (respectively ¢ € Mult(H)). Moreover, if ® is a map from
A(Hy) onto A(K,), then this identity holds on Z(J) by continuity.

Assume now that ® is a map from Mult(H;) onto Mult(K,). If K is a space on By,
we are done. If K and H are spaces on By, then ®(¢) = ¢ o A again holds on Z(J) by
continuity. We finish the proof by showing that the remaining case where I is a space on
By, H is a space on By and V/(J) # {0} does not occur. Indeed, in this case, V(1) # {0}
and ®* would map Z(J) onto a necessarily compact subset of Z°(I) by Lemma 4.5.7. This
contradicts the fact that ®* maps Z°(.J) onto Z°(I). O
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We mention that in the case where H = K = H3, the Drury-Arveson space, isomorphisms
as above are called vacuum-preserving in [24].

The desired consequence about the existence of graded isomorphisms is the following
result.

Proposition 4.10.4. Let H and K as well as I,J C Clzy, ..., zq4] be as above.

(a) If A(H;) and A(K;) are algebraically (respectively isometrically) isomorphic, then
there exists a graded algebraic (respectively isometric) isomorphism from A(Hy) onto
A(Ky).

(b) If Mult(H;) and Mult(KC;) are algebraically (respectively isometrically) isomorphic
wa a weak-x-weak-x continuous isomorphism, then there exists a graded weak-x-

weak-+ continuous algebraic (respectively isometric) isomorphism from Mult(H) onto
Mult (K ).

Proof. By Lemma 4.10.3, it suffices to show in each case that there exists an isomorphism
whose adjoint fixes the origin. We will achieve this by applying Corollary 4.10.2 and
Lemma 4.9.6. To this end, observe that for A € T, the unitary map Uy on C? given by
multiplication with A induces a unitary composition operator Cy, on Hy. If ¢ € Mult(H;),
then

CUAMSOCI*JA = Meou,

hence ®f(M,;) = Cy, M,Cy;, defines an isometric, weak-#-weak-* continuous automorphism
of Mult(#;) which maps A(#;) onto A(Hy). Clearly, the adjoint of this automorphism,
restricted to Z°(I), is given by multiplication with Uy. The same result holds for K; in
place of H;.

Suppose now that @ is an isomorphism between A(#H;) and A(K;) (respectively a weak-
*-weak-+ continuous isomorphism between Mult(H;) and Mult(KC;)). By Corollary 4.10.2,
the adjoint ®* maps Z°(J) biholomorphically onto Z°(I). From Lemma 4.9.6, we infer
that there exist A, u € T such that the map

®* o Uy o (®*) ' oU, 0 ®*
fixes the origin. This map is the adjoint of
Pod od ! odfod,

which is an isomorphism between A(#H;) and A(K,) (respectively a weak-s-weak-* con-
tinuous isomorphism between Mult(#;) and Mult(KC;)). Moreover, it is isometric if ® is
isometric, which finishes the proof. O
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4.11. Isomorphism results

We are now ready to establish the main results about isomorphism of multiplier algebras
of spaces of the type H;. We will usually make an assumption which guarantees that the
Hilbert function spaces have dimension at least 2. In projective algebraic geometry, the
maximal ideal of Cl[zy, ..., z4] which is generated by the coordinate functions z,. .., z4 is
called the irrelevant ideal (see [90, Chapter VII]). This is because the vanishing locus of
this ideal in C? is just the origin, hence the projective vanishing locus in P4~1(C) is empty.
We will say that a radical homogeneous ideal of Clzy, ..., z4] is relevant if it is proper and
not equal to the irrelevant ideal. By the projective Nullstellensatz, the projective vanishing
locus of every such ideal I is not empty, thus Z°(I) C C? always contains a disc.

Proposition 4.11.1. Let H and K be unitarily invariant complete NP-spaces, and let 1
and J be relevant radical homogeneous ideals in Clzy, ..., zq|. Let & : A(H;) — A(K;) be
a graded algebraic isomorphism (respectively ® : Mult(H;) — Mult(K,) a graded weak-*-
weak-+ continuous isomorphism).

Then H = K as vector spaces, and there exists an invertible linear map A which maps
V(J) isometrically onto V(I) such that ® is given by composition with A. Moreover, A
induces a bounded invertible composition operator

CAZH[—)ICJ, fl—)fOA,

such that
(I)(Mso) - CAM@(CA)_l

for all p € A(Hy) (respectively ¢ € Mult(H;)). In particular, ® is given by a similarity.

Proof. By Lemma 4.10.3, there exists an invertible linear map A which maps V' (J) iso-
metrically onto V(I) and such that ® is given by composition with A. Since all Banach
algebras under consideration are semi-simple, ® and its inverse are (norm) continuous (see
[17, Proposition 4.2]). Thus, if f € H; is homogeneous, then Proposition 4.6.4 shows that

1f o Allie, = I1f o Allwaeee,y < NI Awecrery = IR,

so there exists a bounded operator C'4 : H; — K; such that
Caf=foA

holds for every polynomial f, and hence for all f € H;. Consideration of ®~! shows that
C4 is invertible. Moreover, for ¢ € Mult(#;) and f € K, we have

CaMy,(Ca) ' f = (po A,
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hence @ is given by conjugation with Cj4.

We finish the proof by showing that H and K coincide as vector spaces. To this end, let

Ky(z,w) = Z an(z, w)"

n=0

and .
Ki(z,w) = Z a, (z,w)"

n=0

denote the reproducing kernels of H and K, respectively. Since I and J are radical, Lemma
4.7.4 implies that the restriction maps Ry : H& 1 — H; and Ry : K& J — K are unitary.
Let

Ty = R;l(CA)*RJ S B(IC oJ,HO I)

Then T4 is bounded and invertible, and Lemma 4.7.5 combined with Lemma 4.7.4 implies
that
TAK;C(-, "LU) = KH('> AIU)

for all w € Z°(J). Using the homogeneity of J, it is easy to deduce from Ki(-,w) € K& J
for w € Z°(J) that (-,w)" € K& J for allw € Z°(J) and all n € N. Similarly, (-, 2)" € HST
for all z € Z%I) and all n € N. Moreover, Cy and hence T4 respects the degree of
homogeneous polynomials. Consequently,

Taal, (-, w)" = ay(-, Aw)" (4.6)

for all n € N and all w € V(J). Using part (d) of Remark 4.7.1 and the fact that
||Awl|| = ||w||, we see that

[l (5 w)"ll, = apllwl]™
and that

llan (-, Aw)"|[3,, = an|fw|*".
Since J is relevant, V' (J) contains a non-zero vector w, hence

_ a
HCDIP < 2 < ICalP

n

for all n € N, from which it immediately follows that H = K as vector spaces (see part (d)
of Remark 4.7.1). O

Using the same methods as in the last proof, we obtain a version of Proposition 4.11.1
for isometric isomorphisms.
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Proposition 4.11.2. Let H and K be unitarily invariant complete NP-spaces, and let 1
and J be relevant radical homogeneous ideals in Clzy, ..., z4. Let ® : A(H;) — A(K,) be
a graded isometric isomorphism (respectively ® : Mult(H;) — Mult(KC;) a graded weak-*-
weak-+ continuous isometric isomorphism).

Then H = K as Hilbert spaces, and there ezists a unitary map U which maps V(J)
onto V(I) such that ® is given by composition with U. Moreover, U induces a unitary
composition operator

Cv:Hi—K;, [f=fol,

such that
@(Msa> = CUMszJ(CU)il

for all ¢ € A(Hy) (respectively ¢ € Mult(H;)). In particular, ® is unitarily implemented.

Proof. Proposition 4.11.1 and its proof show that there exists an invertible linear map
U which maps V(J) isometrically onto V' (I) such that U induces a unitary composition

operator
Cy:K;— Hy, f=fol,

and such that ® is given by conjugation with Cy. Since Cy is a unitary operator, the last
part of the proof of Proposition 4.11.1 shows that a,, = a, for all n € N in the notation of
the proof, and hence H = K as Hilbert spaces.

Finally, setting n = 1 in Equation (4.6), we see that
TU<'7 w> = <" Uw>

for all w € V(J), and hence for all w in the linear span of V(J). Since Ty is a unitary
operator, part (d) of Remark 4.7.1 implies that U is isometric on the linear span of V'(.J).
Hence, U is a unitary map from the linear span of V(.J) onto the linear span of V(I).
Changing U on the orthogonal complement of span(V'(J)) if necessary, we can therefore
achieve that U is a unitary map on C¢. [

The last result, combined with Proposition 4.10.4, provides a necessary condition for the
existence of an isometric isomorphism between two algebras of the form A(H;), namely
condition (iii) in the next theorem. This condition turns out to be sufficient as well. We
thus obtain our main result regarding the isometric isomorphism problem. It generalizes
[24, Theorem 8.2|. For a bounded invertible operator S between two Hilbert spaces H and
K, let

Ad(S): B(H) — B(K), T~ STS™,

be the induced isomorphism between B(#H) and B(K).
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4. A new approach to the classification problem for multiplier algebras

Theorem 4.11.3. Let H and KC be unitarily invariant complete NP-spaces, and let I and J
be relevant radical homogeneous ideals in C|z1, ..., zq]. Then the following are equivalent:

(i) A(H;) and A(KC)) are isometrically isomorphic.

(ii) Mult(H;) and Mult(KC,) are isometrically isomorphic via a weak-x-weak-+ continuous
1somorphism.

(iii) H = K as Hilbert spaces and there is a unitary map U on C% which maps V (J) onto
V(I).

If H or K is tame, then this is equivalent to
(iv) Mult(H;) and Mult(K;) are isometrically isomorphic.

If U is a unitary map on C¢ as in (iii), then U induces a unitary composition operator
Cv:Hr—= Ky, [ [fol,

and Ad(Cy) maps A(H;) onto A(K;) and Mult(H;) onto Mult(K;).

Proof. 1t follows from Proposition 4.10.4 and Proposition 4.11.2 that (i) or (ii) implies (iii).
Moreover, if one of the spaces is tame, then Corollary 4.10.2 (b) shows the equivalence of
(ii) and (iv).

Conversely, suppose that (iii) holds. Since H = K is unitarily invariant, U induces a
unitary composition operator Cyy € B(H). If K denotes the reproducing kernel of #H, then
(Co) K (- w) = K(-Uw)

for all w € Z°(J) (or w € Z(J) if H is a space on By). Since H & I and H & J are spanned
by kernel functions (see Lemma 4.7.4), the implication (ii) = (i) in Lemma 4.7.5 shows
that U induces a unitary composition operator Cy : H; — H ;.

Then for ¢ € Mult(H;) and f € K,
CuM,(Cy)™' f = (poU) - f,

hence Ad(Cy) maps Mult(H;) into Mult(H ;) and A(#H;) into A(H,). If we consider
Ad(Cpr-1), we see that Ad(Cy) is an isomorphism from Mult(# ;) onto Mult(# ;) and from
A(Hy) onto A(H,). Hence, (i) and (ii) hold, and the additional assertion is proven. O

For algebraic isomorphisms, the situation is more difficult. Proposition 4.10.4 and Propo-
sition 4.11.1 show that if A(#;) and A(KC;) are algebraically isomorphic, then H = K as
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vector spaces and there exists an invertible linear map A on C? which maps V'(.J) isomet-
rically onto V(I). Note that here, A will in general only be isometric on V(.J) and not on
all of C?. In this case, it is no longer obvious that A induces an algebraic isomorphism be-
tween A(H;) and A(K,). The reason why the proof of Theorem 4.11.3 does not carry over
is that now, A does not induce a composition operator on all of . In the case of H = H3,
this problem already appeared in [21], where it was solved under additional assumptions
on the geometry of V' (J). The general case was settled in [10]. Fortunately, we can use a
crucial reduction from [24] and the main result of [10] in our setting as well.

Lemma 4.11.4. Let H be a reproducing kernel Hilbert space on By (or on ]E) with a
reproducing kernel of the form

K(z,w) = Z an(z, w)",

n=0

where a, > 0 for all n € N. Suppose that I C Clz, ..., zq] is a radical homogeneous ideal.
If A is a linear map on C* which is isometric on V (I), then there exists a bounded operator

Ta:HEI —H suchthat TAK(-,w)= K(-, Aw)

for all w € Z°(I) (respectively w € Z(I) if H is a space on By).

Proof. The first part of the proof is a straightforward adaptation of the proof of [10,
Proposition 2.5]. Let
V() =Viu...UV,

be the decomposition of V(1) into irreducible homogeneous varieties and let I be the
vanishing ideal of span V; U...Uspan V,. Then IcI by Hilbert’s Nullstellensatz. By [24,
Proposition 7.6], the linear map A is isometric on V(f ), so we may assume without loss of
generality that

V() =Viu...UV,

is a union of subspaces, so
I=LnNn...N1I,

where [; is the vanishing ideal of V;. Then by a variant of [10, Lemma 2.3],

Hol=HochL+...+HSI,.
We define Ty on the dense subspace of H © [ consisting of polynomials by

Tap=po A"
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Then Ty(-,w)" = (-, Aw)™ for all w € V(I). Using the fact that # is unitarily invariant
and that A is isometric on each Vj, it is not hard to see that the map T4 is isometric on
H o I; for every j (cf. [10, Lemma 2.2]). As in the proof of [10, Proposition 2.5], we may
therefore finish the proof by showing that the algebraic sum

HolL+...+HoL

is closed.

If H = H?, this is the main result of [10]. More generally, in the present setting, there
exists a unique unitary operator

U:H;—H with U(p)=+/a.p

for every homogeneous polynomial p of degree n (see, for example [39, Proposition 4.1]).
Since each I; is a homogeneous ideal, U(I;) = I; and hence U(H3 & I;) = H & I; for
1 < j <r. Consequently, closedness of the algebraic sum

HolLL+...+HSI,

follows from the special case where H = H?2. O

With the help of Lemma 4.11.4, we can now prove the main result regarding the algebraic
isomorphism problem. It generalizes [24, Theorem 8.5] and [10, Theorem 5.9]. Observe
that since the algebras A(#;) and Mult(H;) are semi-simple, algebraic isomorphisms are
automatically norm continuous.

Theorem 4.11.5. Let H and KC be unitarily invariant complete NP-spaces, and let I and J
be relevant radical homogeneous ideals in C|zy, ..., zq]. Then the following are equivalent:

(i) A(H;) and A(KC;) are algebraically isomorphic.

(ii) Mult(H;) and Mult(K;) are isomorphic via a weak-x-weak-x continuous isomor-
phism.

(iii) H = K as vector spaces and there is an invertible linear map A on C¢ which maps
V(J) isometrically onto V(I).

If H or K is tame, then this is equivalent to
(iv) Mult(H;) and Mult(K,) are algebraically isomorphic.

If A is an invertible linear map on C? as in (iii), then A induces a bounded invertible
composition operator

CatHr =K, [ foA,
and Ad(C4) maps A(H;) onto A(K;) and Mult(Hy) onto Mult(/C;).
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Proof. 1t follows from Proposition 4.10.4 and Proposition 4.11.1 that (i) or (ii) implies
(iii). Moreover, if one of the spaces is tame, then Corollary 4.10.2 (b) once again shows
the equivalence of (ii) and (iv).

Assume that (iii) holds. Since H = K as vector spaces, the formal identity
E-H—-K, f—1F

is bounded and bounded below by the closed graph theorem. By Lemma 4.11.4, there
exists a bounded operator

T:KsJ— K suchthat TKk(,w)=Kg(-,Aw)
for all w € Z°(J) (respectively w € Z(J)). Let T4 = E*T. Then
Ti(Ki(-,w)) = E*Kk (-, Aw) = Ky(-, Aw)

for all w, from which we deduce with the help of Lemma 4.7.4 that T4 maps K&J into HET.
Replacing A with A1, we see that Ty € B(K & J, H & 1) is invertible. It now follows from
Lemma 4.7.5 that A induces a bounded invertible composition operator C'y : H; — K.
As in the proof of Theorem 4.11.3, we see that Ad(C}4) is the desired isomorphism. O]

Just as in [21], we obtain from the geometric rigidity result [21, Proposition 7.6] a
rigidity result for our algebras. It generalizes [21, Theorem 8.7]. The author is grateful to
the anonymous referee of [13] for pointing out this corollary.

Corollary 4.11.6. Let H be a unitarily invariant complete NP-space and let I and J
be relevant radical homogeneous ideals in Clzy,...,z4]. Suppose that V(I) or V(J) is
wrreducible.

(a) If A(H;) and A(H,) are algebraically isomorphic, then A(H;) and A(H ;) are uni-
tarily equivalent.

(b) If Mult(H;) and Mult(H ;) are isomorphic via a weak-+-weak-* continuous isomor-
phism, then Mult(H;) and Mult(H ) are unitarily equivalent.

(¢) If H or K is tame and Mult(H;) and Mult(H ;) are algebraically isomorphic, then
Mult(H;) and Mult(H ;) are unitarily equivalent.

Proof. In each case, Theorem 4.11.5 shows that there exists an invertible linear map A
on C? which maps V(J) isometrically onto V(I). In particular, V(I) and V(J) are both
irreducible. Proposition 7.6 in [24] implies that A is isometric on the linear span of V' (.J),
and hence can be chosen to be unitary. All assertions now follow from Theorem 4.11.3. [
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Let us apply Theorems 4.11.3 and 4.11.5 in the setting where H and K are given by
log-convex sequences (see part (b) of Remark 4.7.1). This includes in particular the spaces
Hs(By) and H,(B,) of Example 4.7.2. If a = (a,), is a sequence of positive real numbers
such that the series .

Z anz"
n=0

has radius of convergence 1, we write H(a) for the reproducing kernel Hilbert space with
reproducing kernel

K(z,w) = Z an(z,w)".

If Y°0° ,a, = oo, this is a reproducing kernel Hilbert space on By, and if >~ a, < oo,
this a space on B,.

Corollary 4.11.7. Let a = (a,) and a’ = (a})) be two log-convexr sequences of positive real
numbers such that

and

LetH =H(a) and K = H(a). LetI,J C Clzy,. .., z4] be two relevant radical homogeneous
tdeals of polynomials. Then the following are equivalent:

(i) A(H;) and A(KCy) are isometrically isomorphic.
(il) Mult(#H;) and Mult(KC;) are isometrically isomorphic.

(iii) a, = d, for alln € N and there exists a unitary map U on C* which maps V (J) onto
V(I).

Moreover, the following assertions are equivalent as well:
(i) A(H) and A(K;) are algebraically isomorphic.
(il) Mult(#H;) and Mult(KC;) are algebraically isomorphic.
(iii) There exist constants Cy,Cy > 0 such that

a
Cy < — <Gy

an

for all n € N and there exists an invertible linear map A on C* which maps V (J)
isometrically onto V(I).
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Proof. The assumptions on a and a’ imply that H and X are unitarily invariant complete
NP spaces on By or on B, (see the beginning of Section 4.7). Proposition 4.8.5 (c) shows
that H and IC are tame. The first set of equivalences is now an immediate consequence
of Theorem 4.11.3. To prove the second set of equivalences, in light of Theorem 4.11.5, it
suffices to show that H = K as vector spaces if and only if there exist constants C, Cy > 0
such that
¢ < Z—,n < (y

for all n € N. To this end, observe that if H = K as vector spaces, then the formal identity
E:H — K, f— f,is bounded and invertible by the closed graph theorem, hence the
existence of the constants follows from the description of the norm in part (d) of Remark
4.7.1. The other implication follows from part (d) of Remark 4.7.1 as well. ]

We finish this chapter by considering the last result about algebraic isomorphism from
the point of view adopted in [25] and in Chapter 3. That is, we will identify a multiplier
algebra Mult(H;) with an algebra of the form M, = Mult(Hgo‘V) for a suitable variety
V C B.

We first show that most of our examples of unitarily invariant complete NP-spaces
cannot be embedded into a finite dimensional ball. More generally, let H be an irreducible
complete Nevanlinna-Pick space on B, with reproducing kernel of the form

K(z,w) = Z an(z, w)",

where ayp = 1. Recall that an embedding for H is an injective function j : B; — B,, for
some m € NU {oo} such that

1

ZZO:O an{z, w)"

for all z,w € B;. By Lemma 4.2.2, there is a sequence (c¢,) of non-negative real numbers
such that

(1(2),5(w)) =1 -

for all z,w € B,. Since
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¥, : C4 — C(n+i_1), Z ( <n> z"‘) ,
a

|al=n

where

an embedding j for H can be explicitly constructed by setting

i(2) = (Verhi(z), Veapa(2), Vesis(2), - )

Using the fact that >~ 7, ¢, < 1, it is not hard to see  that j is an analytic map from By into
B,, which extends to a norm continuous map from B, to B,,. If d = 1, these embeddings
are simply the embeddings considered in Sections 3.7 and 3.8.

In particular, we see that if only finitely many of the ¢, are non-zero, then H admits an
embedding into a finite dimensional ball, that is, there exists m < oo and an embedding
7 : By — B, for H. In fact, this property characterizes unitarily invariant spaces which
admit an embedding into a finite dimensional ball.

Proposition 4.11.8. Let H be an irreducible complete Nevanlinna-Pick space on By with
reproducing kernel of the form

K(z,w) = Z an(z, w)",

n=0

where ag = 1. Then H admits an embedding into a finite dimensional ball if and only if
the analytic function f on D defined by

1

ft) = St

s a polynomial.

Proof. With notation as in the discussion preceding the proposition, observe that

[e.o]

L= f(t) =) et

n=1

for all t € D. Hence, f is indeed an analytic function on D, and f is a polynomial if and
only if all but finitely many ¢,, are zero.

For the proof of the remaining implication, suppose that H admits an embedding j into
B,,, for some m < oco. From
1

1- Kew) (j(2),j(w))cm,
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we deduce that the rank of the kernel L =1 — 1/K is at most m in the sense that for any
finite collection of points {z1, ..., z,}, the matrix

(L(zia Zj))

has rank at most m. Let K denote the reproducing kernel Hilbert space on By with
reproducing kernel L. Since

n

i.j=1

<L('7w)7 L('v Z)>1C = L(z,w),

and since K is spanned by the kernel functions L(-,z) for z € By, it follows that the
dimension of K is at most m. However, L also admits the representation

L(z,w) = Z Cnlz, w)",

n=1

hence for every n € N with ¢, # 0, the space K contains the monomial 27, and different
monomials are orthogonal. Consequently, ¢, = 0 for all but finitely many n, so f is a
polynomial. O

As a consequence, we see that all spaces in Example 4.7.2 besides the Drury-Arveson
space do not admit an embedding into a finite dimensional ball.

Corollary 4.11.9. Let H be a unitarily invariant complete NP-space with reproducing
kernel of the form

K(z,w) = Zan(z,w)”.
n=0
If H admits an embedding into a finite dimensional ball, then the sequence (a,) converges
to a positive real number, and hence H = H3 as vector spaces. In particular, the space

Ho(By) for —1 < 5 <0, the space Hy(By) for s < —1, and the space Ko for 0 < a < 1 do
not admit an embedding into a finite dimensional ball.

Proof. Assume that H admits an embedding into a finite dimensional ball. Proposition

4.11.8 implies that there exists N € N and non-negative real numbers ¢y, ..., cy such that
(o]
1
Z a,t" = N )
n=0 =2 cat”

Observe that ¢; > 0 as a; > 0. Since the power series on the left-hand side has radius
of convergence 1, this rational function in ¢ has a pole on 0D. Because a,, > 0 for all
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4. A new approach to the classification problem for multiplier algebras

n € N, this is only possible if Y ° ja, = oo, from which we deduce that Zivzl cn = 1.
Let r = 25:1 ne,. In this setting, the Erdés-Feller-Pollard theorem (see [31, Chapter
XIII, Section 11]) implies that lim, o a, = 1/r > 0. The remaining assertions are now
obvious. O

Suppose now that a is a sequence as in Corollary 4.11.7, and assume first that we are
in the case where >~ ja, = co. Let j, : By — B, denote the embedding for #(a) which
was constructed above. Note that ¢; # 0 as a; # 0, that the coordinates j, are polynomials
(in fact monomials), and that the first d coordinates are given by (y/ciz1,...,/c1zq4). In
particular, j, : By — V, is invertible, where V, denotes the range of j,. An inverse of j,
is given by

1
-
= — e 4.7
Ja (2) \/a(zlu 7Zd) ( )
for z € Vj,.
Suppose now that I C Clzy,..., 24| is a relevant radical homogeneous ideal. Then the

restriction of j, to Z°(I) is an embedding for H(a);. Since H(a); is algebraically consistent,
the image
Var = ja(Z°(I)) C Bu

is a variety by Proposition 4.5.6. Moreover, j, maps Z°(I) biholomorphically onto V ;.
This discussion also applies to the case where Y~ a,, < oo by simply replacing By with B,
and Z°(I) with Z(I) above. In this case, Y-, ¢, < 1 and j, maps Z(I) homeomorphically
onto V, r and Z°(I) biholomorphically onto its image.

Let m € NU{oo}. For a variety V' C B,,, let My = Mult(anlv). Following Chapter 3,
we say that two varieties V,W C B,, are multiplier biholomorphic if there exists a home-
omorphism F' : V — W such that every coordinate of F' is in My and every coordinate
of F71is in Myy. If m < oo, then such a map is automatically a biholomorphism in the
usual sense. This definition is motivated by [25, Theorem 5.6], which states that if My and
My are algebraically isomorphic, then V and W are multiplier biholomorphic, provided
that m < oo and V and W satisfy some mild geometric assumptions. Moreover, there are
examples of two discs in By which are biholomorphic, but not multiplier biholomorphic
(see Section 3.5).

However, already the results in Sections 3.7 and 3.8 show that there are multiplier
biholomorphic discs in B,, whose multiplier algebras are not isomorphic. It turns out that
for the varieties V, ; constructed above, of which the discs from Sections 3.7 and 3.8 are
a special case, the multiplier biholomorphism classes only depend on the ideal I and on
summability of the sequence a. They do not detect any other properties of the sequence
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a. In light of Corollary 4.11.7, this means that the relation of multiplier biholomorphism
fails rather dramatically at distinguishing the isomorphism classes of the algebras My, ;.

Proposition 4.11.10. Let a = (a,) and @’ = (a,) be sequences as in Corollary 4.11.7,
and let I,J C Clz,...,z4] be relevant radical homogeneous ideals. Let Vg 1 and Vs j be
the varieties defined above. Then the following are equivalent:

(i) Va, and Vg 5 are multiplier biholomorphic.

(ii) The sequences a and a’ are either both summable or both not summable, and there
exists an invertible linear map A on C¢ which maps V (J) isometrically onto V(I).

Proof. (i) = (ii) Observe that Vg ; is homeomorphic to Z°(I) if a is not summable and
homeomorphic to Z(I) if a is summable. Since Z(I) is compact and Z°([) is not, it follows
that if (i) holds, then a and a’ are either both summable or both not summable. In the
non-summable case, Z°(I) and Z°(J) are biholomorphic. In the summable case, there is a
homeomorphism F' : Z(I) — Z(J) which is analytic on Z°(I) and whose inverse is analytic
on Z°(J). Then Lemma 4.9.1 implies that Z°(I) and Z°(J) are biholomorphic. Finally,
an application of Lemma 4.9.6 and Proposition 4.9.3 shows that there exists an invertible
linear map A on C? which maps V/(J) isometrically onto V (I).

(ii) = (i) Let us first assume that a and a’ are both not summable, and let j, : B; — Vj,
and jor : By — Vg be the embeddings constructed earlier. Then F' = j,0 Ao j;,l maps
Var.; homeomorphically onto V, ;. From Equation (4.7) and the fact that the coordinates

of j, are polynomials, we deduce that the coordinates of F' are polynomials in z1, ..., z4.
Similarly, the coordinates of F'~! are polynomials in zi,..., 24, hence F' is a multiplier
biholomorphism.

After replacing B,y with By, the same argument applies in the situation where a and a’
are both summable. Hence, the proof is complete. O]
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5. The Borel complexity of the
classification problem

5.1. Introduction

The contents of this chapter are joint work with Martino Lupini and appeared in [15]. We
investigate the classification problem for multiplier algebras My from the perspective of
Borel complexity theory. Our main result is that the classification problem for multiplier
algebras My up to algebraic isomorphism is intractable in the sense of Borel complexity
theory.

Theorem 5.1.1. The multiplier algebras My, where V' is a variety in By, are not clas-
sifiable by countable structures up to algebraic isomorphism.

This means that there is no explicit way to classify the multiplier algebras My using
countable structures as complete invariants. A more precise version of the statement of
Theorem 5.1.1 will be given in Section 5.2. The proof of Theorem 5.1.1 is presented in
Sections 5.3 and 5.5. In order to prove Theorem 5.1.1 we develop in Section 5.4 the theory
of turbulence for Polish groupoids. This is a generalization of Hjorth’s theory of turbulence
for Polish group actions from [19], see also [34, Chapter 10].

We also study the (completely) isometric classification problem for multiplier algebras
My, associated to varieties in B, with d finite. By Theorem 4.4 and Theorem 5.10 in [25],
this amounts to classifying varieties in By up to Aut(B,)-conformal equivalence. We are
able to exactly determine the complexity of such a task.

Theorem 5.1.2. For any d € N, the relation of Aut(B,)-conformal equivalence of varieties
in By is essentially countable, and has maximum complexity among essentially countable
equivalence relations.

In particular, Theorem 5.1.2 shows that the relation of Aut(B,)-conformal equivalence
of varieties in B, is not smooth. In fact, any class of complete invariants would have to be
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5. The Borel complexity of the classification problem

as complex as conceivable. We will explain in more detail the content of Theorem 5.1.2 in
Section 5.2. The proof of Theorem 5.1.2 is provided in Section 5.6.

The remainder of this chapter is organized as follows. In Section 5.2, we recall necessary
basic notions and results from Borel complexity theory. In Section 5.3, we reduce Theorem
5.1.1 to a non-classification result for certain sequences in (0, 1]. In order to establish this
result, we develop the theory of turbulence for Polish groupoids in Section 5.4. In Section
5.5, we establish the desired non-classification result for sequences. Finally, in Section 5.6,
the proof of Theorem 5.1.2 is provided.

5.2. Borel complexity theory

Borel complezity theory studies the relative complexity of classification problems in math-
ematics, and offers tools to detect and prove obstructions to classification. In this frame-
work, a classification problem is regarded as an equivalence relation on a standard Borel
space. Perhaps after a suitable parametrization, this covers most of classification problems
in mathematics. For example, varieties in By for d € N U {oo} are a collection V; of
nonempty closed subsets of B;. We will verify in the next section that V; is a Borel subset
of the space of nonempty closed subsets of B; endowed with the Effros Borel structure
[53, Section 12.C]. This shows that varieties form a standard Borel space when endowed
with the induced Borel structure [53, Proposition 12.1]. The relation of Aut(B,)-conformal
equivalence of varieties in B, can then be regarded as an equivalence relation on this stan-
dard Borel space. Similarly, the multiplier algebras My, are naturally parametrized by the
varieties themselves, and one can regard algebraic isomorphisms of the algebras My, as an
equivalence relation on the standard Borel space of varieties described above.

Borel complexity theory aims at comparing the complexity of different classification
problems. The fundamental notion of comparison is Borel reducibility. Recall that a Polish
space is a separable topological space which is homeomorphic to a complete metric space.
A standard Borel space is a measurable space which is isomorphic to the Borel space of
a Polish space. If E and F' are equivalence relations on standard Borel spaces X and Y
respectively, then a Borel reduction from E to F is a Borel function f : X — Y with the
property that

f(@)Ff(2") if and only if zEx’

for every x, 2’ € X. The relation E is Borel reducible to F—in formulas F <p F—if there
exists a Borel reduction from F to F. This amounts to saying that one can assign to the
elements of X complete invariants up to E that are F-equivalence classes, and moreover
such an assignment is constructive in the sense that it is given by a Borel map at the level
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of the spaces. We say that F and F' are Borel bireducible, and write £ ~g F, if £ <g F
and F' <p E. The notion of Borel reducibility was first introduced in [32, Definition 2]. A
complete survey on Borel complexity theory can be found in [34].

Some distinguished equivalence relations are used as benchmarks of complexity to draw
a hierarchy of classification problems in mathematics. The first natural benchmark is
provided by the relation =g of equality of real numbers. An equivalence relation is smooth
if it is Borel reducible to =g. (One can replace R with any other standard Borel space
[53, Theorem 15.6].) For example, the relation of isomorphism of finite-splitting trees is
smooth [34, Theorem 13.2.3].

Smooth equivalence relations represent the lowest level complexity. A more ample class is
given by considering Borel equivalence relations that are countable or essentially countable.
An equivalence relation F on a standard Borel space X is Borel if it is a Borel subset
of the product X x X. A Borel equivalence relation E is countable if its classes are
countable, and essentially countable if it is Borel reducible to a countable one. Clearly, a
smooth equivalence relation is, in particular, essentially countable. The relation Ej of tail
equivalence of binary sequences is countable but not smooth [34, Subsection 6.1]. More
generally the orbit equivalence relation of a Borel action of a countable group on a standard
Borel space is countable. There exists a countable Borel equivalence relation E,, that has
maximum complexity among (essentially) countable Borel equivalence relations. One can
describe E, as the relation of isomorphism of locally finite trees or graphs [31, Theorem
13.2.4]. In the proof of Theorem 5.1.2, we will use the following equivalent description
of E. Let Fy be the free group on two generators and {0, 1}F2 the space of subsets
of Fy endowed with the product topology. The group Fy naturally acts on {0, 1}F2 by
translation. The corresponding orbit equivalence relation F(Fj,2) is Borel bireducible
with E [31, Theorem 7.3.8].

A more generous notion of classifiability for equivalence relations is being classifiable by
countable structures. An equivalence relation is classifiable by countable structures if it
is Borel reducible to the relation of isomorphism within some Borel class of structures in
some first order language. Equivalently an equivalence relation is classifiable by countable
structures if it is Borel reducible to the orbit equivalence relation of a continuous action of
Seo on a Polish space [34, Section 3.6]. The Polish group S, is the group of permutations of
N with the topology of pointwise convergence [34, Section 2.4]. Any (essentially) countable
equivalence relation is in particular classifiable by countable structures [18, Lemma 2.4,
Lemma 2.5]. Again, there exists an equivalence relation of maximum complexity among
those that are classifiable by countable structures. Such an equivalence relation can be
described, for instance, as the relation of isomorphism of countable trees or graphs [32,
Theorem 1].
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5. The Borel complexity of the classification problem

5.3. Varieties and unitarily invariant kernels

If X is a Polish space, then the space F/(X) of nonempty closed subsets of X is a standard
Borel space when endowed with the Effros Borel structure [53, Section 12.C]. This is the
Borel structure generated by the sets

{Ke F(X): KnU # @}
where U ranges over the open subsets of X.

For d € NU{oo} let V; C F(B,) be the set of varieties in B,, where B, is endowed with
the norm topology. For d < d’' the canonical inclusion B; C By induces a Borel injection
from V, into V.

Proposition 5.3.1. The set V; of varieties in By is a Borel subset of F(By).

Proof. Observe that V; is the image of F'(H3) under the Borel map which assigns to a
closed subset S of H? the variety V() of common zeros of elements of S. Therefore V; is
analytic. By [53, Theorem 14.7] it remains to show that V) is co-analytic.

To this end, suppose that x € By, ¢ > 0 and F' C By is finite, say F = {z1,...,2,}. By
the Nevanlinna-Pick property of H2, there exists a multiplier ¢ in the unit ball of Mult(H3)
which vanishes on F' and satisfies |¢(z)| > ¢ if and only if the matrix

K(z,z)(1 —|e]*) K(z,x1) ... K(x,z,)
A(rFe) = K(:U:b ) K(a.:?, x1) : K(:Clz, Tp)
K(xp,,x) K(xp,x1) ... K(x,,x,)

is positive semidefinite, which does not depend on the order of the points in F.

We now claim that a closed subset V' C By is a variety if and only if for every x € By,
either x € V or there exists a rational € > 0 such that for all finite sets /' € F(B,), either
FN(By\V)#0or A(z, F,e) is positive. This formula shows that V,; is co-analytic by
[53, Proposition 37.1], and hence finishes the proof. To show the non-trivial implication of
the claim, suppose that the last statement holds. Then for every x € B, \ V, there exists
¢ > 0 such that for all finite sets F' C B, the weak-* compact set

Ir = {p € Mult(H3) : |||z < 1 and [p(z)] > € and | 0}

is not empty. Clearly, these sets have the finite intersection property, hence there exists
a multiplier ¢ which belongs to each of the Zp, and this ¢ vanishes on V' and satisfies
lo(x)| > e. Consequently, V' is a variety. O
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We can now state Theorem 5.1.1 more precisely as follows.

Theorem 5.3.2. The equivalence relation on the space Voo of varieties in By, defined by
V ~ W if and only if My and My are algebraically isomorphic is not classifiable by
countable structures.

In fact, we show that this equivalence relation is not even classifiable by countable
structures when restricted to set of all varieties of the form V,, which were constructed in
the discussion preceding Proposition 4.11.10.

Recall from Section 4.7 that a unitarily invariant complete NP-space on By is a repro-
ducing kernel Hilbert space H(a) on By with reproducing kernel of the form

K(z,w) = Z an(z, w)"

n=0

for z, w € By, where a = (a,) is a sequence of positive numbers such that ag = 1, the power
series Y >, a,t" has radius of convergence 1, > ja, = oo, and there exists a sequence
b = (b,) of non-negative numbers such that

i a,t" = ! (5.1)
2 15 buin
We let A C (0,00)N denote the set of such sequences. It is not difficult to see that A
is a Borel subset of (0, c>o)N endowed with the product topology. Indeed the first three
conditions are clearly Borel. For the last one, one can observe that given a sequence of
positive numbers @ such that ay = 1 and such that >~ a,t" has radius of convergence
1, there is a unique sequence b of real numbers such that Equation 5.1 holds for ¢ in a
neighbourhood of the origin. This sequence b can be recursively computed from a, which
shows that the set of all a such that b is non-negative is Borel.

It follows from the universality theorem of Agler and McCarthy (see Section 2.5) that
for every a € A, there exists a variety V, C B, such that My, is completely isometrically
isomorphic to Mult(#H(a)). In fact, the variety V, is the image of B; under the embedding
Ja : By — B constructed in the discussion preceding Proposition 4.11.8. One can use
the explicit definition of the embedding j, in terms of a to show that the map a — V, is
Borel. Therefore, in order to establish Theorem 5.3.2, it is enough to prove the following
result.

Theorem 5.3.3. Let d € N. The relation ~4 on the space A defined by a ~4 a’ if and only
if Mult(H(a)) and Mult(H(a’)) are algebraically isomorphic is not classifiable by countable
structures.
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5. The Borel complexity of the classification problem

To prove this result, we will consider the special class of unitarily invariant complete NP-
spaces of Corollary 4.11.7. We say that a (necessarily non-increasing) sequence a = (a,)
in (0,1]N is admissible log-convez if ag = 1, (a:il)n is non-increasing and converges to 1,
and Y07 a, = 0o. Let Ay C (0,1]N be the Borel set of admissible log-convex sequences.
Log-convexity of a implies that there exists a sequence (b,) of non-negative numbers as in

Equation (5.1), see [3, Lemma 7.38]. Therefore, A, C A.

We consider on Ay the relation E 4, defined by aFE 4,a’ if and only if @ and a’ have the
same growth. This means that there are constants ¢, C' > 0 such that ¢ < a/,/a, < C for
every n € N. The equivalence of (ii) and (iii) in Corollary 4.11.7 shows that the relations
~q and F 4, coincide on Ay. Therefore, it only remains to show that the relation E 4, is
not classifiable by countable structures. This will be proved in Section 5.5.

We mention that the same proof also shows that the algebras A(#) for ‘H a unitarily
invariant complete NP-space on By are not classifiable by countable structures up to alge-
braic isomorphism. Here A(?) denotes the closure of the polynomials in Mult(?). One
can also observe that, for d € N, the collection K of kernels of unitarily invariant complete
NP-spaces on B, is Borel. It follows from Theorem 5.3.3 that the relation on K defined by
K ~ K’ if and only if Mult(H(K)) and Mult(#H(K")) are algebraically isomorphic is not
classifiable by countable structures. Here, H(K) denotes the reproducing kernel Hilbert
space with kernel K.

5.4. Turbulence for Polish groupoids

The main goal of this section is to introduce the notion of turbulence for Polish groupoids,
and to generalize to this setting Hjorth’s turbulence theorem. A groupoid is a small category
where every arrow is invertible. If GG is a groupoid, then an object of G' can be identified
with the corresponding identity arrow. This allows one to identify the set of objects
with a subset G of G. There are source and range maps s,r : G — G° that map
every arrow to the corresponding source and range. The set of composable arrows is
G* ={(v,p) : s(v) =r(p)}. Composition of arrows can be seen as a function G* — G, and
similarly inversion of arrows is a function from G to G.

A Polish groupoid is a groupoid endowed with a topology that
1. has a countable basis of Polish open sets,
2. makes composition and inversion of arrows continuous and open,

3. makes for every x € G the set Gz of arrows of G with source x a Polish subspace of
G, and
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4. makes the set of objects G° a Polish subspace of G.

Polish groupoids have been introduced and studied in [72, 73]. In [50] several funda-
mental results about Polish group actions are generalized to Polish groupoids. We assume
in the following that GG is a Polish groupoid. The orbit equivalence relation of G is the
equivalence relation Eg on G° defined by xEqgy if and only if there exits v € G such that
s(y) =z and r(y) =y. If A, B C G we let AB be the set of all compositions yp for v € A
and p € B such that r(p) = s(y). We write Ay for A{~y} when A C G and v € G. In
particular if € G° then Az is the set of elements of A with source z. If X is a G5 subset
of G°, denote by G|x the Polish groupoid XGX = {y € G : s(7),r(7) € X} endowed with
the subspace topology. This is called the restriction of G to X. If x is an object of G and
V' is a neighborhood of x in G, then the local orbit O (z,V) is the set of all points that
can be reached from z by applying elements of V. In formulas

O, V)=Jr(vm).

neN

Definition 5.4.1. An object z of G is turbulent if for every neighborhood V' of = the local
orbit O (z, V) is somewhere dense. The groupoid G is generically preturbulent if the set of
turbulent objects with dense orbit is a comeager subset of G°. If moreover every orbit is
meager, then G is generically turbulent.

In the rest of this section we will often tacitly use the following version of the classical
Kuratowsky-Ulam theorem, see [50, Lemma 2.9.1].

Theorem 5.4.2. Suppose that X is a second countable topological space, Y is a Polish
space, and f: X — Y s open and continuous. If A C X 1is analytic, then A is comeager
if and only if f~1{y} N A is comeager in f~' {y} for comeager many y €Y.

For example, it follows from Theorem 5.4.2 that if X is a dense G subspace of G° and
G is generically (pre)turbulent, then G|x is generically (pre)turbulent.

Suppose that H is a Polish group and Y is a Polish H-space, i.e. a Polish space endowed
with a continuous action of H. Let GG be the Polish action groupoid associated with the
Polish H-space Y as in [50, Subsection 2.7]. Observe that the orbit equivalence relation Eg
coincides with the orbit equivalence relation E};. Furthermore it is not difficult to verify
that G is a generically (pre)turbulent groupoid as in Definition 5.4.1 if and only if YV is a
generically (pre)turbulent H-space in the sense of [3/, Definition 10.3.3].

Recall the following terminology from Borel complexity of equivalence relations. If
E and F' are equivalence relations on standard Borel spaces X and Y, then an (£, F)-
homomorphism is a function f : X — Y that maps F-classes into F-classes. A generic
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(E, F')-homomorphism is a function f : X — Y that is an (£, F')-homomorphism when re-
stricted to some comeager subset of X. An equivalence relation E on a standard Borel space
X is generically Sy -ergodic if for every Polish S.-space Y and every Baire-measurable
generic (E, ng)—homomorphism, there exists a comeager subset of X that is mapped by
f into a single S,.-orbit. It is well known that an equivalence relation is classifiable by
countable structures if and only if it is Borel reducible to the orbit equivalence relation of
a Polish S,.-space, see [34, Theorem 11.3.8].

The following is the main consequence of turbulence for Polish groupoids.

Theorem 5.4.3. Suppose that G is a generically preturbulent Polish groupoid. Then the
associated orbit equivalence relation Egq is generically S -ergodic.

Corollary 5.4.4. If G is a generically turbulent Polish groupoid, then the orbit equivalence
relation Eg is not classifiable by countable structures.

Theorem 5.4.3 generalizes the original result of Hjorth [19, Section 3] from Polish group
actions to Polish groupoids. Polish groupoids provide a natural setting to present the
proof of Hjorth’s turbulence theorem even in the case of Polish group actions. Indeed in
the course of the proof one looks at the action “restricted” to a (not necessarily invariant)
Gy subspace, see for example [31, Theorem 10.4.2]. Such a restriction is not a Polish group
action in general, even when one starts with a Polish group action. It is nonetheless a
Polish groupoid.

The following lemma is the groupoid analog of [19, Lemma 3.17]. In the following we
write V*y € X to mean “for a comeager set of v € X7

Lemma 5.4.5. Suppose that G is a Polish groupoid, H is a Polish group, and Y is a
Polish H-space. If f : G° = Y is a Baire-measurable generic (Eg,E};) -homomorphism,
then there exists a comeager subset C' of G° such that for every x € C and every open
neighborhood W of 1y in H there exists a neighborhood V' of x such that for every z’ €
s(V)NC and for a comeager set of v € Va/,

f(r(7)) e Wf(z).

Proof. After replacing G with the restriction of G to a dense Gs subset of G°, we can
assume that f is a continuous (Eg, E};)-homomorphism [31, Exercise 2.3.2]. Furthermore
it is enough to prove that for every open neighborhood W of 15 there is a comeager subset
C of X such that for every x € C' there exists a neighborhood V of z in G such that
Vo' e s[VINnC, V*y e Va', f(r(y)) € Wf(2'). Fix an open neighborhood W of 15 and an
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open neighborhood W of 1y such that Wy = Wy and W2 € W. Fix a sequence (h,,) in
H such that
| Woh, = H.

For every n € N, the set
Bn: {(Z,y) cY xY | z € W()hny}

is analytic. Therefore the set

A, ={yeG: f(r(v)) € Woh,f(s(v))}

is analytic by [53, Proposition 22.1]. By [53, Proposition 8.22] there exists an open subset
O,, of G such that O, A A, is meager. Set D, = A, N O,, and observe that D,D, ! is a
comeager subset of 0,01, Since G is the union of A, for n € N, the union O of O, for
n € N is an open dense subset of G. In particular r (O) is an open subset of G°. Define
now, for n € N, O, to be the set of f v € Oy such that r( ) does not belong to the closure of
the union of r (0;) for i < n. Let O be the union of O, for n € N, and observe that T[O] is
an open dense subset of G°. For every n € N set D,, = D, N O,, and observe that D, isa
comeager subset of O,,. Therefore there exists a comeager subset C,, of 7’[0 | = S[O O g
such that for every z € C,, D, D x is a comeager subset of O O 2. Define C to be the
union of €, for n € N, and observe that C' is a comeager subset of G°. We claim that C
satlsﬁes the desired conclusions. Fix x € €' and n € N such that x € C,,. We have that
On O is an open neighborhood of z. Furthermore for every 2’ € C, = C'N S[O O 1,

ﬁnﬁn L2/ is comeager in 0,0 4. If p,v € D,, then

f(r(v)) € Wohn f(s(v)) and  f(r(p)) € Wohn[f(s(p)).

Therefore
Fr(pr™) = £(r(p)) € Wohnf(s(p)) € WoW5 f(s(py™") € WE(s(py™)).
This concludes the proof. =

We now explain how one can deduce Theorem 5.4.3 from Lemma 5.4.5.

Proof of Theorem 5.4.3. Fix an enumeration (V}j),.y of a basis of Polish open subsets of
GG, and a compatible complete metric dy on Y bounded by 1. Suppose that d is the metric
in S, defined by

log, d(o,p) = —min{n e N:o(n)#p(n)}.
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for o, p € S. We also consider the complete metric

D(o,p) = d(o,p) +d(o™", p7")
on S,. Define e to be the identity of S, and

Ny = {0 € S :d(o,e) <27"}

for k € N. As in the proof of Hjorth’s turbulence theorem for Polish group actions [34,
Theorem 10.4.2], one can deduce from Lemma 5.4.5 that there exists a dense G5 subset Cy
of GV with the following properties:

e f|c, is a continuous (Eg, EY _)-homomorphism,

e cvery element of Cy has dense orbit,

e for every m € N and = € V,,, N Cy the local orbit O (z,V},) is somewhere dense,

o for every x € Cy and k € N there exists m € N such that z € V,, and V2’ € s (V},,),
Vi € Vind!, fr(v)) € Nif (o).

Let C be the set of x € Cy such that V*y € Gz, r(y) € Cy, and observe that C' is a dense
G subset of G° [50, Lemma 2.10.6]. After replacing G with the restriction G|¢ of G to C,
and V; with V;, N G|¢, we can assume that C' = G°.

Fix xo,y0 € G°. We claim that f(z)E¥_f(y). We will define by recursion on i > 0
elements x;,y; of G°, g;, h; of Ss, and n,(i), ny (i) of N, such that the following conditions
hold:

® go=ho=ce,

e 19 € V0 and yo € Vi (0

e gif(x) = f(x:) and hif(y) = f (),

e 7 €Voy NO (xz, Vi) ) and Y41 € Vi, NO (yz, Vny(l))

e the dy-diameter of f (GO N Vnz(i)) is at most 277,

e O (;,V,, ) is dense in V,, ;3 NG® and O (y;, Vy,,(3)) is dense in Vi, 1) NG,

o d(gi,gir1) <27 and d(hy, hiy1) < 278

e if i > 0 and k(i) = max {g;(A), g; '(A) | A < i}, then Vz € s (Vo,()), V7 € Vi)
fr()) € Ne, f(2),

e if i > 0 and k,(
f(r(v)) € Ni,q)

f
i) = max {hi(A), by '(A) | A < i}, then Vz € s (Vi ), V7 € Vi, 02
f(2).
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5.5. Admissible log-convex sequences

Granted the construction, the sequences (g;), (h;) in S are D-Cauchy and hence con-
verge to elements g,h € S.. Furthermore dy (g;f(z),h;f(y)) — 0 and hence gf(x) =
hf(y). This concludes the proof that f(z)EY_f(y).

We assume recursively that we have defined z;, y;, g;, hi, n:(7), ny (1) and explain how to
define x;11, gi+1,n4(i + 1). The definition of y; 11, hiy1,ny(i + 1) is similar. We have that
the local orbit O (yi, Vny(i)) is somewhere dense. Pick a nonempty open subset W of V,, @
that is contained in the closure of O (yi, Vny(i)). By recursive hypothesis we have that
@ (q:i, an(i)) is dense in W. Let vo,...,vi—1 € V,,,(;) such that, setting z; = s (v;) for j < ¢
and zy = 7 (y,—1), one has that zy = x;, zp € W, and z;41 = r(v;) for j < £. Since by
inductive assumption we have that Vz € s (Vi,)), Vv € Vao@yz, f(r(7)) € N f(2),
after modifying the sequence (7, . ..,7—1) we can assume that, for every j < ¢, f (z;41) =
p;f (z;) for some p; € Ny, ;). Therefore f(z) = pf(2) where p = pr_1pe—2---po € Ni,(i)-
We may then let z;.1 = 24, giv1 = pgi, k(1 + 1) = max {giﬂ()\),g;rll()\) A<i+ 1},
and n,(i + 1) € N such that z;41 € V, 41) and V2’ € s (an(iﬂ)), Vv € Vo, ae1)@,
f(r(7)) € Ni w1y f(2"). This concludes the definition of z;41, giv1,n,(7 + 1). O

5.5. Admissible log-convex sequences

Recall from Section 5.3 that a sequence a in (0, 1]N is admissible log-conver if ag = 1,
(aZil)n is non-increasing and converges to 1, and Y. a, = oco. The set Ay C (0,1]" of
admissible log-convex sequences is Borel. We consider the relation E4, on A defined by
al4,a’ if and only if a and a’ have the same growth, in formulas ¢ < a/,/a,, < C for some
constants ¢,C' > 0 and for every n € N. The main goal of this section is to prove the

following result:

Proposition 5.5.1. Admissible log-conver sequences are not classifiable by countable struc-
tures up to the relation of having the same growth.

However, it is not difficult to verify that admissible log-convex sequences are classifiable
by the orbits of a Polish group action up the relation of having the same growth. This
means that there exists a continuous Polish group action G ~ X such that E,, is Borel
reducible to the orbit equivalence relation Ej. The crucial point is that if

B = {(~log(an)) : (as) € A} C (0,00)",

then
H = {z € (> : there exist z,y € B with z —y = z}
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5. The Borel complexity of the classification problem

is a subgroup of £* which is separable in the /*-metric, and two sequences (a,,), (a),) in A
have the same growth if and only if (—log(a,)) and (— log( ') belong to the same H-orbit
under translation.

The rest of this section is dedicated to the proof of Proposition 5.5.1. Consider the
equivalence relation F on (0,1)" defined by

sF's’ if and only if Sup

> (I~ 1) <

k<n \i<k i<k

Define furthermore the Borel function

0,0 — (0, 1"

k<n i<k

where the empty sum is 0. Observe that for s € (0,1)Y, we have that f(s)o = 1, f(s) is
log-convex and f(8),/f(8)ns1 > 1 for all m € N. Let X  (0,1)" be the set of s € (0,1)"
such that f (s) € Ay. Using the fact that f(s) € Ay if and only if f(s) is not summable,
it is not difficult to verify that X is a dense Gy subset of (0,1)". The restriction f|x of
f to X is a Borel reduction from F|x to E4,. It is thus enough to show that F'|x is not
classifiable by countable structures.

Lemma 5.5.2. F' has meager classes.

Proof. Fix s € (0,1). We want to show that the F-class of s is meager. We can assume
without loss of generality that [],., s; = 0 for & — oo, as the set of such s is a comeager

subset of (0,1)N. Fix m € N and let K,, be the (closed) set of t € (0, 1) such that, for

every n € N,
> (I 10

k<n \i<k i<k

Observe that if t° € K,,, and ng € N then the element t of (0, 1]" defined by

L t9 for i < ny,
] 1—27" otherwise

does not belong to K,,,. Therefore K,, is nowhere dense. Finally observe that the F-class
of sis U, Km- O
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5.5. Admissible log-convex sequences

Consider now the relation E on (0,1)Y defined by

i<k 1

< oQ.

sE's’ if and only if Z

neN

We will see below that E is an equivalence relation. Since F' has meager classes, X C (0, 1)
is comeager, and £ C F, it is not hard to see that, in order to prove that F|x is not
classifiable by countable structures, it is enough to show that F is generically S..-ergodic.
Indeed if F|x is classifiable by countable structures, then F|x admits a Borel reduction
f to the orbit equivalence relation of an S..-space Y [34, Theorem 11.3.8]. Since E C F,
f is a Borel (E | X,E}.;/oo)-homomorphism. By generic S..-ergodicity of E, there exists a
comeager subset C' of X that is mapped by f into a single S,.-orbit. Since F' has meager
classes, C' contains at least two F-equivalence classes, contradicting the fact that f is a
Borel reduction from F' to Egy .

Let now I' be the subgroup of RT_ containing those sequences g such that

> |Tac—1

n  |[k<n

< Q.

Observe that I' is indeed a subgroup of RT_. In fact suppose that g,h € I'. Fix ng € N

such that
H g — 1

k<n

1
< =
-2

for every n > ng. Then

> (o' -1

neN |[k<n

<y

n<no

[To:' -1

k<n

+2)

neN

Hgk_l

k<n

< o0

and hence g~! € I'. Furthermore

Z Hgkhk—l < Z Hgkhk—l

neN [k<n n<ng |k<n

3
+§Z

neN

Hhk—l

k<n

2

n

Hgk_l

k<n

< 00

and hence gh € I'. Since sEs’ if and only if s/s” € T, it follows in particular that £ is an
equivalence relation.

Define the bi-invariant metric dr on I' by setting

d]_"(g,h):z Hgk_Hhk

neN |k<n k<n
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5. The Borel complexity of the classification problem

We claim that dr induces a Polish topology on I'. To this end, consider the injective map

k<n n

Observe that the restriction of @ to I' is an isometry from (T, dr) to ¢! endowed with the
(*-metric. Furthermore the image of I' under ® is a Gs subset of ¢!, since b € ® (I') if
and only if b, > —1 for every n € N. Since a G5 subspace of a Polish space is Polish [53,
Theorem 3.11], this concludes the proof that dr induces a Polish topology on T'.

If g€ T and s € (0,1)N, define gs € RY by

Consider now the groupoid

G= {(g,s) cel'x (0,1)N:gse (0,1)N}.
Composition and inversion of arrows in GG are defined by

(g,s) (h,t) = (gh,t)

whenever ht = s, and
—1 _
(9.8)" = (9 ".99).
Being a closed subset of T' x (0,1)Y, G is Polish with the induced topology. Clearly
composition and inversion of arrows are continuous. Furthermore the map (1, s) — s allows

one to identify the set of objects of G with (0, 1)N. It remains to show that composition of
arrows is open. To this purpose it is enough to show that the source map

G — (0,D)N
(g,s) — s

is open, see [74, Exercise 1.1.8]. Suppose that (g, s) € G, and U is an open neighborhood
of (g, s). Thus there exist ¢ > 0 and N € N such that U contains all the pairs (h,t) € G
such that dr (g, h) < ¢ and |s,, — t,| < € for n < N. Suppose that € > n > 0 is such that
Gn ($n + 1) < 1 for every n < N. Consider the neighborhood W of s consisting of those
t € (0,1)" such that |s, — t,| < 7 for every n < N. We claim that s (U) D> W. In fact if
t € W we have that for n < N,

Intn < Gn (Sn + 77) <1
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5.6. Conformal equivalence of varieties

and therefore (g,t) € U.

In the following lemma we establish that G is a turbulent Polish groupoid. Together with
Theorem 5.4.3, this implies that its associated orbit equivalence relation F is generically
S.o-ergodic, concluding the proof of Proposition 5.5.1.

Lemma 5.5.3. Any element s of (0, 1)N 18 a turbulent object with dense orbit for the Polish
groupoid G.

Proof. Tt is easy to see that the orbit of s is dense. It remains to show that for any
neighborhood V' of (1,s) in G the local orbit O (s, V) is somewhere dense. Without loss
of generality we can assume that there exist ¢ > 0 and ng € N such that, if

tn
——1' <5}
Sn

W={gel:dr(g,1) <e},

then V = (W x U)NG. We claim that the local orbit O (s, V') dense in U. Fix t € U and
ni1 > ng. Let N € N, to be determined later. Set

N/tr/ sk for k < mnq,
gk = HJS’M N\/Sj/tj fOl"k?:’I'Ll—f—]_,
1

otherwise.

U:{tE(O,l)N:VnSnO,

and

Observe that, for N large enough, we have that g € T', d(g,1) < ¢, and g's € U for every
i < N. Finally observe that g¥s; = t;, for k < n;. This concludes the proof that the local
orbit O (s, V) is dense in U. Since this is true for every neighborhood V of s in G, s is a
turbulent point for G. O

5.6. Conformal equivalence of varieties

Fix d € N and let V,; be the space of varieties in B;. Denote by Aut(B;) be the group
of conformal automorphisms of B,;. Recall that the pseudohyperbolic distance d on By is
defined by

d<a7b) = H(Pa (b)H )

where ||-|| is the usual Euclidean norm and ¢, is the conformal automorphism of B, which
interchanges 0 and @ defined in [75, Subsection 2.2.1]. Then d is a proper metric (since
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5. The Borel complexity of the classification problem

its closed balls coincide with Euclidean closed balls) that induces the usual topology on
By. Furthermore, Aut(By) is a closed subgroup of the group of isometries of (B, d), and
hence a locally compact Polish group when endowed with the compact-open topology.
More information about conformal automorphisms of B, can be found in [75, Chapter
2]. Consider the Borel action of Aut(B;) on V; defined by (a,V) — «a (V). Observe
that the relation Exfl w(my) Of Aut(B,)-conformal equivalence of varieties in B, is the orbit
equivalence relation associated with this action. Therefore, it follows from [52, Theorem
1.1] that EX‘; o(B,) 18 essentially countable.

The remainder of this section is devoted to proving Theorem 5.1.2, asserting that F Afl +(Ba)
has in fact maximum complexity among essentially countable equivalence relations. As
explained in the introduction, the same conclusion will then apply to the relation of (com-
pletely) isometric isomorphism of multiplier algebras My, where V' € V.

Observe that the canonical inclusion of B, into B, 1 induces an inclusion of V; into V1.
According to the following proposition, this inclusion is a Borel reduction from the relation
of Aut(B,)-conformal equivalence on V,; to the relation of Aut(Bg4,4)-conformal equivalence
on Vgy1. We mention that this result also follows from [25, Theorem 4.4].

Proposition 5.6.1. Let X, Y C B, be subsets. Then X and Y are conformally equivalent
via an element of Aut(B,) if and only if they are conformally equivalent via an element of
Aut(Bd+1>.

Proof. By [75, Section 2.2.8], every conformal automorphism of B, extends to a conformal
automorphism of By, ;. This establishes one direction.

Conversely, suppose that F' € Aut(Bg.;) maps X onto YV, and let G C Aut(Bgyq)
denote the subgroup of all automorphisms which fix B;. We wish to show that X and Y
are G-equivalent. Since Aut(B,) acts transitively on B, [75, Theorem 2.2.3], and since every
element of Aut(B,) extends to an element of G, the subgroup G acts transitively on B;. We
may therefore assume that 0 € X and 0 € Y. By Proposition 2.4.2 in [75] and the discussion
preceding it, F' maps the affine span of X onto the affine span of Y. Hence, F' maps
span(X) N B, onto span(Y’) NB,, where span denotes the linear span. Since span(X) N By
and span(Y’) N B, are themselves unitarily equivalent to complex balls of dimension e < d,
and since automorphisms of B, extend to automorphisms of higher-dimensional balls, we
conclude that there exists a map F € G such that F |span(x)B; = F]span (x)nB,- This
completes the proof. O

Therefore to establish the desired lower bound on the complexity of £ Ai H(Ba) it suffices to
consider the case d = 1, hence B; = D, the unit disc. The elements of V; \ {D} are precisely
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5.6. Conformal equivalence of varieties

the (possibly finite) Blaschke sequences. Recall from Section 5.2 that the orbit equivalence
relation E(Fy,2) associated with the left translation action of the free group Fy on its
subsets has maximum complexity among essentially countable equivalence relation. We
will now show that FE(F5,2) is Borel reducible to the relation EX;t(D) of Aut(ID)-conformal
equivalence of Blaschke sequences. To this end, we will adapt the proof of [18, Theorem

41].

The lower bound in [18, Theorem 4.1] is achieved by encoding the action of F, on {0,1}"
by translation. The crucial point in this proof is that Aut(DD) contains a copy of Fy such
that the orbit of every point in D is discrete. We require something stronger, namely that
the orbit of every point is a Blaschke sequence.

Proposition 5.6.2. There exists a discrete group T' C Aut(D) which is isomorphic to Fy

such that
> (1—1g(2)]) < o0

gel

for every z € D.

Proof. Let g1 and go be two conformal automorphisms of D which generate a Schottky
group (see Chapter II, Section 1 in [1(]), and let I" be the group generated by ¢g; and gs.
Then I' is isomorphic to F; by [16, Chapter II, Proposition 1.6]. By the same proposition,
the closure of the Dirichlet domain Dy(I') of I' contains nontrivial arcs in dD (see [10,
Chapter I, Section 2.3] for the definition of the Dirichlet domain). In particular, the

Lebesgue measure of Dy(I") N ID is strictly positive. In this situation, [36, Theorem XI.4]
applies to show that

> (1=1g(0)]) < oo.

gel’
Finally, the argument preceding Theorem XI.3 in [36] shows that this sum is finite if 0 is
replaced with an arbitrary point z € D. O]

It seems worthwhile to give a concrete example of two conformal automorphisms of D
which generate a group I' as in the statement of the proposition. Let H denote the upper
half-plane in C. Recall that D and H are conformally equivalent via the Cayley map

H — D
Z—1

z -,
Z+1

This map induces an isomorphism of topological groups between Aut(D) and Aut(H).
Moreover, Aut(H) is isomorphic to PSLy(R) via the map that assigns to the matrix
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5. The Borel complexity of the classification problem

<CCL Z) € PSLy(R) the corresponding Mébius transformation

az+b

Z = .
cz+d

Let @ : PSLy(R) — Aut(D) denote the isomorphism obtained by composing the two
isomorphisms above. The group A considered in the proof of [18, Theorem 4.1] is generated

by the images of
1 2 10
(01) = ()

under . The group A is isomorphic to Fy, but the orbit of 0 under A is not a Blaschke
sequence. This follows from the following facts:

e A has finite index in PSL(2,7Z), and

e the orbit of 0 under ® (PSLy(Z)) is not a Blaschke sequence, as its conical limit set
on 0D has positive Lebesgue measure, see [16, Chapter II, Section 3.1].

Moreover, A is not a Schottky group, but just a generalized Schottky group in the sense
of [16, Chapter II, Section 1.1]. However, if we let I"' C Aut(DD) denote the group generated

by the images of
1 3 10
1) = (1)

then it is not hard to see that I" is indeed a Schottky group, and thus satisfies the conclusion
of the proposition.

In the proof of the next theorem, we require the following elementary observation.

Lemma 5.6.3. Let (X, d) be a metric space and let 2@, 20 2?) and y© ¢y y@) 46 by
points in X such that
d(l‘(i), x(j)) — d(y(i), y(j))

for 0 < i,7 < 2 and such that the distances d(y™,y")) are all distinct for 0 < i < j < 3.
If 0 : X — X 1is an isometry such that

O({x, 2D, 2P})  {y, 4y, 4P,y

then 0(z®) = @ for 0 < i < 2.
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5.6. Conformal equivalence of varieties

Proof. The assumptions on the distances and the fact that 6 is an isometry imply that
0({z®,2V}) = {5y},
0({2®,2®}) = {5, 5}, and
O, o) = {50,y

This is only possible if #(z®) = y® for 0 < i < 2. O

We are now ready to prove the main result of this section.

Theorem 5.6.4. The relation E(F,,2) is Borel reducible to the relation of Aut(ID)-con-
formal equivalence of Blaschke sequences.

Proof. The proof is an adaptation of the proof of the lower bound in [18, Theorem 4.1].
The details are as follows.

Let I' be a group as in Proposition 5.6.2. We will identify F, with I". Moreover, let d be
the pseudohyperbolic metric on D, and for z € D and ¢ > 0, let

D.(2)={yeD:d(y,z) <e}.
We will explicitly construct four Blaschke sequences
B; = {xéi) 19 € b}
for 0 < i < 3 and find € > 0 with the following properties:
1. gng) ::L‘éi,z for g,h € Fy and 0 <1 < 3,
2. ()€D€/5(;Eg ) for g € Fy and 0 <7 < 3,
3. Dop(x) N (ByU By U By U By) = {a) : 0 <i <3},

4. The distances d(:z:g ,xg ) do not depend on g € F, and are all distinct and positive
for0 <i<j<3.

The construction proceeds as follows. Let xl € D be arbitrary and set xg) = g(xgo))

for g € F». Let By = {xg : g € Fy}. Then By is a Blaschke sequence. In particular, there
exists € > 0 such that
De(at”) 1 By = {1}

Choose distinct points xgi) E DE/5($1 )\ {xl } for i € {1,2,3} such that the pseudo-
hyperbolic distances d(xgZ : 1 ) for i < j are all different from each other, and define
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5. The Borel complexity of the classification problem

2 = g\ for i € {1,2,3} and g € Fy. Moreover, set B; = {2\ : g € F,}. Using the
fact that every g € Fy is an isometry with respect to d, properties (1)—(4) are now easy to
verify.
Given A C Fy, let
Via=ByUB UBU{zl : g € A}.
We will show that A = ¢gB for some g € F} if and only if V4 and Vg are Aut(D)-conformally
equivalent. Clearly, if g € F, such that gA = B, then g(V4) = Vg, hence V4 and Vg are
Aut(D)-conformally equivalent. Conversely, assume that there exists § € Aut(D) with
0(Va) = V. We will show that there exists g € Fy such that § = g. Since a:§°) € Vy, there
exists g € F, and i € {0,1,2,3} such that 9(3:50)) = 2. Observe that for k € {1,2}, we
have '
d(O(a"), o) = d(B(21"). 0(x1")) = d(2”, 2)") < ¢/5
by Condition (2). By the same condition, d(x(gi), xéo)) < g/5, hence
k
9(x§ )) € D5/2($§0)).
Therefore, Condition (3) implies that
9({x§0),x§1),x§2)}) C {:L‘g) :0<i <3}

In light of Condition (4), an application of Lemma 5.6.3 shows that 9(1‘51)) = 2l for
0 <1¢ < 2. This means that 6 and g are two Mobius transformations which agree on three
points. Consequently, § = g, see for example [70), Theorem 10.10]. We finish the proof by
showing that gA = B. Note that if h € A, then xf’) € V4. Therefore, xé?,’l) = (xf’)) =
Q(xég)) € Vg, so gh € B. This shows that gA C B. Similarly, g7'B C A, so gA = B, as
desired. O]
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6. Nevanlinna-Pick spaces with
hyponormal multiplication operators

6.1. Introduction

The contents of this chapter appeared in [12]. Let H be a reproducing kernel Hilbert
space on a set X with kernel K. In this chapter, we study the relationship between two
possible properties of H: the complete Nevanlinna-Pick property and hyponormality of
multiplication operators. The definition of the complete Nevanlinna-Pick property can be
found in Section 2.4.

The second property we consider is hyponormality of multiplication operators, that is,
the property that for every multiplier ¢ on H, the corresponding multiplication operator
M, € B(H) satisfies MM, < M;M,. While multiplication operators are not normal in
typical examples, they are subnormal and hence hyponormal for a number of reproducing
kernel Hilbert spaces, including Hardy and Bergman spaces on domains in C¢.

Two results concerning weighted Hardy spaces serve as a motivation for the study of the
relationship between the two properties. Suppose for a moment that H is a reproducing
kernel Hilbert space on the open unit disc D with kernel K of the form

K(z,w) = Zan(zw)" (z,w € D),

where (a,,) is a sequence of positive numbers with ap = 1 (i.e. H is a unitarily invariant
space on the unit disc in the sense of Section 4.2). Note that the classical Hardy space
H? corresponds to the choice a, = 1 for all n, in which case we recover the Szegd kernel
(1—zw)~!'. We assume that multiplication by the coordinate function z induces a bounded
multiplication operator M, on H. Equivalently, the sequence (a,,/a,1) is bounded. Then
the operator M, is hyponormal if and only if
(079 an+1

>
Ap—1 ap

foralln >1
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6. Nevanlinna-Pick spaces with hyponormal multiplication operators

(see Section 7 in [31], and note that the sequence (#(n)) there is related to (a,) via

a, = B(n)72). On the other hand, a sufficient condition for H being a complete Nevanlinna-

Pick space is that the reverse inequalities
Qn, An+1

<
Ap—1 Qp,

foralln >1

hold (see Lemma 7.38 and Theorem 7.33 in [3]). Since this condition is not necessary, the
two results do not immediately tell us anything new about weighted Hardy spaces satis-
fying both the Nevanlinna-Pick property and hyponormality of multiplication operators.
Nevertheless, they seem to indicate that the presence of both properties is special.

The aim of this chapter is to show that the Hardy space is essentially the only complete
Nevanlinna-Pick space whose multiplication operators are hyponormal. Recall that a re-
producing kernel Hilbert space H with kernel K on a set X is called irreducible if K(x,y)
is never zero for z,y € X and if K(-,z) and K (-,y) are linearly independent for different
x,y € X. We call a set A C D a set of uniqueness for H? if the only element of H? which
vanishes on A is the zero function. The main result now reads as follows.

Theorem 6.1.1. Let H be an irreducible complete Nevanlinna-Pick space on a set X with
kernel K such that all multiplication operators on H are hyponormal. Then one of the
following possibilities holds:

(1) X is a singleton and H = C.

(2) There is a set of uniqueness A C D for H?, a bijection j : X — A and a nowhere
vanishing function 6 : X — C such that

KA, 1) = 0(A)o(p) k(G (), 5 (),
where k(z,w) = (1 — zw)~" denotes the Szegd kernel. Hence,
H* = H, fw0(foj),

is a unitary operator. If X is endowed with a topology such that K is separately
continuous on X x X, then j is continuous. If X C C" and K is holomorphic in the
first variable, then j is holomorphic.

Since the Hardy space H? is a complete Nevanlinna-Pick space whose multiplication
operators are hyponormal, it is easy to see that the same is true for every space as in part
(2). Hence, this result characterizes Hilbert function spaces with these two properties.
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Remark 6.1.2. (a) It is well known that sets of uniqueness for H? are characterized by the
Blaschke condition (see, for example, [36, Section IT 2]): A set A C DD is a set of uniqueness

for H? if and only if
> (1= a]) = o.

a€A

(b) The condition that K(z,y) is never zero is not very restrictive. Indeed, if we drop
this condition, then X can be partitioned into sets (X;) such that the restriction of H
to each X; (compare the next section) is an irreducible complete Nevanlinna-Pick space
(see [3, Lemma 7.2]). This yields a decomposition of H into an orthogonal direct sum of
irreducible complete Nevanlinna-Pick spaces H;. It is not hard to see that this decomposi-
tion is reducing for multiplication operators. Hence, all multiplication operators on H are
hyponormal if and only if this is true for each summand. We omit the details.

Before we come to the proof of the main result of this chapter, let us consider an ap-
plication to Hilbert function spaces in higher dimensions. In particular, this applies to
holomorphic Hilbert function spaces on the open unit ball in C"* for n > 2. Standard
examples of such spaces either have the property that all multiplication operators are hy-
ponormal (such as Hardy and Bergman space) or have the Nevanlinna-Pick property (such
as the Drury-Arveson space, see the next section), but not both. This is not a coincidence.

Corollary 6.1.3. Let n > 3 be a natural number, and let U C R™ be an open set. Then
there is mo irreducible complete Nevanlinna-Pick space on U which consists of continuous
functions and whose multiplication operators are all hyponormal.

Proof. Assume toward a contradiction that H is such a Hilbert function space, and let
K be its kernel. Since the functions in H are continuous, it follows that K is separately
continuous. Hence, Theorem 6.1.1 implies that there is a continuous injection j : U — D.
But this is impossible if n > 3 due to Brouwer’s domain invariance theorem [10]. O

The remainder of this chapter is organized as follows. In Section 6.2, we will use the
Agler-McCarhty universality theorem to embed a complete Nevanlinna-Pick space as in

Theorem 6.1.1 into the Drury-Arveson space. The proof of Theorem 6.1.1 is then presented
in Section 6.3.

6.2. Embedding into Drury-Arveson space

As a first step in the proof of Theorem 6.1.1, we will embed the complete Nevanlinna-Pick
space H into the Drury-Arveson space using the Agler-McCarthy universality theorem.
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6. Nevanlinna-Pick spaces with hyponormal multiplication operators

Using notation as before, we write By for the open unit ball in ¢%(d), where d is a cardinal.
The Drury-Arveson space H3 is the reproducing kernel Hilbert space on By with kernel

1
1—(z,w)’
If d = 1, this is the Hardy space H?. For d > 2, Arveson [3] exhibited multipliers on H3
which are not hyponormal by showing that their spectral radius is strictly less than their

multiplier norm. Indeed, if 2; and z, denote the coordinate functions on C?, then M., ., is
not hyponormal on H2, as

ka(z,w) =

1 1
IMemarzml = 5 < 5 = 1M, 200

(see [8, Lemma 3.8]). This observation readily generalizes to d > 2.

Given a subset Y C By, we write Hj
with kernel kg, . If

‘Y for the reproducing kernel Hilbert space on Y

I(Y)={feH;: f|, =0}
denotes the kernel of the restriction map, then Lemma 2.1.2 implies that
Hi o I(Y) = Hil,, [ [l (6.1)

is a unitary. We will require the universality theorem of Agler and McCarthy (see Section
2.5) in the following form.

Theorem 6.2.1. Let H be an irreducible complete Nevanlinna-Pick space on a set X with
kernel K. Assume that K is normalized at Ao € X in the sense that K (Ao, 1) = 1 for all
w € X. Then there is a cardinal d and an injection b: X — By with b(Ag) = 0 such that

1

Ko =r—goy gy red)
Hence,
HioIY)—=H, [~ (f],)ob,
is a unitary operator, where Y = b(X). O

In the above setting, let Fy = H3©1(Y'). This space is co-invariant under multiplication
operators. Clearly, every ¢ € Mult(H3) restricts to a multiplier on H? y» and hence gives
rise to the multiplier ((p‘y) obon H. If U denotes the unitary operator in Theorem 6.2.1,
then

U Mglyon)U = Pr, M| ., -

Thus, if we assume that all multiplication operators on H are hyponormal, then all opera-
tors appearing on the right-hand side of the last identity are hyponormal as well. We will
use this fact to show that Fy can be identified with H?2.
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6.3. Proof of Theorem 6.1.1

6.3. Proof of Theorem 6.1.1

The discussion at the end of the last section suggests studying compressions of multiplica-
tion operators to co-invariant subspaces such that the compressed operator is hyponormal.
We need the following simple observation.

Lemma 6.3.1. Let H be a Hilbert space, let T € B(H) and let M C H be a co-invariant
subspace for T'. Suppose that the compression of T' to M is hyponormal. If f € M with
T fIl = ITf|l, then Tf € M.

Proof. Since M is co-invariant under 7', and since Py, T ! s 18 hyponormal, we have
T fI < W PuT I < T I = 11T f1]-

Consequently, ||PyTf|| = ||Tf]|, and hence T'f € M. O

We will apply this observation to multiplication operators on H7. Since the coordinate
functions z; are multipliers on H?, it follows from unitary invariance of the Drury-Arveson
space that all functions of the form (-, w) for w € ¢*(d) are multipliers on H3.

Lemma 6.3.2. Suppose that F C H3 is a closed subspace which is co-invariant under
multiplication operators. Let z € By, and suppose that the compression P]:]\/[<.,Z>‘]E 1S
hyponormal. Then the following assertions hold.

(a) If 1 € F and K(-,2) € F, then (-, z) € F.
(b) If (-,z) € F, then (-, z2)" € F for alln > 1.

Proof. (a) Clearly, we may assume that z # 0, and define w = z/||z||. Then

o0 oo
v H* — H3, ZanC” — Zan<~,w>”,
n=0 n=0

is an isometry, where ( denotes the identity function on C. Under this embedding, the
unilateral shift M on H? corresponds to the restriction of M, (-w) to the reducing subspace
t(H?). In particular, M<.7w>}L(H2) is an isometry.

Now, consider
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6. Nevanlinna-Pick spaces with hyponormal multiplication operators

Observe that f is contained in the range of the isometry M (.,w>| , hence

L(H?)
M) fIT = 1LFI = 1My FII-
Lemma 6.3.1 implies that F contains the element M. ., f, and thus also

f — M(.’Z>f = <‘, Z> e F.

(b) The proof is by induction on n. The base case n = 1 holds by assumption. Suppose
that n > 2 and the assertion is true for n — 1. The same argument as in the proof of part
(a), applied to (-, z2)""! in place of f, shows that

1Mz (o 2)" = MLy )"

so that

by Lemma 6.3.1. O

Given Y C By, it can happen that there is a larger set Z D Y such that every function
in H3|,, extends uniquely to a function in H, 3‘ ,, (cf. Section 4.5). To account for that, we
define

v

Y={z€B;: f(z) =0forall feclI(Y)}

Then Y is the largest set which contains Y and satisfies this extension property. Moreover,
it is easy to see that
Y={2€By: K(-,2) € H o I(Y)}.

Lemma 6.3.3. Let Y C By be a set with 0 € Y, and set Fy = Hj © I(Y). If the
compression P;YM<.,w>’ s hyponormal for every w € By, then Y is a complex ball, that
18,

Fy
Y =MnBy,

for some closed subspace M of (*(d).

Proof. Let M be the closed linear span of Y. Observe that for all w € Y, we have
K(-,w) € Fy. Since 1 = K(-,0) € Fy, part (a) of Lemma 6.3.2 implies that (-,w) € Fy
for all w € Y. It follows that

(-,v) € Fy forallve M,
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6.3. Proof of Theorem 6.1.1

as v — (-, v) is a conjugate linear isometry. Using part (b) of Lemma 6.3.2, we deduce that

o0

K(,v) =) (o) e Fy

n=0
for all v € M NB,;. This argument shows that Y D M N B, and the reverse inclusion is
trivial. O]

We can now prove the main result.

Proof of Theorem 6.1.1. If X is a singleton, there is nothing to prove. Otherwise, fix
Ao € X. Since K is an irreducible kernel, it is nowhere zero, so we can consider the
normalized kernel defined by

7 K<>‘7 )
K\ p) = —,
= 050
where
5(\) = KX \o)

VE (Mo, M)

Then K (Ao, ) = 1 for all p € X. Moreover, if H denotes the reproducing kernel Hilbert

space with kernel K, then B
H—=>H, f—=if

is a unitary operator. It is easy to see that H also satisfies the hypotheses of Theorem
6.1.1, so we will work with H instead of H.

We will show that H can be identified with H 2 for a suitable cardinal d’. It will then
follow that d’ is necessarily 1. By Theorem 6.2.1, there is an injection b : X — B, for some
cardinal d such that 0 = b()\) € b(X) and such that

KA, 1) = ka(b(X), b(p))

holds for all A, u € X. Define Y = b(X) and Fy = H? © I(Y), and note that 0 € Y. The
discussion at the end of Section 6.2 now shows that Fy satisfies the hypotheses of Lemma
6.3.3, hence

Y =MnBy,

for some closed subspace M. Let d’ be the dimension of the Hilbert space M. As X is not
a singleton, d’ # 0. Clearly, Fy = Fy, so that the restriction map from Fy into H 3‘? is
unitary. If V is an isometry from ¢?(d’) onto M C *(d), we have

ka(V(2),V(w)) = kg(z,w) for all z,w € By.
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6. Nevanlinna-Pick spaces with hyponormal multiplication operators

Therefore,
Fy = H%, frfoV,

is a unitary operator as well. Combining this map with the unitary from Theorem 6.2.1,
we obtain a unitary
HQ’ — H7 f = f © .jv

where j = V* o D.

By assumption, all multiplication operators on H are hyponormal, hence the same is
true for H2. This is only possible if d = 1 (see the discussion at the beginning of Section

6.2), so that the last operator is in fact a unitary from H? onto H. Injectivity of this
operator implies that A = j(X) is a set of uniqueness for H2?. Combining the identities for
the various kernels, we see that

K\ p) = SOV3GRGN), () for all A, i € X, (6.2)

as asserted.

To prove the additional assertion, let \g # p € X. Then j(u) # 0, so rearranging
equation (6.2), we obtain for j the formula

, —\ -1 0(A)o(p)
i) = ((w) (1 - m)

Taking the definition of § into account, it follows that j is continuous (respectively holo-
morphic) whenever K (-, u) is. O

Remark 6.3.4. (a) Since d’ = 1 in the last proof, the isometry V' is of the form A — Aw for
some unit vector w in the one-dimensional space M. It is easy to see that in this situation,
the inverse of the unitary

Fy=Fp— H? fwfoV,

is given by
H? — Fy C HJ, ZanC” — Zan<-,w>”.
n=0 n=0
An isometric embedding of this type was used in the proof of Lemma 6.3.2.

(b) For the most part of the proof of Theorem 6.1.1, we only used hyponormality of

operators of the form Pz, M. Fy for w € B, (notation as above). If H is an irreducible
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6.3. Proof of Theorem 6.1.1

complete Nevanlinna-Pick space with kernel K, normalized at some point g, then these
operators correspond to multiplication operators on H with multipliers of the form

p() = (b(),w)  (w € Ba), (6.3)

where b is the injection from Theorem 6.2.1. These multipliers play the role of coordinate
functions for Nevanlinna-Pick spaces (see the discussion preceding Beurling’s theorem for
Nevanlinna-Pick spaces [3, Theorem 8.67]).

The only argument which requires hyponormality of more general multiplication oper-
ators is the proof that d’ = 1. Thus, if we weaken the hypothesis of Theorem 6.1.1 and
only require hyponormality of multiplication operators corresponding to functions as in
(6.3), then H will be equivalent to H2 (in the sense of part (2) of Theorem 6.1.1) for some
cardinal d'.
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7. von Neumann’s inequality for
commuting weighted shifts

7.1. Introduction

The contents of this chapter appeared in [11]. von Neumann’s inequality states that

p(T)|| < sup{|p(2)]| : =z € D}

holds for every contraction 7" on a Hilbert space and every polynomial p € C[z], where
D denotes the open unit disc in C [88]. This inequality can be deduced from Sz.-Nagy’s
dilation theorem, according to which every contraction 7' on a Hilbert space admits a
unitary (power) dilation [33]. Andd’s theorem shows that any pair (77, 73) of commuting
contractions dilates to a pair of commuting unitaries [5]. As a consequence, we obtain a
two variable von Neumann inequality:

1p(Ty, T)|| < sup{|p(z1, )| : (21, 2) € D'}

for every polynomial p € C|zy, z5]. The situation for three or more commuting contractions
is quite different. Parrott [641] gave an example of three commuting contractions satisfying
von Neumann’s inequality which do not dilate to commuting unitaries. Kaijser-Varopoulos
[87] and Crabb-Davie [11] exhibited three commuting contractions which do not satisfy the
three variable version of von Neumann’s inequality. More details about this topic can be
found in Chapter 5 of the book [65].

In 1974, Shields [81, Question 36] asked if von Neumann’s inequality holds for a particu-
larly tractable class of commuting contractions, namely multivariable weighted shifts. He
attributes this question to Lubin. This problem is also explicitly mentioned in the proof of
Theorem 22 in [51]. Multivariable weighted shifts can be defined as follows. Let (87)end
be a collection of strictly positive numbers with Sy = 1 such that for j = 1,...,d, the set

{/81+5j//6] RS Nd}
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7. von Neumann’s inequality for commuting weighted shifts

is bounded, where ¢; € N is the tuple whose j-coordinate is 1 and whose other coordinates
are 0. Define a space of formal power series

HA(B) = {£(2) = Y arz" : [If1F = Y las 2B} < oo

IeNd IeNd

and for j =1,...,d, let M., be the unique bounded linear operator on H?() such that
M, z"=2""  forall I € N,

Then the tuple (M,,,...,M,,) is called a d-variable weighted shift. More details about
multivariable weighted shifts can be found in Section 7.3.

The purpose of this chapter is to provide a positive answer to the question of Lubin and
Shields.

Theorem 7.1.1. Let T = (11, ...,T,) be a d-variable weighted shift and assume that each
T; is a contraction. Then T dilates to a d-tuple of commuting unitaries. In particular, T
satisfies von Neumann’s inequality, that is,

Ip(T)|| < sup{|p(2)| : = € D'}

for allp € Clzy, ..., 24

A proof of Theorem 7.1.1 will be given in Section 7.4. In fact, we will show that ev-
ery contractive d-variable weighted shift satisfies the matrix version of von Neumann’s
inequality.

It is important that the tuple T" in Theorem 7.1.1 is a multivariable weighted shift
in the sense described above. Indeed, the three operators of the Crabb-Davie example
[11], which do not satisfy von Neumann’s inequality, commute and are weighted shifts
individually (with some weights equal to zero), but they do not form a 3-variable weighted
shift. Furthermore, it is also possible to define multivariable weighted shifts with possibly
zero weights, see Remark 7.3.1 (b). In Section 7.5, we will exhibit such a tuple of operators
which does not dilate to a tuple of commuting unitaries. This example is similar to Parrott’s
example [0].

Abstract considerations show that there exists a d-tuple of commuting contractions
(S1,...,S4) on a Hilbert space such that

Ip(Th, - Tl < [[p(Sy, -+ Sa)l
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7.2. A general method for establishing von Neumann'’s inequality

holds for every d-tuple of commuting contractions (71, ...,Ty) and every polynomial p €
Clz1,- .-, 24|, and, in fact, for every matrix of polynomials p. This defines an operator
algebra structure on Clzy,.. ., z4], which is called the universal operator algebra for d
commuting contractions (see [65, Chapter 5]). It follows from Theorem 7.1.1 and from the
failure of von Neumann’s inequality for three commuting contractions that S cannot be a
d-variable weighted shift for d > 3.

Corollary 7.1.2. Let p : Clzy,...,24] — B(H) be an isometric representation of the
universal operator algebra for d commuting contractions. If d > 3, then the d-tuple of
operators (p(z1),...,p(za)) is not a d-variable weighted shift. ]

This should be compared with the situation for commuting row contractions, that
is, commuting tuples (77, ...,T,) satisfying Z;.lzl TyT; < 1. In this case, the universal
norm is the multiplier norm on the Drury-Arveson space, and the corresponding d-tuple
(M,,,...,M,,) of row contractions is a d-variable weighted shift [3, 26]. Indeed, the tuple
(M,,,...,M,,) was first described as a weighted shift.

The remainder of this chapter is organized as follows. In Section 7.2, we provide a
general method for establishing von Neumann’s inequality for commuting contractions. In
Section 7.3, we recall the definition and some basic properties of multivariable weighted
shifts. Section 7.4 contains the proof of Theorem 7.1.1. Finally, in Section 7.5, we exhibit
an example which shows that Theorem 7.1.1 does not generalize to multivariable weighted
shifts with possibly zero weights.

7.2. A general method for establishing von Neumann'’s
inequality

Let X C CV be a compact set. We say that a function f : X — C is analytic if it extends
to an analytic function in an open neighbourhood of X. We denote by 0y X the Shilov
boundary of the algebra of all analytic functions on X. Thus, Jy.X is the smallest compact
subset K of X such that

sup{[f(2)| : z € X} = sup{[f(2)| : z € K}

holds for every analytic function f on X. For simplicity, we call 9y X the Shilov boundary
of X. By the maximum modulus principle, dy X is contained in the topological boundary
0X, but it may be smaller. Similar to the scalar valued case, we say that a function
F = (F,...,F;) : X — B(H)? is analytic if each F} extends to a B(H)-valued analytic
function in an open neighbourhood of X.
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7. von Neumann’s inequality for commuting weighted shifts

The next result is motivated by a proof of von Neumann’s inequality for matrices due
to Nelson [01], see also [05, Exercise 2.16] and [68, Chapter 1].

Proposition 7.2.1. Let X C CV be compact and suppose that T : X — B(H)? is an
analytic function such that T'(z) is a d-tuple of commuting contractions for all z € X.
Then the following assertions are true:

(a) If the tuple T(z) satisfies von Neumann’s inequality for all z € 0y X, then T(z)
satisfies von Neumann’s inequality for all z € X.

(b) If the tuple T'(z) dilates to a tuple of commuting unitaries for all z € 0y X, then T'(z)
dilates to a tuple of commuting unitaries for all z € X.

Proof. Let p = (pi;)i;=1 be an n x n matrix of polynomials in Clz, ..., z4] and suppose
that the inequality

(T ()l lBrmy < [Pl
holds for all z € 9y X, where

—d
[Iplle = sup{llp(w)[|as, - w € D7}
Given f,g € H" of norm 1, observe that the scalar valued function

X=C, 2= (pT()f,9),

is analytic. By assumption, this function is bounded by ||p||s on 9yX, and hence on X by
definition of JyX. Consequently, the inequality

(T )]s < (1Pl

holds for all z € X. Part (a) now follows by taking n = 1 above. Part (b) is a consequence
of the general fact that a tuple of commuting contractions satisfies the matrix version
of von Neumann’s inequality if and only if it dilates to a tuple of commuting unitaries,
which follows from Arveson’s dilation theorem (see, for example, [65, Corollary 7.7], or [0,
Corollary 4.9] for the explicit statement). O

Remark 7.2.2.  (a) Proposition 7.2.1 and its proof remain valid in the following more
general setting: Suppose that A4 C C(X) is a uniform algebra with Shilov boundary
Xo C X. Let T : X — B(H)? be a function such that T'(z) is a d-tuple of commuting
contractions for all z € X and such that for all p € C[zy,. .., z4) and all f, g € H, the scalar
valued function

X=C, 2z pT(2)f.9),

belongs to the algebra A. If T'(z) satisfies von Neumann’s inequality (respectively dilates
to a d-tuple of commuting unitaries) for all z € X, then 7(z) satisfies von Neumann’s
inequality (respectively dilates to a d-tuple of commuting unitaries) for all z € X.
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(b) We can recover Nelson’s proof of von Neumann’s inequality from Proposition 7.2.1
in the following way. Suppose that 7' € M, (C) is a contraction and let ' = UDV be a
singular value decomposition of T'; where U,V € M, (C) are unitary and D is a diagonal

matrix with entries in [0, 1]. For z € ﬁd, define
T(z) = Udiag(zy,...,2,)V.

. . —d —d . .
This defines an analytic map on D. Moreover, dy(D") = T¢, and T(z) is unitary for
z € T?. By Proposition 7.2.1, it therefore suffices to establish von Neumann’s inequality
for unitary matrices, which in turn is an immediate consequence of the spectral theorem.

To motivate the proof of Theorem 7.1.1, we first deduce from Proposition 7.2.1 that
single contractive weighted shifts satisfy von Neumann’s inequality (of course, this also
follows from the usual von Neumann’s inequality for Hilbert space contractions).

Proposition 7.2.3. Let T be a unilateral weighted shift which is a contraction. Then T
satisfies von Neumann’s inequality.

Proof. A straightforward approximation argument reduces the statement to the case of
truncated weighted shifts (see Lemma 7.4.1 below for the details). Let n € N and suppose
that T" € M,(C) is a truncated weighted shift with weight sequence wy, ..., w,_1 in D,
that is,

0 0 -~ 0 0
wi 0 -~ 0 0
710 w -~ 0 0
0 0 ... wyy O

For z = (2z1,...,2,-1) € ﬁnil, let T'(z) € M, be the truncated weighted shift with weight
sequence 2, ...,2%,_1. This defines an analytic map on D", Since 80(ﬁn_1) =T ! an
application of Proposition 7.2.1 shows that it suffices to establish von Neumann’s inequality
for T'(z) if z € T"~!. However, for z € T""!, the operator T'(z) is easily seen to be unitarily
equivalent to T'(1,1,...,1) (cf. Corollary 1 in Section 2 of [31]), which evidently dilates to
the bilateral shift, and thus satisfies von Neumann’s inequality. O

7.3. Preliminaries about weighted shifts

In this section, we review the definition and some basic properties of multivariable weighted
shifts. For a comprehensive treatment, the reader is referred to [51]. Let d € N. We begin
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7. von Neumann’s inequality for commuting weighted shifts

by recalling multi-index notation. A multi-index is an element [ € N¢. For 1 < 7 <d,
we write ¢; for the multi-index I = (¢y,...,44) with i; = 1 and 4, = 0 for k£ # j. Given a
multi-index I = (iy,...,4q), we define

| =i+ ...+ a4

Moreover, if z = (z1,...,2q) € C?, we write
=2 ..zf;‘.
If T = (Ty,...,T;) is a commuting tuple of operators, we similarly define T?. Given

two multi-indices I = (iy,...,44) and J = (j1,...,7a), we say that [ < J if 45 < j for
1<k <d.

Now, let ‘H be a Hilbert space with an orthonormal basis
{6] 1 e Nd}

and let
w = (wl,j)(l,j)eNdx{L...,d}

be a bounded collection of strictly positive numbers satisfying the commutation relations

WIjWLte; b = WKW tey,j (7.1)

for all I € N and j € {1,...,d}. The (d-variable) weighted shift with weights w is the
unique d-tuple of bounded operators (71, ...,Ty) on H satisfying

T‘jel = Wr,j€I+e; (] < Nd?j S {17 - 7d})

Observe that the relations (7.1) guarantee that the operators 7; commute. Evidently, 7}
is a contraction if and only if w;; <1 for all I € Ne.

Remark 7.3.1.  (a) The definition of multivariable weighted shifts in the introduction
is equivalent to the definition given in this section. To see this, suppose that M, =
(M,,,...,M,,) is a tuple of multiplication operators on a space H?(/3) as in the introduc-
tion. Then with respect to the orthonormal basis (2! /8;) ;ene, the tuple M, is the d-variable
weighted shift with weights

o BIJ’-E]‘
ij = ﬁ[ .

Conversely, every d-variable weighted shift in the sense of this section is unitarily equivalent
to the tuple (M,,, ..., M,,) on H?*(j3), where

Br =T e....0)|l
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for I € N%, see [71, Proposition 8]. While the definition in terms of multiplication operators
is somewhat cleaner, it is more convenient to work with the weights w and not with the
weights 3 in the proof of Theorem 7.1.1. Nevertheless, part of the proof is motivated by
this other point of view.

(b) The assumption that all weights wy ; are strictly positive is standard in the study of
multivariable weighted shifts. It is of course possible to define multivariable weighted shifts
with complex weights in a similar way. According to [51, Corollary 2], every multivariable
weighted shift with complex non-zero weights, equivalently, every injective multivariable
weighted shift with complex weights, is unitarily equivalent to one with strictly positive
weights. However, if we allow for zero weights, then the situation is quite different. Such
a tuple is no longer unitarily equivalent to a tuple of the form M, on H?(3). We will see
in Section 5 that the dilation part of Theorem 7.1.1 does not hold in this more general
setting.

Just as in the proof of Proposition 7.2.3, we will work with truncated shifts in the proof
of Theorem 7.1.1, and we will also need to consider complex and possibly zero weights.
For N € N, define a finite dimensional subspace Hy of ‘H by

Hy =span{es : |I| < N}. (7.2)

Suppose that
w = (Wr;)11<N,je{1,...d}
is a collection of complex numbers satisfying the commutation relations (7.1) for |I| < N—1
and 7 € {1,...,d}. We call such a collection a commuting family. The (d-variable)
truncated weighted shift with weights w is the unique d-tuple of operators (71, ...,Ty) on
H 1 satisfying
7-']'61 — wlajel-i-aj lf |I| S N7
0 if [I] = N + 1.

Once again, the commutation relations ensure that the operators 7 commute.

We require the following straightforward adaptation of [51, Corollary 2] to truncated
weighted shifts.

Lemma 7.3.2. Let T be a d-variable truncated weighted shift on Hyy1 with non-zero
weights w = (wr;). Then T is unitarily equivalent to the d-variable truncated weighted
shift with weights (|wy ;|).

Proof. For |I| < N+1, we define recursively complex numbers A\; of modulus 1 by A©,...0) =
Land Arye;, = Aqwyj/|wy | for [I| < N. Asin the proof of [51, Corollary 2], we deduce from
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the commutation relations (7.1) that this is well defined. If U is the unitary operator on
H 1 satisfying Ue; = Arer, then (U*TYU, ..., U*T,U) is the d-variable truncated weighted
shift with weights (Jwy ;). O

7.4. Proof of Theorem 7.1.1

The proof of Theorem 7.1.1 is essentially an adaptation of the proof of Proposition 7.2.3
to the multivariate setting. We begin with a straightforward reduction to truncated shifts.

Lemma 7.4.1. In order to prove Theorem 7.1.1, it suffices to show that every d-variable
truncated weighted shift with weights in (0, 1] dilates to a d-tuple of commuting unitaries.

Proof. Let T = (1, ...,T,) be a d-variable weighted shift on H such that ||7}|| < 1 for
each j, that is, all weights of T" belong to (0, 1]. Let Hy be the subspace of H defined in
(7.2). Observe that the compressed tuple

PyyT|,, = (PuyTh Py Ty

e )

is a d-variable truncated weighted shift with weights in (0,1]. Since Hy is co-invariant
under each T}, we see that

p(PHNT‘HN) = PHNp(T)‘HN

holds for every p € Clzy,...,2q4]. Therefore, for every p € Clzy,..., 24], the sequence
p(PHNT‘ HN) converges to p(T) in the strong operator topology as N — oo. Consequently,

if Py NT}HN dilates to a d-tuple of commuting unitaries and thus satisfies the matrix version
of von Neumann’s inequality for all N € N, then T satisfies the matrix version of von
Neumann’s inequality, and therefore dilates to a d-tuple of commuting unitaries. O]

The main obstacle when generalizing the proof of Proposition 7.2.3 to multivariable
shifts is that multivariable truncated weighted shifts are not parametrized by the points of
a polydisc in an obvious way. This is because of the commutation relations (7.1). Instead,
we will use Lemma 7.4.2 below.

For the remainder of this section, let us fix N € N and set
T={(I,j) eN*x{1,...,d}:|I| < N}.

Let X denote the closure of the set of all commuting families (wy ;)1 jyez with 0 < Jw; ;| <1
for all (1,7) € Z. Observe that we may regard X as a compact subset of C.
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Lemma 7.4.2. The Shilov boundary of X is contained in the set
Xo={(wr;) € X :|wr;| =1 forall (I,j) € ZL}.

Proof. Let w = (wy;) € X \ Xo with wy; # 0 for all (1,j) € Zand let f: X — C be a
function which extends to be analytic in a neighbourhood of X. We will show that there
exists a point w = (wy ;) € X with w;; # 0 for all (1, j) € Z such that

|f(w)] < | f(w)]

and such that
{(1,J) €T+ wry| =1} SH{{T,j) € L |wyy| =1}
Once this has been accomplished, iterating this process finitely many times yields a point

v € X, such that |f(w)| < |f(v)|. Consequently, X is a boundary for the algebra of all
analytic functions on X, so dpX C Xj.

Let us begin by establishing some terminology which will be used throughout the proof.
Let T = (T, ..., T,) be the d-variable truncated weighted shift with weights w. If I C N¢
is a multi-index with |I| < N + 1, we say that [ is good if

Otherwise, we call I bad (cf. Remark 7.3.1 (a)). The following observations are immediate:
(a) If I is good and if J < I, then J is good.
(b) If (1,7) € Z with |wy | < 1, then I 4+ ¢; is bad.
(c) Suppose that [I| < N. If I is good and I + ¢, is bad, then |w; ;| < 1.

We say that a pair (I,j) € Z is scalable if I is good, but I + ¢; is bad. It follows from
(b) and the choice of w that there exists at least one bad multi-index. Since (0,...,0) is
good, we therefore see that there exists at least one scalable pair. Recall that all |wy ;| are
assumed to be non-zero, so we may define

r = max{|wy | : (I, ) is scalable}".

Then » > 1 by (¢). Let D,(0) C C denote the closed disc of radius r around 0. For
t € D,.(0) and (1,7) € Z, define

B (1) twr,; if (1,7) is scalable,
Wr;(t) =
1 wr,;  if (1, ) otherwise
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and let w(t) = (wr,;(t))(r,j)ez- We finish the proof by showing that w(t) € X for every

t € D,(0). Indeed, it then follows from the maximum modulus principle that there exists
ty € aDT(O) with

[f(w)] = [F@@)] < [f(w(to))],

so setting w = w(ty), we obtain a point with the desired properties.

Since X is closed, it suffices to show that w(t) € X for all t € D,(0) \ {0}. Clearly,
0 < |wy;(t)] <1 for these ¢, so we need to show that w(t) is a commuting family, that is,
we need to show that
Wi () Wrie, k() = Wik () Wre,;(t)

for all t € D,.(0) and all multi-indices [ with |[I| < N —1and 1 < j,k <d. Let I be such
a multi-index. If I is bad, it follows from (a) that I 4+ ¢; and I 4 ¢ are bad as well, and
hence no pairs in Z which appear in the above equation are scalable. If I and I 4 €; + ¢
are good, then it follows again from (a) that no pairs in the equation are scalable. Thus,
it remains to consider the case where [ is good and I +¢; + ¢, is bad. In this case, exactly
one of (I,7) and (I + €;,k) is scalable, depending on whether I + ¢; is good. Similarly,
exactly one of (I, k) and (I + &y, j) is scalable. Thus

Wy j (1) Wrye; k(t) = twy jWrie, k = tWrRWI4e, 5 = Wi k() Wrye, (),

as asserted. O]
We are now ready to prove the main theorem.

Proof of Theorem 7.1.1. According to Lemma 7.4.1, it is enough to establish Theorem
7.1.1 when T is a d-variable truncated weighted shift with weights in (0, 1], say 7" acts on
Hy. Given a commuting family w € X, let us write T'(w) for the d-variable truncated
weighted shift on Hy with weights w. Then the range of the analytic map

X = B(Hy)?, w— T(w),

consists of d-tuples of commuting contractions and contains every d-variable truncated
weighted shift on Hy with weights in (0, 1]. According to Proposition 7.2.1 and Lemma
7.4.2, it therefore suffices to show that T'(w) dilates to a d-tuple of commuting unitaries
if w € Xy. We infer from Lemma 7.3.2 that for w € X, the d-tuple T'(w) is unitarily
equivalent to the tuple 7'(1), where 1 denotes the element of Xy which consists only of 1s.
Thus, it remains to show that 7'(1) dilates to a d-tuple of commuting unitaries. In this
case, it is not hard to construct a unitary dilation explicitly.
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7.4. Proof of Theorem 7.1.1

Indeed, let o denote the normalized Lebesgue measure on T¢, and for 1 < k < d, let M,,
be the operator on L?(0) given by multiplication with zj,. Then M, = (M,,,...,M,,) is a
d-tuple of commuting unitaries, and 7'(1) can be identified with the compression of M, to
the semi-invariant subspace

span{z’ : I € N |I| < N},
cf. Example 1 in Section 2 of [51]. Therefore, the proof is complete. O

Remark 7.4.3. In the last proof, the tuple of unitaries (M, ..., M} ) on L*(T%) is in fact a
regular dilation of the adjoint of 7(1) in the sense of [25, Section 9]. Therefore, the adjoint
of every tuple T'(w) for w € 9y X admits a regular unitary dilation. This is not true for

the adjoint of every tuple T'(w) for w € X.
For example, suppose that d = 2 and let

1/2, if I =(0,0)
Wr; = .
1, otherwise.

Let T' = (11,7%) be the 2-variable weighted shift with weights (w; ;). With notation as
in Remark 7.3.1 (a), T is unitarily equivalent to (M,,, M,,) on H?(3), where y = 1 and
Br=1/2if I # (0,0). A straightforward computation shows that

(1 — TlTl* — TQTQ* + TngTl*TQ*)e(Ll) = —3/46(171),

hence T* does not admit a regular unitary dilation by [85, Theorem 9.1]. Similarly, the
truncations P, T Ha do not admit regular unitary dilations if N > 2.

For the same reason, multivariable truncated weighted shifts do not in general coex-
tend to a (direct sum of) M, on the Hardy space H?(ID¢), or, more generally, to a tuple
(Vi,...,Va) of doubly commuting isometries (i.e. the V; commute and V*V; = V;V* if
i # 7). Indeed, if (V4,V4) is a pair of doubly commuting isometries, then

(1= VAV = Va5 + VLWV = (1= VAV (1 — 1aVy)

is a positive operator, and hence if (T}, T3) is a compression of (V;,V3) to a co-invariant
subspace, then
1~ T\ T — ToTy + TV Ty

is a positive operator as well. On the other hand, if d = 1, then every contractive weighted
shift, being a pure contraction, coextends to a direct sum of copies of the unilateral shift

M, on H*(D).
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7. von Neumann’s inequality for commuting weighted shifts

7.5. A non-injective counterexample

The definition of multivariable weighted shifts given in Section 7.3 can be generalized
to allow complex and possibly zero weights, see Remark 7.3.1 (b). Even though it is
customary to assume that all weights are non-zero, we may still ask if Theorem 7.1.1
holds in this greater generality. Observe that the proof of Theorem 7.1.1 breaks down if
some of the weights of T" are zero. Indeed, the method of scaling certain weights by a
complex number ¢ never changes a zero weight into a non-zero one. It is natural to ask,
however, if the proof can be modified by introducing non-zero weights in such a way that
the commutation relations (7.1) still hold. We will now exhibit an example which shows
that this is not possible in general. In fact, the operator tuple in this example does not
dilate to a commuting tuple of unitaries.

Let T be a 3-variable weighted shift with not necessarily positive weights (wy ;) given by

0, if|ﬂ220r[:gj,
wrj =< a;;, ifl=¢ andi# j,
oj  if 1'=1(0,0,0).

Here (a;;)iz; are six complex numbers of modulus 1 and (d,);<;<3 are three complex
numbers of modulus at most 1, all to be determined later. The relevant part of the three
dimensional grid N® together with the weights wy ; is shown in Figure 7.1.

(0,1,1) 0 s (1,1,1)
O.(b:b | Q A
(0,0,1) (1,019 |
a1,3
5 (0,1,0) s (1,1,0)
oo |
(0’0’ O) 51 (1707 0)

Figure 7.1.: The weights of T’
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Observe that if 0, = 0 for all j, then (w;;) satisfies the commutation relations (7.1)
regardless of the value of the six weights a; ;. On the other hand, the relations
51a1,3 = 5303,1
52a2,1 = 51a1,2
53G3,2 = (52612,3

show that if one of the ¢; is not zero, then all of them are non-zero. Moreover, multiplying
the above equations, we see that in this case, the equation

a1,3021032 = A3101 2023
must hold. For example, let us set ay; = —1 and
(1o = a13 = Gz3 = az) = azz = L.

If 0; = 0 for j = 1,2,3, then we obtain a 3-variable contractive weighted shift 7" with not
necessarily positive weights. However, it is not possible to perturb the first three weights
W(0,0,0),; = 0; While maintaining commutativity of the operators. Note this also shows that
for any N > 2, the weights (wy;), where |I| < N, do not belong to the set X of Section
7.4.

We now show that the 3-tuple of commuting contractions 7" which we just constructed
does not dilate to a 3-tuple of commuting unitaries. This is very similar to Parrott’s
example [61]. Observe that the 6-dimensional space M spanned by the vectors

€(1,0,0)5 €(0,1,0)» €(0,0,1)5 €(1,1,0)5 €(1,0,1)5 €(0,1,1)

contains ran(7}) as well as ker(7})* for j = 1,2,3, so we may restrict our attention to this
space. With respect to the orthonormal basis above, the operators T} are given on M by

T = [O 0} e My(C) (j=1,2,3),

where
0 -1 0 1 00 000
Ai=10 0 1|, A,=|0 0 0], A3=1{({1 0 O
0 0 0 001 010
As in the treatment of Parrott’s example in [18, Example 20.27], we consider the matrix
polynomial
VAR 0
pz1,22,23) = |23 0 2
0 z3 —x
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7. von Neumann’s inequality for commuting weighted shifts

It is shown there that
Sup{Hp(Zla 22, Zg)H 1 21,%2,23 € E} = \/§

On the other hand,
|Ip(T1, T2, T3)|| = [|p(Ar, Az, As)]|-

The submatrix of the 9 x 9 matrix p(A;, Ay, A3) corresponding to the rows 1,6, 8 and the
columns 2,4,9 is

~1 1 0
1 0 1],
0 1 —1

and it is easy to check that this matrix has norm 2. Thus,
|1p(Th, T2, T3)|| = 2.

In fact, it is not hard to see that ||p(Ty, Ty, T3)|| = 2. Since 2 > +/3, it follows that
the commuting contractions 77,75, T3 do not dilate to commuting unitaries. However, it

follows from Section 5 of [64] that 77, T5, T3 do satisfy the scalar version of von Neumann’s
inequality.
This example also demonstrates that Lemma 7.3.2 and [51, Corollary 6] do not hold in

general without the assumption that the weights are non-zero. Indeed, it is not hard to
see that if a; ; = 1 for all ¢ # j in the example above, then 7" does dilate to a commuting
tuple of unitaries.
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