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AssTRACT. We give two applications of the theory of test function realisa-
tions. These were developed in connection with interpolation problems.
In the first, we use test function methods to construct a counterexample
to the rational dilation conjecture. That is, we give a class of spaces and
operators on them, such that the operators do not have rational bound-
ary dilations. The second is a test function realisation for the algebra of
functions on the disc with zero derivative at the origin. The methods
used in this second application could also be used to find test function
realisations for other algebras, or in interpolation problems.
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CHAPTER 1

Introduction

The purpose of this thesis is to illustrate some applications of test func-
tion realisations to problems in function theory and operator theory.

Test functions first appeared in connection with the Pick interpolation
problem on the bidisc (see [Agl90b]") and subsequent work has expanded
its use to other types of interpolation problem (see [AMO02], [DMMO07],
[MS04], [DM07]).

The connections between interpolation and operator theory go back
much further than this however; Sarason was the first to note (see [Sar67]),
that the Nevanlinna-Pick and Carathéodory interpolation problems could
both be seen as different facets of the same operator based problem. Nu-
merous authors (far too many to hope to list) have expanded on these
techniques, to solve related interpolation problems by operator theoreti-
cal means (for example [Abr79], [McC96], [DPRS07], [BBT08], [MP02],
[Rag08a], [Rag08b], [DP98], [Agl90a]).

In this thesis, we will look at two problems related to test functions.
In Chapter 3 we consider the first problem, the rational dilation problem,
which concerns Hardy spaces H*(R) on planar domains R € C. In essence,
it conjectures that their contractive representations are completely contrac-
tive. 5z.-Nagy’s dilation theorem (a proof of which can be found in [Pau02])
shows that the conjecture holds when R = ID, the unit disc. Agler showed
(see [Agl85]) that the conjecture holds when R is an annulus. However,
subsequent work (see [AHRO08] and [DMO05]) has shown that it does not
hold if R is a triply connected domain (that is, R has two holes).

If we have a collection of test functions W, then the set of functions they
realise forms a normed algebra H*(Ky). Our first step will be to find a
set of test functions W so that H*(Ky) = H*(R). We will see later that test
functions can characterise contractive representations. The situation for
completely contractive representations is somewhat more complex, and the

It appears that a solution to the Nevanlinna-Pick interpolation problem on the bidisc
was known as early as 1988 (there are references scattered throughout the literature, to an
unpublished manuscript “Some interpolation theorems of Nevanlinna-Pick type” by Jim
Agler) but [Agl90b] appears to be the first time it appeared in print.
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1. INTRODUCTION 5

theory is less complete, but we are able to show that a particular represen-
tation is not completely contractive, thus disproving the rational dilation
conjecture for a particular class of three-or-more-holed domain R.

In Chapter 4 we consider the second problem. We are looking at the
normed algebra

HY = (f e H®: f(0) =0} .

This algebra has already been investigated in various papers (see for ex-
ample [DPRS07], [BBT08], [Rag08b]). We sought to find a test function
realisation for the algebra HY. To do this, first we find a representation
similar to Herglotz’ representation — a so called Agler-Herglotz representation
(the realisations found in [Agl90b], [DM07], and indeed in Theorem 3.2.10,
are based on this same idea. Herglotz representation 1 from [AHRO08] is
also similar), and then distill a realisation from it.

Before this though, we give some introductory background reading. In
Chapter 2 we discuss test functions. We give definitions for terms we will
need later, and recall some commonly used results in the field.



CHAPTER 2

Background on Test Function Realisations

Test function realisations first appeared in connection with the interpo-
lation problem on the polydisc. The earliest work in this field was Agler’s
realisation of holomorphic functions on the polydisc, in [Agl90b] in 1990.
Various other important techniques in this field were introduced in the late
nineties, in [BT98] and [AM99].

Itis hard to pin down precisely when the idea of an abstract theory of test
function realisations first appeared. The idea was clearly known by 2002, as
Agler discusses the abstract theory of test functions in [AMO02]. However,
authors were already using these kinds of techniques in novel settings by
that point; it is unclear whether anyone had considered an abstract theory
of test functions prior to this.

For our purposes, it will be most convenient to consider the treatment
given in [DMO7].

2.1. Definitions

We need to define what is meant by a collection of test functions. We
generally use the notation ¢|r to denote the restriction of 1) to F. We also
define a kernel, as a function k : X X X — C; a kernel is positive if for any
finite set of points F = {xy, ..., x,}, the matrix (k(xi, xj))i,j is positive.

DeriniTION 2.1.1. A collection W of test functions is a collection of com-
plex valued functions on a set X, satisfying the following conditions:

(1) Foreachx € X,

sup{ly(x)|: v eW}<1,
(2) For each finite set F with n elements, the unital algebra generated

by W|r is n-dimensional

We also require that W is a topological space. Condition 2 essentially says
that the algebra generated by W separates finite sets of points.

We do not need to assume that X is a topological space, as X inherits a
topology from the test functions. To see this, define C;(W) as the space of

6



2.2. THE REALISATION THEOREM 7

all bounded, continuous functions on V. The evaluation mapping
E: X CW) E@W)=¢E)

is now an injective mappingl, and defines a topology on X, if we assume it
to be continuous.

The main reason we define test functions, is that a collection of test
functions has an associated normed algebra, defined in the following way.

DEeriniTION 2.1.2. If W is a collection of test functions, then we write
Ky = {k: XxX - Clk20, (1-p)Py))k, y) = 0¥y € P} .

Dually, if we have a collection K of positive kernels over X, we can
define a normed algebra of functions on X. The quickest way to define the
normed space H*(K) is to define its unit ball:

BH(K) = {p: X > C| (1 - p®)p(y))k(x, y) pos.¥k € K] .
Addition and multiplication are defined pointwise.

2.2. The Realisation Theorem

The key result in this area is that there are numerous, equivalent, ways
of describing H*(Ky).

TueoreEM 2.2.1 ([DMO7]). If WV is a collection of test functions, the following
are equivalent:

(1) @ € H*(Ky) and |||l (scy) < 1.
(2) (a) For each finite set F C X, there exists a positive kerne? T : FX F —
Cp(W)", such that for all x, y € F,

1 - p()p(y) =T(x, y) (1 - EQE®y)") .

(b) There exists a positive kernel I' : X X X — C,(W)" such that for all
x, y€X,

1 - p()e(y) = T(x, y) (1 - EQE®Y)") .

(3) There exists a Hilbert space &, a unitary operator

E &

A B
LI:[C D]:@_)@’
C C

and a unital =-representation
p: G(W) = B(©),

lthe mapping is injective by part 2 of the definition
This kernel is positive, in the sense that I'(-,-)(L) is a positive kernel at each L € C,(\W)
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such that
@(x) =D+ CZ(x)(I - AZ(x))"' B,

where Z(x) = p(E(x)).
(4) (a) For every representation 1t of H*(Ky) such that ||n(1p)|| <1 forall
Y € W, we have that ||n((p)|| <1
(b) For every weakly continuous® representation 1 of H* (Kw) such that
||7'((l,b)|| <1 forall p € ¥, we have that ||T((g0)|| <1

The various equivalent formulations given in this theorem first ap-
peared in various forms in various places.

Functions that satisfy condition 1 form the Schur-Agler class. Condition
2 first appeared in [Agl90b], where Agler gave sets of test functions W
and W, (the notation here is more modern than the notation used at the
time) such that H*(ID) is isometrically isomorphic to H*(W;) and H*(ID?)
is isometrically isomorphic* to H®(W;) (some authors say that the kernels
I' model ¢, although we do not use that piece of terminology here). This
also appears to be the first time that condition 3 was used in this context.

Condition 3 says that ¢ is the transfer function of a unitary colligation.
This particular terminology is motivated by control theory, as is the paper
[BT98], which introduced many of the techniques and notations used today.

Condition 4 is the generalised von Neumann inequality, and had been
shown to hold in the case of H*(ID) by von Neumann, and in the case of
H>(ID?) by Andd. Proofs of both of these classical results can be found in
[Pau02].

A definition of H*(Ky) similar to this one first appeared in print in
[AMO2], although it is not clear how widely this idea was understood
before that time.

We do not reproduce the proof of Theorem 2.2.1 here. However, many
of the techniques used in [DMO07] to prove this result can be found in Section
3.5. The results in Section 3.5 amount to a partial proof of a matrix-valued
generalisation of Theorem 2.2.1, although at the time of writing, no complete
matrix-valued generalisation of Theorem 2.2.1 is known.

A consequence of Theorem 2.2.1 is the following interpolation theorem,
previously given in [DMO07].

3When we say that a representation 7 : H*(Ky) — B(J) is weakly continuous, we mean
that H*(Kw) has the topology of pointwise convergence, and B(J) has the weak operator
topology.

4Agler actually gave sets of test ¥,, for H*(ID") for all n € IN, but the resulting isomorphisms
are only isometric when n = 1 or 2
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THEOREM 2.2.2. If we have a set of test functions VW on a space X, a finite
subset F C X, and a function C : F — ID, then the following are equivalent:

(1) There exists a ¢ € H*(Kw) with ||(p|| <land ¢|r =C.
(2) For each k € Ky, the kernel

FxF3 (v, y) = (1 - C@)IWy)) k&, y)
is positive.
(3) There exists a positive kernel I : F X F — C,(W)* so that for all x, y € F
1= L) =T, y) (1~ E@EQ)) -
Further, if ¥ is compact, there is a bounded positive measure 1 on \V so that
@(x) = D + CE(x) (I - AE(x))"'B
for some unitary
. (A B) C'®l2)  C el

: @ - ®
C D
C C
This can be seen as analogous to the Nevanlinna-Pick interpolation

theorem (a modern treatment of which can be found in [AMO02]), which is
as follows:

TueoreM 2.2.3. If we have a finite subset F C D, and a function C : F — D,
then the following are equivalent:
(1) There exists a ¢ € H*(ID) with ||g0|| <land plr =C.
(2) The kernel L
FXF>(x, y)— LX)E(y)
1-xy

is positive.



CHAPTER 3

Rational Dilation on Multiply Connected Domains

This chapter is based on material previously published by the author in
[Pic08a]. Readers should be familiar with the theory of Riemann surfaces.
See [FK92] for an introduction

3.0.1. Definitions for this Chapter. Let X be a compact, path connected
subset of C, with interior R, and analytic boundary B composed of n + 1
disjoint curves, By, ..., B, where n > 2. By analytic boundary, we mean
that for each boundary curve B; there is some biholomorphic map ¢; on a
neighbourhood U; of X which maps B; to the unit circle T. By convention
By is the outer boundary. We write IT = By X -+ X B,.

We say a Riemann surface Y is hyperelliptic if there is a meromorphic
function with exactly two poles on Y. We say R is symmetric if there exists
some anticonformal involution @ on R with 2n + 2 fixed points on B. We
say a domain in C U {oo} (that is, the Riemann sphere S?) is a real slit domain
if its complement is a finite union of closed intervals in R U {oo}.

We define R(X) € C(X) as the space of all rational functions that are
continuous on X. The definitions of contractivity and complete contractivity
are the usual definitions, and can be found in [Pau02].

3.0.2. The Problem. In this chapter, we will give a partial resolution to
the rational dilation conjecture, which is as follows.

Congecture 3.0.4. If X C Cisa compact domain, T € B(H) is a Hilbert space
operator with o(T) € X and ||f(T)|| <1forall f € R(X) with ||f||C(X) <1, then
there is some normal operator N € B(K), K 2 H, such that 6(N) C B (= dX), and
f(T) = PuNIn.

A classical result of Sz.-Nagy shows that the rational dilation conjecture
holds if X is the unit disc. A generalisation by Berger, Foias and Lebow
shows this holds for any simply connected domain (see [Pau02]). A result
by Agler (see [Agl85]) shows that rational dilation also holds if X has one
hole — such as in an annulus. However, subsequent work has shown that
rational dilation fails on every two-holed domain with analytic boundary
(see [DMO5], and [AHRO08]).

10



3.1. SYMMETRIES 11

We will prove the following, which by a result of Arveson (see [Pau02,
Cor. 7.8]), is equivalent to showing that the rational dilation conjecture does
not hold on any symmetric, two-or-more-holed domain.

Tueorem 3.0.5. If X is a symmetric domain in C, with 2 < n < oo holes, there
is an operator T € B(H), for some Hilbert space H, such that the homomorphism
7 R(X) — B(H) with w(p/q) = p(T) - g(T)~" is contractive, but not completely
contractive.

Proor OuTLINE. First, we let C define the cone generated by
{H@ [1 - v@y@)| H@w) : ¢ € BHY(X), He M (H(X))} ,

where BH*(X) is the unit ball of the space of functions analytic in a neigh-
bourhood of X, under the supremum norm, and M, (H*(X)) is the space
of 2 X 2 matrix valued functions analytic in a neighbourhood of X. For
F € M, (H* (X)), we set

PF = sup {p >0: - p*F(z)F(w)" € C} .

We show that there exists a function F which is unitary valued on B (we say
F is inner), but such that pr < 1. We show that such a function generates a
counter-example of the type needed. To show that such a function exists,
we show that if F is inner, pr = 1 (||F|| = 1 by the max modulus principle, so
pr < 1), and the zeroes of F are “well behaved”, then F can be diagonalised.
We go on to show that there is a non-diagonalisable inner function F, with
well behaved zeroes, which must therefore have pr < 1, so must be a
counter-example. m|

By [BC67], we know that any two-holed domain is symmetric, so the
result of [DMO05] can be seen as a consequence of Theorem 3.0.5.

In [DMO05] and [AHRO08], the authors work with domains whose bound-
aries are circles, with centres on the real line. Such domains are clearly
symmetric. The result of [BC67] shows that any two-holed domain is con-
formally equivalent to one of this form. More generally, Koebe’s Theorem
(see [Haz02] or [GL69]) shows that any multiply-connected domain R can
be conformally mapped to a circular domain, although the circles need not
line up along the real line.

3.1. Symmetries

Details of the ideas discussed below can be found in [Bar75].

Tueorem 3.1.1. Let R C C have n+1 analytic boundary curves, B, ..., B, C
B, withn > 2, and let Y be its Schottky double. The following are equivalent:
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(1) Yis hyperelliptic;

(2) R is symmetric;

(3) Ris conformally equivalent to a real slit domain =.
The proof can be found in [Bar75], but we will briefly discuss the construc-
tions involved. We know from [FK92, II1.7.9] that Y is hyperelliptic if and
only if there is a conformal involution ¢ : Y — Y with 2n + 2 fixed points.
We find that ¢ is given by

Jow(x) xeR
1(x) = 1 @(x) x€B ,
@oJ(x) x€]J(R)

where ] is the “mirror” function on Y, that maps the front version of X to
the back version, and vice versa.
Also, if ¢ : E — R is the conformal mapping from part 3, we have that

o(c(9) = < (&).

DerintTION 3.1.2. We define the fixed point set of our symmetric domain
Ras
X:i={xeR: x=0k)}.

ReEMARK 3.1.3. In view of Theorem 3.1.1 on the preceding page, it makes
sense to relabel the components of B. We can see that X must be the image
of RN E under ¢, so must consist of a finite collection of paths running
between fixed points of B. We choose one of the two fixed points of By, and
call it p;. We follow X from p; to another B; which we relabel By; we call
the fixed point we landed at p;. Label the other fixed point in B; as p;, and
repeat, until we reach p;. The section of X from p; to p; ,, we call X;. See
Figure 3.1.1.

ProrositioN 3.1.4. If a meromorphic function f on the above-mentioned hy-
perelliptic surface Y has n or fewer poles, and all of these poles lie in RU B, then all
of these poles must lie on B.

Proor. Suppose f has n or fewer poles. Then f o also has n or fewer
poles, so f — f ot has 2n or fewer poles. However, if x is a fixed point of ¢,
f(x) = f ou(x) = 0, and since ¢ has 2n + 2 fixed points, f — f o« has at least
2n + 2 zeroes. This is only possible if f — f ot = 0, so if x is a pole of f, then
((x) is a pole of f, which is a contradiction unless x € B. O

3.2. Inner Functions

In this section, we describe a class of measures on B, corresponding to
period free harmonic functions on R. This is done by a shorter method in
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Ficure 3.1.1. The structure of X

[AHRO08] (we will in fact use a variant of their method to tackle a different
problem, in Section 4.3.2), but the method described here is constructive.
The approach taken here has more in common with the approach taken
in [DMO05]. Those unfamiliar with the function theory used can find an
excellent introduction in [Fis83].

Results in this section often require us to choose a fixed point b € R.
Usually, b will be determined by the particular application, but in this
section we make no requirements on the choice of b. We can choose, and
fix, any point, and use it as our b. Similarly, none of the results in this section
assume that R is symmetric.

3.2.1. Harmonic and Analytic Functions. If w, is harmonic measure at
b, and s is arc length measure, by an argument like the one in [DMO05], we
can find a Poisson kernel IP : R X B — R such that for # harmonic on R and
continuous on B,

h(w) = f h(z)P(w, z)ds(z) .
B
Equivalently, IP is given by the Radon-Nikodym derivative

dwy
P(w, -) = s
We know that IP is harmonic in R at each point in B, and that for any positive
h harmonic on R, and continuous on X there exists some positive measure
p on B such that

h(w) = fB: P(w, z)du(z) .
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Conversely, given a positive measure i on B, this formula defines a positive
harmonic function.

We let /1; denote the solution to the Dirichlet problem which is 1 on B;
and 0 on B;, where i # j. We can see that this corresponds to the arc length
measure on B;.

We define Q; : B — R as the outward normal derivative of i, and define
the periods of h by

It should be clear that & is the real part of an analytic function if and only if
Pih)=0forj=0,1,...,n

Lemma 3.2.1. The functions Q; have no zeroes on B. Moreover, Q; > 0 on B;
and Q; < 0on By for 1 # j.

Proor. As X has analytic boundary, we can assume without loss of
generality that By = T. We know that i j takes its minimum and maximum
on its boundary. Since h; equals one on Bj, and zero on B; if [ # j, these
must be its maximum and minimum respectively, so /; is non-decreasing
towards Bj, and non-increasing towards Bj, so Q; > 0 on B; and Q; < 0 on
B;.

We can see by the above argument that we only need show that Q; # 0.
We let R’ be the reflection of R about By (which we are assuming is the unit
circle). We can extend /; to a harmonic function on X U R’ by setting

h]'(Z) = —h]'(l/Z)

onR’.

If Q; had infinitely many zeroes on By, then Q; would be identically
zero, so we suppose Q; has finitely many zeroes on By.

Suppose Q; has a zero z, and a small, simply connected neighbourhood
N(z). By choosing N(z) small enough, we can ensure that N(z) contains no
other zeroes. Clearly, h j forms the real part of some holomorphic function
f on N(z). We know that dh;/dn = Q; = 0, and because /; is constant on
By, we know that the tangential derivative of h;, dh;/dt, is also zero, so f
has derivative zero at z, so f has a ramification of order at least two at z.
We also know that f maps everything outside the unit disc to the left half
plane, and everything inside the unit disc to the right half plane, but clearly
this is impossible, so Q; cannot have a zero.

A similar argument holds for By, ..., Bj. O

CoroLrAry 3.2.2. If h is a non-zero positive harmonic function on R which
is the real part of an analytic function, and h is represented in terms of a positive
measure i, then u(B;) > 0 for each j.
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Proor. If u(B;) = 0, then as Q; < 0 on B\Bj, Pj(h) < 0, a contradiction.
Thus, u(B;) > 0. O

3.2.2. Some Matrix Algebra. We wish to show that at each p € I, the

vector

ey & - e
Qi(po) Qi(p1) - Qilpn)

V' =det| Qa(po) Qa(p1) -+ Qapn)

Qn(PO) Qn(Pl) Qn(pn)

has only positive coordinates. It helps to note that in three dimensions

€ €3 €
xXy=det| xp x1 x

Yo Y1 2
It will also be helpful to write
e € e e3 -+ €y
-+ = - .. -
. + - ... -
— — — + ce — 4

p— — — — “ee +

noting that Q;(p;) > 0, and Qi(p;) < 0 for i # j. From here on, positive and

negative quantities will simply be denoted by (+) and (-), respectively.
Lemma 3.2.3. All sub-matrices of V" of the form

+ f— - oo —
—_ + —_ e —_
— — + oo —

have positive determinant.

Proor. We can assume, without loss of generality, that such matrices

are of the form

Qi(p1) Qi(p2) -+ Qilpx)

Qa(p1) Qa(p2) -+ Qapx) AT

Qkp1) Qklp2) -+ Qxlpr)
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by a simple relabelling of boundary curves. We note that

n
Y =1,
j=0
so in particular

i Qjx) =0
=0

forall x € B. So,if 1 <i <k, then

k n
Y Qipi) = _(QO(Pi) Y Qj(pi)) >0.
j=1 j=k+1
We now apply Gershgorin’s circle theorem. Since A;; = Qj(p;), the eigen-
values of A are in the set

N n N
S:= UD ZAij/Aii = USZ-,
=1 |j=1 i=1
J#l
where D(e, x) C C is the ball centred at x of radius €. Now, if A € S;, then
A=Al <), j=i Aij, so in particular
n
%(/\) > Aji — Z |A,‘]'| =A;+ ZAZ']' = ZAij >0.
j#i j#i j=1
Now, all terms in the matrix A are real, so if A is an eigenvalue of A, then
either A > 0, or A is also an eigenvalue. We know that the determinant of
a matrix is given by the product of its eigenvalues, counting multiplicity.
Therefore, the determinant of A is a product of positive reals, and terms of
the form AA = |/\|2, which are also positive and real, so det(A) is positive, so
det (AT) is positive. |

Lemma 3.2.4. V" has only positive coefficients.
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Proor. We define

X1

+

17

For our purposes, all that matters is the signs of the elements of this matrix,
and that Lemma 3.2.3 on page 15 holds. Cyclically permuting the first i

rows gives
— + —
n_ (_1yi-1| _ _
di = (-1) +
We can see that
e e e
—_ + —

Vﬂ

=(+)eg + ) (~1)'de;
i=1

and

df =(=(+) = (=d{ ™) + (=d5™) =+ (1) (=)

n—-1
=(=)+ ) (D@,
=1

€,

(-1,
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We now proceed by induction. We first consider the case where k = 1.
We can see that

€0

T‘ﬂﬂ%%ﬂﬁﬂﬂ%ﬂﬂ%

so the lemma holds for k = 1. Now suppose that the lemma holds for k -1,
and consider V*. The ey coordinate is positive, by Lemma 3.2.3 on page 15.
The e; coordinate is given by

k-1
eﬁ%#%ﬂ4ﬁ%=e%ﬁ+ZPWW#ﬂ

j=1

=(H)+ (—1)j(d'}_1) =(+),
A ——

e;j term of Vk-1

so the lemma holds for k, and so holds for all k € IN. O

CoRroLLARY 3.2.5. For each p € I, the kernel of

Qi(po) Qi(p1) Qilp2) --- Qilpn)

M(p) = szPo) szm) Qz(:Pz) QZan)

Qu(po) Qulp1) Qu(p2) -+ Qulpn)

is one dimensional and spanned by a vector with strictly positive entries. Further,
we can define a continuous function x : T — R"™1 such that «(p) is entry-wise
positive, and x(p) is in the kernel of M(p).

Proor. We can see that M(p) is always rank 7, as the right hand n xn
sub-matrix is invertible, by Lemma 3.2.3, so its kernel is everywhere rank
one. If at each p € IT we take the V" defined earlier, and define this as x(p),
it is clear that this is entry-wise positive, orthogonal to the span of the row
vectors (so in the kernel of M(p)), and has entries that sum to one, from the
definitions and the above proved theorems. O

3.2.3. Canonical Analytic Functions. For p € IT we define
n
k=Y %i(0)PC, py),
j=0
where « is as in Corollary 3.2.5. Define 7 : [T — R"*! by 7(p) = x(p)/kp(b).
We then define

n

By =Y TiPPC, p)).

j=0
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It is clear that this corresponds to the measure

p= Z Ti(p)op;
=0

on B. We can see that /1, thus defined, is a positive harmonic function, with
hy(b) = 1. We can also see that its periods are zero, as

(3.2.1) Pj(hp)ZfBdeyZLjSTi(p)épi=
i=0

Z Ti(P)j;Qjépi = Z Ti(p)Qj(pi) = 0,
i=0

as 7(p) is in the kernel of M(p), and (3.2.1) is just the j-th coordinate of
M(p)T(p). The function hy, is therefore the real part of an analytic function f,
on R. We require that f,(b) = 1.

We define H(R) as the space of holomorphic functions on R, with the
compact open topology. This is locally convex, metrisable, and has the
Heine-Borel property, that is, closed bounded subsets of H(R) are compact.
We then define

K={feHR): fb)=1, f+f>0}.
LemMma 3.2.6. The set K is compact.

Proor. Kis clearly closed, so it suffices to show that K is bounded. The
case where R is the unit disc is proved in [DMO05], and we use this result
without proof.

Since the By, ..., B, are disjoint, closed sets, and R is T4, we can find
disjoint open sets Uy, ..., U, containing each. By a simple topological
argument we can show that there exists some E > 0 such that

OiE):={zeC: d(z,B) <E} C U,.

It is clear that R is covered by the family of connected compact sets

U Oi(e)

so it is sufficient to work with just these compact sets.

{Ke} := {R\

:0<e<E},

We choose a sequence of disjoint, simple paths vy, ..., v, through X
such that v; goes from B; to B;;1, and vy passes through b (note that when
X is a symmetric domain, v; = X satisfies this). It is clear that the union of
these paths cuts X into two disjoint, simply connected sets U and V. It is
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also possible to show that we can choose a 6 > 0 such that adding
W :={z e R: d(z, v;) <6 for some i}

to either of these sets preserves simple connectivity. We can see that K} :=
Ken(UUW)and K7 := K N (VU W) are simply connected compact sets
containing b, whose union is K. By the Riemann mapping theorem, we
can canonically map K7 to the unit disc, in a way that takes b to zero, so by
the result of [DMO05] mentioned earlier, we have a constant M%, such that f
analytic on R with f(b) = 1 implies for all z € KZ, |f(z)| < MZ. o

Lemma 3.2.7. The extreme points of K are precisely {f, : p € I1}.

Proor. Clearly, each f, is an extreme point of K, so we prove the con-
verse —if f # f,, then f is not an extreme point of K.

If f € K, then the real part of f is a positive harmonic function & with
h(b) = 1. We therefore know that there is some positive measure p on B
such that

h(w) = ﬁ P(w, z)du(z) .

As f is holomorphic, by Corollary 3.2.2 on page 14, 1 must support at least
one point on each B;. If f # f,, then u must support more than one point on
some B;.

Now, a note. We know f is holomorphic if Pj(h) = 0 for j = 0, ..., n.
However, we know that Z?:o Q;=0,s0 Z;l:() Pi(h) = 0, so if we show that
all but one of the P;(h) are zero, we have shown that they are all zero, so f
is holomorphic.

With that in mind, suppose that p supports more than one point on By.
We do not lose any generality by doing this, as relabelling the boundary
curves does not matter in the proof below, so we can safely relabel any
given boundary curve By. We divide By into two parts, A1 and A», in such
a way that y is non-zero on both.

Now, let

ﬂjl=fdeH, I=1,2,
A
and

kjm:f dey, m=1,...,n,
Bm

Since h is the real part of an analytic function,

OzfQ]d[J,
B

ijm+ﬂ]'1 +LZ]'2:O.

m=1

SO
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Since Q; <0 on B; fori # j, forany M C {1, ..., n} containing j,

ijm:—(aﬂ +a]'2+ ijm]>0-

meM me¢M

We can now apply the Gershgorin circles trick from the proof of Lemma 3.2.3
on page 15, to see that all sub-matrices of K := (kj;;) of the form

+ — — o —
—_ + —_ oo —_
— — + o —

have positive determinant (including K, which must therefore be invertible).
We also note that the proof of Lemma 3.2.4 on page 16 only used this fact
and the signs of the elements of matrices.

We consider the adjugate matrix C of K, which is defined by

Cim = (_1)j+m

(kaﬁ ) a#j
p#m

and has the property that det(K)'C" = K~1. If we can show that all the cj,,
are positive, then we will have that all the entries of K~! are positive.
Now, if j = m, then

G = DT = = ke o =),
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If m > j then cjy, is given by

(m—j)x(m—j) block

(322) (=1)/*™

— — “ee +
By cyclically permuting the m — j rows in the middle we get

col j

(-1 = — :

row j — — -

and by cyclically permuting the first j rows, and the first j columns we get
, o
(DB
which we note is precisely the e; term of V"~! in Lemma 3.2.4 on page 16,
which is positive.
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If j > m, then cj, is given by

(j—m)x(j—m) block

(3.2.3) (=1)/*™

— — e +

Butnote that transposing matrices preserves determinant, and the transpose
of the matrix in (3.2.3) is the matrix in (3.2.2), s0 ¢ji, = ¢inj, which we already
know is positive. Therefore, K™! has all positive entries. Since

—ay
—Ay]
has all positive entries, we define
by —aq]
B
bnl —Ayl

Define positive measures v1, v, by

VI(A) = AN A+ Y bup(A N By).

m=1

n
fdeVl =aj+ Z Kjmbm =0,
B m=1

m:ff@mmw» =12,
B

Then

so each
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is the real part of an analytic function g; with Jg;(b) = 0. We can see that
V1tV =yuas

1 =l me Qidu Pty — ar1 — arn
K| :|= : - :

1 Yoet Jp, Quipe |\ Ptlf) — 2y — a2

Multiplying both sides by K~! gives b, + bz = 1. We therefore have
h1 + hy = h. Thus, gl/gl(b) € K and

=B s o[-
F=00) 2+ 25

so f is a convex combination of two other points in K. Hence, f is not an
extreme point. |

Lemma 3.2.8. The set K of extreme points of K is a closed set, and the function
taking I1to K by p & f, is a homeomorphism onto K.

Proor. The proof is essentially that of Lemma 2.11 in [DMO05], and is
included here for completeness.

If we wish to show that the mapping is a homeomorphism, it is sufficient
to show that if p() converges to p(0), then f,;) converges to fy(). Since K
is compact, fy;) must have at least one accumulation point. Consider any
accumulation point f, and choose a subsequence which converges to it,
which we denote fy,)-

If hyy) is the real part of f,), then we have a representing measure

tn = X, Tj(p(n))dp(n); for hy(), so that

o (2) = fB P, 2)din(0).

We know that the measures i, converge weakly to o, s0 1) must converge
pointwise to /,(9), and so must hy(,,), meaning ;o) must be the real part of
f. We conclude that f,,) — fp)- This tells us that the only accumulation
point of f,;) must be fy), S0 fym) = fp0)- Since ITis compact, its range, K,
must also be compact. m|

3.2.4. Test Functions. For p € I, define

-1
l’b”_fp+1'

The real part, hy, of f, is harmonic across B\{py, ..., pu}, therefore f, is

analytic across B\{po, ..., pu}. Also, f, = g;j/(z — p;) in a neighbourhood of
pj, for some analytic g;, non-vanishing at p; (by [Fis83, Ch. 4, Prop. 6.4]).
We can see from this that ), is continuous onto B and |¢p| =1onB.
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By the reflection principle, ¢, is inner and extends analytically across
B, and gb,j 1) = {ro, ..., pu}, so the preimage of each point z € ID is exactly
n + 1 points, up to multiplicity, and so ¢y, has n + 1 zeroes.

Similarly, if ¢ is analyticin a neighbourhood of R, with modulus one on
Band 1 + 1 zeroes in R, then ¢"}{1} has n + 1 points. Also, the real part of

_1+y
f_].—lp

is a positive harmonic function which is zero on B except where (z) = 1.

By Corollary 3.2.2 on page 14, f cannot be identically zero on any B;, so
there must be one point from g[}‘l{ 1} on each B;. If, further, ¢(b) = 0, then
Y =1, for some p € I1.

DeriNiTION 3.2.9. We define © = {ng pe H}

Tueorem 3.2.10. If p is analytic in R and if |p| < 1on R, then there exists a
positive measure (1 on I and a measurable function h defined on I1 whose values
are functions h(-, p) analytic in R so that

@) = [ e, )L~ T 0 G, P

Proor. First suppose p(b) =

Let 1+
_ 4
f= —p
SO f _1
p= m :
Hence
— f@) + fw)
(3.2.4) 1-p@)p(w) = EA A
(f@) + D (fw) +1)

Since h, the real part of f, is positive and f(b) = 1, the function f is in K.
Since K is a compact convex subset of the locally convex topological vector
space H(R), by the Choquet-Bishop-de Leeuw theorem, f is in the closed
convex hull of K = {fp : p € I}, the set of extreme points of K. Therefore,
there exists some regular Borel probability measure v on IT such that

(3.2.5) f= fn Fdv(p).

Using the definition of ¢, and (3.2.4), we can show that

— 1 - p(@)p(w)
- p@)p(w) = —
PP j;l(f(z)+1)( ~ (@) (1 - @) (fw) + 1)

av(p) .
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Finally, if p(b) = a, then we have a representation like the one above, as

( p(z)—a )( p(w) —a ) (1 —aa) (1 - P(Z)P(w))
1- — — = — .
1-ap(z))\1-ap(w) (1-ap(z)) (1 - ap(w))

(3.2.6)

O

We conclude that the set © is a collection of test functions for H*(R), as
defined in Chapter 2.

Nortk 3.2.11. We have used n + 1 parameters to describe the inner func-
tions in ©®, however, we only need 71, as we can identify them with the
inner functions with n + 1 zeroes, by the argument in the introduction to
Section 3.2.4 on page 24. If we then fix some pg € By, it is then clear that for

allp €11, gbp(ﬁ())gbp is an inner function with #n + 1 zeroes, with one of them

at b, and 1, (po)p(po) = 1, so Y,(po)Yp = Yy, where g = (po, q1, ..., qn), for
some g1 € By, ..., g, € B,. We define

©:={¢y: 4= (P, 1, -, G0), 1 € By, .., Gn € Buf,

which is also a set of test functions for H*(R).

3.3. Matrix Inner Functions

Recall that X = {x € R: @(x) = x}, that X has n + 1 components X, ...,
Xj;, and that these are paths running between the components of B. X; runs
between p- € B; and p, ;| € Biy1.

3.3.1. Preliminaries.

TuroreM 3.3.1. If R is symmetric, then there is some b € X, and some’ Yp € ®
with n + 1 distinct zeroes b, z1, ..., zn, where zy, ..., zy & X, and z; # @(z;) for
alli, j.

Proor. For now, choose a by € R, and use this as our b. We will find a
better choice for b later in the proof. Take py as po, and use this to define
© as in Note 3.2.11. We will give this © an unusual name, @0, and call the
functions in it ¢y, rather than ¢,. This is to distinguish it from the © and
Up in the statement of the theorem, which we will construct later.

Choose some p; € B1\X, ..., p, € B,\X. Consider the path v along X
from Bj to By. Its image under ¢, is a path leading to 1. We can see that
o 11} has n + 1 points. As X is Hausdorff and locally connected, there are

IWe use p, rather than p here, to indicate that this is a specific p € I, found in this theorem.
When we are dealing with arbitrary elements of IT, we will use p.
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disjoint, connected open sets Uy, Uj, ..., U, around each of these points,
and since ¢, is an open mapping on each of these open sets,

N = ﬁ (pp(ul')

i=0
is a (relatively) open neighbourhood of 1, whose preimage is n + 1 disjoint
open sets, U], ..., U;. Also, we can choose Uj, ..., U, such that none of
them intersects X, and none of them intersects any @(U;) (since p1, ..., pn ¢
X, and X closed). Now, we can lift ¢pp(v) NN to each of these Ulf , we choose
apoint y € ¢,(v) N N, and note that ¢, Uy} has exactly n + 1 distinct points,
none of which maps to another under @, and exactly one of which is on
X. The point on X, we use as our b for the rest of the proof. We take a
Mobius transform m which preserves the unit circle, and maps y to 0, and
notice that m o ¢, is an inner function which has n + 1 zeroes, exactly one
of which, b, is on X. If we define ® using our new b, and pg = Py, then

mo @y(py)mo @, € ©, and has the required zeroes, and so is our ¢p. |

RemARK 3.3.2. Note that in the above argument, we can choose our b as
close to p;; as we like, so in particular, we can choose b such that hy(b) > 1/2.
By an argument similar to that in [DM05, Prop. 2.13], we can see that no
Yy € O has all its zeroes at b.

Tueorem 3.3.3. If R is symmetric, then Q;(p;) = n(p:) Qj (@(pi)), for some
n : B — C which does not depend on j.

Proor. We write Q; as

Ih;
Qj(p) = =)

B ony,
where d/dn, is the normal derivative at p. We also define d/dt, as the
tangent derivative at p.

Now, note that if &1 is harmonic and @ is anticonformal, then h o @ is also
harmonic, and since /; and /i o @ have the same values on B, they must be
equal, so

dhi(p;)  Ihj(o(pi)
ony, - ony,

4
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and so
oh;(pi)
Qj(pi) - anpi
:ahj (@(pi)) ‘ Moy N oh; (W ' )
Mo (p,) ony, /at/ﬁD(Pi) oy,

Moy
_Q] ((D(pl)) ’ anpi .

N——
n(p:)

Lemma 3.3.4. If n is defined as above, and b € X then
P, pj) = n(p) Pb, o))

Proor. We can write

P(b, pj) = % and P(b, @(p))) = ;:(J(D—(pr;;) ¢

and note that if  is harmonic, then / o @ is harmonic, and h o @(b) = h(b).
So, for any measurable set E C B,

wp(E) = wp(@(E)),
so dwy(pj) = dwy(@(p;)). Hence,

dan(p)  don(@(pp) _ ds(@(py) day(@(p))

b’ i) = = —
_ d”ﬂ?(Pj) B
= PO o) = np) P, o)),
Pj
since ds(@p))  dlapy  dnep)

ds(p;) —_ dty, —_— dny,

*
where x is due to the fact that @ is sense reversing, and t is due to the
Cauchy-Riemann equation for anti-holomorphic maps. O

DeriniTION 3.3.5. We say a holomorphic 2 X 2 matrix valued function F
on R has a standard zero set if

(1) F has distinct zeroes b, a1, ..., ax,, where F(b) = 0, and det (F) has
zeroes of multiplicity one at each of ay, ..., a2,;

(2) if y; # 0 are such that F(a;)'y; =0,j=1, ..., 2n, thennon + 1 of
the y; lie on the same complex line through the origin;

Q) Jaj # Piforj=1,...,2n,i =1,...,n, where Py, ..., P, are the
poles of the Fay kernel K’(-, z).
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We have not defined K? yet, and will not do so until Section 3.4. For now,
all we need to know about K? is that all its poles are on J(X).

3.3.2. The construction. We take 1, as in Theorem 3.3.1 on page 26.
Note that 1, o @ is an inner function with zeroes at b, @(z1), . .., @(z,), equal
to one at p, @(p1), @(p2), - - ., @(pn), S0 must equal Yy (p).-

DeriNtTION 3.3.6. We say S is a team of projections if S is a collection of n
pairs of non-zero orthogonal projections on C?, (Pf + pi- ), such that

10 00 ; ;
PH:[O oJ’ pl_:(o 1)’ PFr+Pm =1, j=1,...n.

Let Sy be the trivial team, given by P/* = P* for all j.
We define

Hsp = 1o(PC, )l + Y wilp) [PC, pi) P* + nplP (-, @(pi)) P] .
i=1
We note that, by Lemma 3.3.4,
Hsp(b) =to(p)P(b, pp)I + Y 7i(p) [P(b, pi) 1]

i=1

= [Z Ti(p) P(b, p»] I=hbyT=1.

i=0

For x € C? a unit vector, <H Sp X, x> corresponds to the measure

B

n
Hxx = Todp; + Z Ti - [8p; [P ]| + Boyn(pi) ||Px]
i1
SO

fB Qi = 10Qi(pg) + Y, i [Qi(pa) [P x| + np)Q; (@(pi)) [P 2]

i=1

n
= 70Qi(py) + Y, TiQi(p) Il
i=1
=0,
by definition of 7.

Hence, <H sp X, x> is the real part of an analytic function, so Hs , is the real
part of a holomorphic 2 X 2 matrix function G, normalised by Gg,(b) = I.
We now define

\PS,P = (GS,p — I) . (GS,p + I)_l .

Lemma 3.3.7. If p is as in Theorem 3.3.1 on page 26, for each S:
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(1) Wsp is analytic in a neighbourhood of X and unitary valued on B;
(2) Wsp(b) =0;

(B) Wsplpy) =L

(4) Wsp(p1)er = ep and Vs, (@(p1)) e2 = e2;

(5) Wsp(pi) P'* = P and Wg p(a(p;)) P~ = P'~;

(6) Wsyp = (IPOP lPu?(p) )

Proor. Thinking about IP(z, 7) as a function of z, in a neighbourhood of
r € B, the Poisson kernel IP(z, r) is the real part of some function of the form
g+(z)(z—1)"!, where g, is analytic in the neighbourhood, and non-vanishing
at r (by [Fis83, Ch. 4, Prop. 6.4]). At any other point g € B, IP(z, r) extends
to a harmonic function on a neighbourhood of g, so must be the real part of
some analytic function, with real part 0 at q.

We can see that if r € Bis not Py Pl s P, @(P1), - -+, @(Pn), then G,
is analytic in a neighbourhood of r. Further, Gs;, + I is invertible near r as
Gsp(z) = Hsp(z) + iA(z) for some self-adjoint matrix valued function A(z),
and Hsp(r) = 0. Thus, Gsp + [ is invertible at and, by continuity, near . We
have

[-WspWs, =2(Gsp+ D)7 (Gsp + G )(Gsp + 1),

————
iA+(iA)=0

which is zero at 7, so W5, must be unitary at r.

From the definition of Gg, in a neighbourhood of p;, there are analytic
functions g1, g2, k1, k2 so that the real parts of k; are 0 at p;, each g; is
non-vanishing at p;, and

26 (z) ]

e s

Z—py
SO
92(2)~z—p,

1 —L -k

(GS’ (Z) + I)_l - +z—p ga+z—p, T 1(2)—z—p,

p 9lz_p6po 922_;7;0 ~ @k (2) —ka(2) g (Z)_pa Po

( (2@ -z-py)c-py)  —*@E-p)
“b@E-pp? (@ -z-p5)E-pp)

(110 -2-75) (220~ 2= 1) - k1 @ka@) 2 =
Note that the denominator is non-zero at and near p, so Gs p +1 is invertible.
We can use this to calculate W, directly?, and show that Wsp is analytic in
aneighbourhood of p;j, and Ws,(p;) = I, so we have (3).

2The calculation is omitted, but can be readily verified by hand, or with a computer algebra
system
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Now we look at p;. Near p; we have analytic functions g, k1, k, k3, ona
neighbourhood of p1, where k1, ky, k3 have zero real part at p1, g is non-zero

at p1, and
9@

o= 57 1 )
2 3

Since k3 + 1 has real part 1 at py, 9(z) (z — p1)~! has a pole, and ki, k; are
analyticat p1, we see that Gs p +1isinvertible near p;. By direct computation,
we see that W, is analytic in a neighbourhood of p; and

1 0
Wsp(p1) = 0 @)l |-
k3(p1)+1

A similar argument holds for @(p1), so we have (4), and by working in the
orthonormal basis induced by P/t and P/~ (5) follows. Also, we have now
shown W, is analytic at every point, so (1) follows.

(6) and (2) follow easily from the definitions. O

Lemma 3.3.8. We define ||S1 — Salle = max;s P{i - Péi
on the space T~ of all teams of projections. There exists some non-trivial sequence

, giving a metric

Sm — So such that for all m, Vs, ., has a standard zero set.

Proor. Since the zeroes of ¢, and () are all distinct except for b, it is

clear that
Yp O J

‘I’so,p ( 0 Ebw(p)
has a standard zero set.

We note that whatever value we take for ¢, there is an S # Sy within ¢
of So, so there is some non-trivial sequence S,, converging to So.

The sequence Ws, ;, is uniformly bounded, so has a sub-sequence W,

which converges uniformly on compact subsets of R to some V. This means
Gm =+ W) —W,)"!
converges uniformly on compact subsets of R to
G=(I+WV)I-w)".

H,,, the real part of G, is harmonic, and

n
Hy = Ho = Y mi(p)P(, pi) [Phy = P'*] + i (@(p) P(, @(py) [Py — P7] .
i=2
Since Pﬁff — P'*, we see that H,, — Hy, and since G(b) = I = Go(b), G,n — Go,
so ¥ =¥, and ¥,, = W¥( uniformly on compact sets.
Let dy(z) = det(W,,(z)). This is analytic, and unimodular on B. Draw
small, disjoint circles in R around the zeroes of dy (which correspond to
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the zeroes of Wy). By Hurwitz’s theorem, there exists some M such that
for all m > M, d,, and dy have the same number of zeroes in each of these
circles, so the zeroes of d,, must be distinct, apart from the repeated zero
at b. In particular, the zeroes (b, aT, .., ay ) of Wy, converge to the zeroes
(b, 11(1), ceey agn) of \PO-
Finally, if [y}l = 1, Wi (a}')"y}" = 0 and 4’ is close to a(l), then
Wo(a))'yy = (Wo(@)) — Wolal)) y4 + (Wo(al) - W(al')) ¥7'.

However, the right hand side tends to zero as m tends to infinity, so
\Ifo(a(l))*y;" tends to zero. Since YY" is a bounded sequence in a finite-
dimensional complex space, it has a convergent sub-sequence, which we
shall also call y}". This y{' must converge to something in the kernel of
Wo(ad)", that is, a multiple of e;. We apply this argument to ay, ..., a2, and
find a sub-sequence such that n of the y's tend to multiples of e; and n

of them tend to multiples of e, so for m big enough, no n + 1 of them are
collinear. O

3.4. Theta Functions

3.4.1. The Jacobian Variety. We know that foreachi =1, ..., n, h; is
locally the real part of an analytic function g;. The differential dg; can be
extended from R to Y (as in Theorem 3.1.1, Y is the Schottky double of R),
and

1 .
ai:=§dgi, i=1,...,n
is then a basis for the space of holomorphic 1-forms on Y. We see that if
we define a homology basis for Y by A; = X; — J(X|) and B; as before, then

LXJ- a; = 51']' and
Q:= (f 0(1']
BiJij

has positive definite imaginary part (see, for example, [FK92, I11.2.8]).
We define a lattice
L.=7"+Q7"cC",
define the Jacobian variety by

JY):=C"/L,
and define the Abel-Jacobi maps x : Y — C" and xo : Y — J(Y) by
P? “
xw =1 |, xow=kwl.
y

_
y "
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Note that the integral depends on the path of integration. However, any two
paths differ only by a closed path, and Ay, ..., Ay, By, ..., B, isahomology
basis for Y, so any closed path is homologous to a sum of paths in this basis.

Also,
fai,faieL,so fai = fai =0,

so the particular choice of path we integrate over does not affect xo(v).

ProrosiTioN 3.4.1. The Abel-Jacobi map has the following properties:
(1) xo is a one-one conformal map of Y onto its image in J(Y); and
(2) xo(Jy) = —xo(y)*, where * denotes the coordinate-wise conjugate.

Proor. (1) is proved in [FK92, I1.6.1], (2) holds because p, € X and

9i(Jy) — 9i(py) = —(gj(y) -9i(py )) :

3.4.2. Theta Functions.

DeriNITION 3.4.2. Roughly following [Mum83], we define the theta func-
tion 8 : C" — Cby
d(z) = Z exp (mi (Qm, m) + 2mi(z, m)) ,
mez"

where (-, -) is the usual C" inner product. This function is quasi-periodic, as
Iz +m) =3(z)
3z + Qm) =exp (-ni {(Qm, m) — 2mi{z, m)) I(z)
for all m € Z", as shown in [Mum83, p. 120]. Given e € C", we rewrite

this as e = u + Qu for some u, v € R", and we define the theta function with
characteristic e, 9[e] : C" — C by
del(z) = 8[ " ](z) = exp (i {Qu, v) + 2mi{z + u, v)) S(z +e).
v
Note that this follows [Mum83, p. 123]. Subtly different definitions are

used in [Fay73], [DMO05] and [FK92], although these differences are not
particularly important.

TueoreMm 3.4.3. There exists a constant vector A (called the vector of Rie-
mann constants), depending on the choice of base-point, such that for each e € C",
either Sle] o x is identically zero, or S[e] o x has exactly n zeroes, (1, ..., C, and

Zn:X(Ci) =A-e.
i=1
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Proor. See [Mum83, Ch. 2, Cor. 3.6] or [FK92, V1.2.4]. O

For the following, it will be convenient to define
Ee(x, y) = d(x(y) —x(x) +e).

Tueorem 3.4.4. Ife € C", S(e) = 0 and &, is not identically zero, then there
exist Cy, ..., Cy—1 such that for each x € Y, x # C;, the zeroes of S[e — x(x)] o x,
which coincide with the zeroes of E,(x, -), are precisely x, Cy, ..., Cyp1.

Proor. See [Mum83, Ch. 2, Lemma 3.4]. O

Tueorem 3.4.5. There exists an e, = u, + Qu, € C" such that 2e. = 0 mod L,
(U, v.) is an odd integer, and &, # 0.

For the proof see [Mum84, Ch. IIlb, Sec. 1, Lemma 1], although the
remarks at the end of [FK92, VI.1.5] provide some relevant discussion. An
e, of this type is called a non-singular odd half-period, and we see that 9[e.] is
an odd function, so 9(e.) = 0.

Let 9. := e.], so

0.(t) = exp (i (Qu., v.) + 27i(z + U, v.)) S(z +e.).
Clearly, we can apply Theorems 3.4.4 and 3.4.5, and get that the roots of

9. (x() — x(2))

are {z, (1, ..., C;—1} for some (q, ..., C;—1. If neither of z, w € Y coincide
with with any of these (;s, then

(3.4.1) 3O = X@) _ aritw-zp 3 00) = X(@) +e)

8. (X () = x(w)) 9 (x() = x(w) +e.)
is a multiple valued function with exactly one zero and one pole, at z and

w respectively.

3.4.3. The Fay Kernel. A tool that will prove invaluable in later sections
is the Fay kernel K%, which is a reproducing kernel on H?(R, w,), the Hardy
space of analytic functions on R with boundary values in L*(w,). For a more
comprehensive discussion of the ideas in this section, see [Fay73].

LemMma 3.4.6. The critical points of the Green’s function g(-, b) are on X, one
ineachX;,i=1,...,n.

Proor. We write g(z) = g(z, b). We know that g has n critical points, by
[Neh52, p. 133-135]. On X, define d/dx as the derivative tangent to X, and
d/dy as the derivative normal to X. We know that g0 @ = g, and

d _dgeo _a o, g o
dy dy dy dy ox By’
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However, do,/dy < 0 on X, so the two sides of this equation have different
signs, and so dg/dy = 0 on X. Also, g = 0 on B, so g must be zero at p;
and p; , — the start and end points of X;. Since dg/dx is continuous on X;
(provided i # 0), dg/dx must be zero somewhere on X;, by Rolle’s theorem.
Since this gives us n distinct zeroes, this must be all of them. O

We have just proved that g(-, b) has n distinct zeroes. If these zeroes are
71 € X4, ..., Zy € X;; we define P; = Jz;.

Turorem 3.4.7. There is a reproducing kernel K? for the Hardy space H*(R, wy);
that is, if f € H%(R, wy), then

£ = (6, K, 0) = [ K adan(a).
Ifa = b, then K(, a) = 1. If not, Kb(-, a) has precisely the poles
Pi(b), ..., Pu(b), Ja

(where JP1(b), ..., JPy(b) are the critical points of g(-, b)), and n + 1 zeroes in Y,
one of which is Jb.

SkeTcH Proor. The precise definition of K* we will use, is that found in
[Fay73, Prop. 6.15]. The author defines a point e € J(Y) (definition not
repeated here), and gives

(34.2) Kix,y) =

S (x() + x()* + )3 (x(0) + x(b)" + &) 9. (x(b) + x(1)*) 9« (x(x) + x(b)")
S (x(®) + x(y)* +¢) 8 (x(x) + x(0) + €) 8 (x(x) + x()*) O (x(b) + x())

This K” will turn out to be the the reproducing kernel® for H*(R, wy).

To see why this is, we must first understand a little more about w;. In
many ways, it is easier to understand the generalisation of the result, given
in [BC96]. The authors in that paper were interested in representing measures
— that is, measures u such that

f f(@)du(z) = f(b)
JdR

for all rational functions f. We know that the harmonic measure, wj, is such
a measure, as all rational functions are harmonic.

It is shown in [Cla91] that every representing measure corresponds
to a meromorphic differential on Y, so for any representing measure p,
there is a meromorphic differential dw such that du = dw|yr. Moreover,

3Fay gives (3.4.2) in a slightly different form, although we can use [Fay73, Prop. 6.1] and
some basic results on theta functions to show that the two forms are equivalent. Also note
that the notation Fay uses differs significantly from the notation used here.
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the meromorphic differential corresponding to w; is found by taking the
Green’s function g(-, b), locally pairing it with its harmonic conjugate to give
a locally defined meromorphic function, analytically continuing it onto Y,
and taking the derivative of this function to give dw,. A consequence of
this construction is that dwy, is zero precisely at the critical points of g(-, b)
(and their mirror images under ]) and has poles at b and Jb.

The fact that the zeroes and poles of Kb(., z) are as stated, is an essential
part of the construction of Kb, found in either [BC96] or [Fay73]. The
argument used to construct K” is too lengthy to include here.

However, once we know these facts about the zeroes and poles of K?,
we can show that it is a reproducing kernel. We can write

(f, K¢, 0)) = L ] F@)Kb(z, a)dwp(z)
= f f(2)Kb(z, a)dwy(z)
dR

= F(@Kb(Jz, a)dwy(z) .
JR

If we consider the differential K?(Jz, a)dwy(z), we see that its only pole
on Ris ata (K’(Jz, a) has poles at the JPy(b), ..., JP,(b), but these cancel with
the zeroes of dwy(z). Equally, whilst dwy,(z) has a pole at b, this cancels with
a zero of K¥(Jz, a)). This means that we can apply the residue theorem, to
see that

f FEKz, a)dws() = F(a).
JR

We will write P;(b) = P;, for brevity.

0
2

Py, ...,Py, Jb, Jd%, ..., Jay,

are all distinct. Let {eq, e2} denote the standard basis for C2 and let

Tueorem 3.4.8. Let ”(1)' e Oy, be points in R such that

W=r=r=e, Va= =, =a
There exists an € > 0 so that if a? —-ajl, y? - 7/]“ <€, and
2n
(3.4.3) h(z) = Z chb(z, ajyj+v
j=1

is a C2-valued meromorphic function which does not have poles at P, ..., Py, then
h is constant; that is, each c; = 0.
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Further, if h # 0 has a representation as in (3.4.3), and there exists z’ € R\{b}
such that
h()Kb(z, 2') = Z c;.Kb (z, aj)yj+7'

then h is constant, z' = a; for some j, c;.y j = h, and all other terms are zero.

This theorem can be seen as a result about meromorphic functionson Y,
so we view z as a local co-ordinate on Y. If we are only interested in values
of znear one of Py, ..., P,, we can assume z, Py, ..., Py, Ja1, ..., Jao, are in
a single chart U C J(R) (U is open and simply connected).

A useful tool in the proof of this theorem is the residue of K’. We know
thatsolongasa ¢ {b, Py, ..., Py}, Kb(, a) has only simple poles, so we know
that in a small enough neighbourhood of P;,

(z= P)K'(z, a)
is a holomorphic function in z. Let R;(a) denote the value of this function at
P;.
We will need the following lemma.

Lemma 3.4.9. The residue R;(a) varies continuously with a.

Proor. Consider the theta function representation of Kb(z, a). The func-

tion
f@2) =9 (x(@) + x(b)" +e)
is analytic and single valued on U, and vanishes with order one at P;, so
can be written as
f(2) = (z-P))fi(2)

for some f; analytic on U, and non-vanishing at P;. Given a set W C U, let
W* = {z: z € W}. Choose neighbourhoods V;, W of U so that F : V; x W* —
C given by

E(z, a) = f(2)K'(z, a)

_ S(x(@) + x@)" +e) S (x(b) + x(b)" +€) 3. (x(b) + x(@)) 8. (x(2) + x(b)")
9 (x(b) + x(@) + €) 9. (x(2) + x(@)") 9. (x(b) + x(b)")

is analytic in (z, a). Rewriting gives

F(z, a)
7z — P)K? z,d) = .
The lemma follows from the fact that the right hand side is analytic in
(z, a). |

We can now prove Theorem 3.4.8.
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Proor or THEOREM 3.4.8. We can assume € is small enough that

Pl,...,Pn,]al,...,]ﬂz,l

are distinct. We define

Ri(ay) -+ Ry(an)
Ry = : . :
Ru(a1) -+ Ru(an)
and
Ri(an+1) -+ Ralazn)
mz = E - ’
Ru(ans1) -+ Ru(azn)

where R;(a) is the residue of Kb(., a) at Pj, as before.
To see that Ry is invertible, let

1

Cn

and
n

fe= ZCij(', aj).
j=1
Note that Ric = 0if and only if f. does not have poles at any P;. Now, if this
is the case, then f, can only have poles at Jay, ..., Ja,, and simple poles at
that, but this is only n points, so by Proposition 3.1.4, f. must be constant.
We know that Kb(-, b) = 1, so we can say that

0 = coK’(, b) + 1K, a1) + - + ¢, KO (-, ay) .

However, we know that K’(-, b), K’(-, ay), ..., K'(-, a,,) are linearly indepen-
dent, so ¢ = 0. Therefore R; is invertible, and by a similar argument R, is
invertible.

Now, consider the function F defined for y; near y? by

Ri(a)yr -+ -+ Ri(aan)yan

F= : e :
Ro(ar)yr -+ -+ Ro(azn)yon

We define Fj similarly, using a(]? and y?. We can see that F is an n X 2n matrix

with entries from C2, so can be regarded as a 2n X 2n matrix. We know that F

varies continuously with each y;, and by Lemma 3.4.9, varies continuously
with each a;. Also, we see that, by regarding Fy as a 2n X 2n matrix, the rows



3.5. REPRESENTATIONS 39

R 0
0 %Ry

which is invertible, so Fy is invertible. We can therefore choose € > 0 small

of Fy can be shuffled to give

7

enough that if 'a = a(]? Vi— y?” < e for all j, then F is invertible.
If the a; and y; are chosen such that F is invertible and

n

h(z) = Z chb(z, ajyj+o
j=1

does not have poles at P}, then

YiqciRia)y; c1
0= : :
Z?:l CjRn(aj)Vj Con
so ¢ = 0, and h is constant.

Now we prove the second part of the theorem. Note that the proof of this
part only assumes that the result of the first part holds, not the assumptions
ona;and y; used to prove it. Suppose i # 0 and there exists z’ € R\{b} such
that

h(z)K'(z, ) = Z C}Kb(z, ajyj+v.
We can see that Py, ..., P, are not poles of h, since by the assumptions on
the distinctness of the Pxs and a;s, the right hand side has a pole of order at
most one at each Py, whilst the left hand side has poles of order at least one
at each of these points. Therefore, since /1 has a representation as in the first
part of the theorem, / is constant. O

3.5. Representations

This section inherits much of its structure from [DMO05], and in partic-
ular, the results in this section are analogues of results from that paper. In
fact, in some cases, the proofs in [DMO05] do not use the connectivity of X,
so can be used to prove their analogues here simply by noting this fact. The
proofs are included only for completeness.

3.5.1. Kernels, Realisations and Interpolation. We note, for those who
are interested, that many of these results have a similar flavour to some of
the Schur-Agler class results from [DM07], although we shall not use any
of these results directly.

The following two results form a major part of the proof of Theorem 3.0.5
on page 11. Definitions can be found there.
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Lemma 3.5.1. If F € My (H*(X)), then there exists a p > 0 such that
I - p*F(z)F(w) € C.

Proor. Initially, we assume that

()

that is, we assume F has only one column (it has two). Choose a 7 > 0 large
enough that f/7 and g/t are both in BH*(X). We now see that

272 - Fz)F(w)* =2 [(1)] (2 - f@f@)(1 0)
+2 [(1)] (2 - 9(2)9)) (0 1)

f() S —
+ (_ g(z)] 1-0)(fw) —g)),

andso 1 - 21713(2)13(60)* eC.
We now deal with both columns of F. If F has two columns, then

F(z)F(w)" = G(z)G(w)* + H(z)H(w)",

where G and H are the columns of F. We know there must be pg and py
such that
1-p2G()Gw)", 1 - pfH()H(@w) € C.

Since C is a cone, we know that

[iz ¥ iz] ~ FRF(@) = (iz - G(z)G(w)*] + [iz - H(Z)HW’)*) cC.
¢ Pu Pe PH
O

Tueorem 3.5.2. If there is a function F : R — My(C) which is analytic in a
neighbourhood of X and unitary valued on B, such that pr < 1, then there exists
an operator T € B(H) for some Hilbert space H, such that the homomorphism
nt : H®(X) — B(H) given by the holomorphic functional calculus is contractive,
but not completely contractive.

Proor. We use cone separation with a GNS construction.

By the hypothesis, we can choose a p < 1 such that I — p?F(z)F(w)* ¢ C.
We use this p for the remainder of the proof.

We define a vector space P, containing all finite sums of the form

Y 1@y
j
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where /1j and g; are C>-valued analytic functions on a neighbourhood of X.
This means that all functions in # are 2 X 2 matrix valued. We can see that
the cone C sits inside P.

Consider the real vector space € spanned by C. Both I - pZF (z)F(w)* and
C sit within €, and by Lemma 3.5.1, I is in the algebraic interior of C. We
can therefore apply the Basic Separation Theorem from [Hol75], to see that
there is a non-zero linear functional A¢ on €, such that A¢ > 0onC, Ag(I) > 0
and Ag(1 — p?F(z)F(w)*) < 0. Since € C P, we can choose an extension of Ag
to P, which we call A.

We write H,(X) for the space of C?-valued functions analytic on a neigh-
bourhood of X. We define a pre-inner product on H;(X) by

[, 9] = A (h(z)9(w)") -

Since h(z)h(w)* € C, [, ] is positive semi-definite (this is what we mean
by a pre-inner product).

Given a function f analytic on a neighbourhood of X, we define a linear
map My : Hz(X) — Ha(X) by Msg = fg. We let Cy := sup,.y f(x), so
|f/c| <1forallc>Cy.

For any g € Hy(X),

z )[1 - %)%‘f)] (Cra)) = 92)(C2 - f@f@)) g(w)" €C.

Therefore,
C2[g, 9] - [Mysg, Msg] = CAA (92)9(@)") = A (f(2)g(@)g(a) f@)")
= A(92) (G} - FOf ) gw)') 2 0,

since A > 0 on C. We can see that,
Cilg, 912 [Mrg, Myg] .

Firstly, this tells us that [M 9, M fg] = 0 whenever [g, g] = 0, so My takes
[-,-]null vectors to [-,-]-null vectors. If we mod H(X) out by [, -]null
vectors to get an inner product space

H := Ha(X)/xer[, ],

then M is a linear map on H. Secondly, this tells us that My is a bounded
linear map on H —bounded by Cy. Since M is continuous, we can extend
it continuously to the Hilbert space completion of H, which we continue to
denote by H.

The function ((z) = z is an analytic function on X, so we can define
T = M. This will be our counterexample.
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We can see that f(T) = My, so

FDI = Me] = C = 1Al -

Therefore, the homomorphism 7t is contractive. To see that 7 is not com-
pletely contractive, we show that ||r2(F)|| > 1, even though |[|F|| = 1.
We will write F(T) for m(F). We write

F F
p=|fn F2|
Fy1 Fp»

MF11 MFIZ
MF21 MFzz

Here, F' denotes the pointwise transpose of F. We define the constant

SO

K(T) = [

functions ey, e; € H, where ej(z) = ej. We compute
[Fu] [Fu
F F
<F(T) €1 , E(T) €1 > _ < 21 ) 21 >
e e Fip Fi2
Fa Fa»

Fi1(2) . . F12(2) ) )
=1 [(Fi(z)) (Fll(w) Fy1(w) ) + FZ(Z)] (Flz(w) Fao(w) ))

= A (Fz)F(w)") .

() ()1t st =10,

We combine these equations to get

Also

<(I — F(T)'E(T)) (2] [2]> = A — F(z)F(w)")

= /\(12 - P(Z)F(w)*) - (l2 - 1)/\(1) <0.
p p

Therefore ||F(T)|| > 1. However, F is unitary on B, so ||[F|| = 1. We therefore
conclude that 7 is not completely contractive. m|

Later on in this section, we will need to work with matrix valued Her-
glotz representations, so we will need some results about matrix-valued
measures. Given a compact Hausdorff space X, an m X m matrix-valued

measure
m

H= (‘uﬂ)]’,lzl
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is an m X m matrix whose entries p; are complex-valued Borel measures on
X. The measure y is positive (we write u > 0) if for each function f : X — C™”

h
f={: |
fn
o< [rins= [ o

The positive measure u is bounded by M > 0 if

we have

Ml = (i(X)) 2 0

is positive semi-definite, where I, is the m X m identity matrix.

LemMma 3.5.3. The m X m, matrix-valued measure u is positive if and only if
for each Borel set w the m X m matrix

(@)
is positive semi-definite.
Further, if there is a x so that each diagonal entry 11;;(X) < x, then each entry
tj1 of w has total variation at most «. Particularly, if u is bounded by M, then each
entry has variation at most M.

Proor. First, suppose p is positive.

If C(X) denotes the continuous complex-valued functions on X, let f €
C(X) be arbitrary, and choose a ¢ € C™. Our choice of ¢ € C" induces a
linear functional @, € C(X)*, given by

cbc<f>=; fx Gorf duy

This functional must be positive, so };;cjciuj is a positive measure on X.
If w is a Borel set, then

((ui@)e, ) = Y Gapp@) 2 0.
il
Since this holds for any c € C", we can see that the matrix ( U jl(a))) is positive.
By setting ¢ = ¢; (the j-th standard basis vector), we also see that y;; is a
positive linear functional.
Conversely, suppose that for all Borel sets w, the matrix (/,t ﬂ(y)) is pos-
itive. We know that any continuous function can be approximated by a
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sequence of step functions,
m =y ™ ;
= i Ao ,
f ZJ; j "t f

()

where v; € C™ and X, is the indicator function for a Borel set a)g.”) , for all

]
j and n. We can now see that

0 Y (@0 o) = [ s~ [ s,
]

so the measure is positive.
Finally, suppose that each diagonal entry 1;;(X) < x. For g € C(X), let
tji(g) denote fX gduj, and

ZUNES
A

dujj du| (A A>
0 ,
Sfquuu dwz](ﬁ] [9)
= Il 500 + s (ol”) - 2 s gl

<2 ([l % = sl Iol.) -

We can now see that | U jl(g)| < || g”oo K, 50 Wj; is a bounded linear functional

Now,

on C(X) with norm at most x, so the variation of i is at most «.
If the measure is bounded by M, then

M = 1ji(X) = (Ml = (u(X))) ej,ej) 2 0,

s0 ujj(X) < M, therefore the variation of 1 is at most M. O

Lemma 3.5.4. If u™ is a sequence of positive m X m matrix-valued measures
on X which are all bounded above by M, then u" has a weak-+ convergent sub-
sequence. That is, there exists a positive m X m matrix-valued measure u, such
that for each pair of continuous functions f, g : X — C™,

Yo | fadu =Y | figdu.
]
i VX i VX

Proor. By the previous lemma, we know that the measures u" are
bounded in variation by M. Hence, by the Banach-Alaoglu theorem, there
is a subsequence (which we also write u") such that each y;’l converges in
the weak-* topology to some w; with variation at most M.
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Let f : X — C™ be continuous. We have

OSfo*du”f=;fxffﬁd#ﬁ—’gfxﬁﬁduﬁfo"duf,

so p must be a positive measure. Also, for any vector ¢ € C™, thought of as
a constant function, we have

0 < MllelP = {(139) e, €) = MIlelP = {(u(X) ., c) -
Therefore, 1 is bounded above by M. |

Lemma 3.5.5. If u is a positive m X m matrix-valued measure on X, then
the diagonal entries, pjj are positive measures. Further, with v = }| j Hjis there
exists an m X m matrix-valued function A : X — M,,(C) so that A(x) is positive
semi-definite for each x € X and du = Adv — that is, for each pair of continuous
functions, f, g : X — C™,

Y L HLTEDY fx gjAjihdv.
i il

Proor. We know from Lemma 3.5.3 on page 43 that if w is a Borel set,
and pjj(w) = 0 for all j, then pj(w) = 0 for all j and I. Therefore, uj is
absolutely continuous with respect to v, so the Radon-Nikodym theorem
tells us that there is a v-measurable function A such that duj = Ajdv.

If we fix a vector ¢ € C™, then by Lemma 3.5.3, we can see that for each
Borel set w,

0 < {(up(@))e, c) = <( f Aj(x) dv(x)) c, c> = f Z e j(x) dv(x) .
@ w ]l
Therefore (A(x) c, c) > 0 almost everywhere with respect to v.
Now choose a countable dense subset {ci} C C™. For each i we have a

set E; such that (A(x) c, ci> > 0 on E; and X\E; is v-null. We can now see

that the set
X\E := X\ [ﬂ Ei) = Jx\E
i€N i€EIN
is a countable union of v-null sets, so is v-null. Also, on E, <A(x) c, ci> >0
for all ¢'. Since {ci} is dense in C", we know that (A(x) ¢, ¢) > 0 for all c € C"

on E, so A(x) is positive for v-almost all*x e X. O

A key result of this section is the existence of a test-function-like reali-
sation for well behaved matrix-valued inner functions. In some ways, this
is a partial converse to Theorem 3.5.2 on page 40.

“The statement of the theorem called for A(x) to be positive for all x € X. We can easily
achieve this by letting A(x) = 0 for x € X\E.
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ProrosiTION 3.5.6. Suppose F is a 2 X 2 matrix-valued function analytic in a
neighbourhood of R, F is unitary valued on B, and F(b) = 0. If pr = 1and if S C R
is a finite set, then there exists a probability measure p on Il and a positive kernel
I': SxSXII— Cso that

1 - F(z)F(w)" = fn (1= p(@)Pp(@)) Tz, w; p)dup).

Proor. Since pr = 1, we can choose a sequence 0 < p, < 1 such that
p — 1,and 1-p2F(z)F(w)* € C. Therefore, for each n, there are vector-valued
functions H,, j, and functions 1, ; € BH*(X) analytic in a neighbourhood of
R, such that

(3.5.1) 1= p2F@F@)" = Y Hy,j(@) (1= 0, /(@)1 @) Ho j(a0)'
j
Recall Equation (3.2.6) (found in the proof of Theorem 3.2.10 on page 25).
We can assume, without loss of generality, that 7, j(b) = 0. Thisisbecause we
can post-compose 1), j with a M&bius transformation m, so that mon,, j(b) = 0.
Equation (3.2.6) then shows that we can then write

1= 1 &) = ) (1= (10 1,) (1 10,2 i)

for some function h.

By Theorem 3.2.10 on page 25, we have a test function realisation for
each ), ;; that is to say, for each n and j, we have a probability measure v, ;
on I, and a function £, j(z, p) (analytic in z and v, j-measurable in p) such
that

652 1=, @10 = [ oo p) (1= @050 o G M, ).

Since the 7, js and ¢ys disappear at b, we know that

1= Lhn,]’(b, P)deﬂ,f(p)'

VTZ = Z Vn,j 7
i
then by the Radon-Nikodym theorem, there is a non-negative function
up,j(p) such that

(3.5.3) dvy,j(p) = un,j(p)dvy, .

If we let

Lu(z, w; p) = Z Un,j(p)Hn, j(2)hn (2, p)hn,j(w, p)Hy, j(w)",

]

If
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then we can substitute equations (3.5.2) and (3.5.3) into (3.5.1), to see that

(3.5.4) I - p2F(z)F(w)" = fn (1= Y@y @)) Tulz, w; p)dva(p).

The kernel T' that we have constructed is analytic in z and conjugate
analytic in w in a neighbourhood of R, and is positive semidefinite.
We know that for any given z,

sup |1,bp(z)| <1.
pell
Since S is finite, we also know that

= sup |1pp(z)' <1.
pell
Z€S

Therefore,

I>1-p2F@)F(w) = (1-c?) f (2, 2 p)dva(p).
II
We define a sequence of |S| X |S| measures with 2 X 2 entries, by

d[,ln = (r)’l(zl wl p)dvn(p))z,wes :

The diagonals of this sequence of measures are bounded by 1/(1 — ¢?). A
positive kxk matrix, whose diagonal entries are at most C, is bounded above
by kCI. Since u, is bounded above, it must have a convergent subsequence
(which we will continue to call i), converging to some p, with du = I'dv,
for some sesquianalytic positive kernel I' and some positive real measure v.
We can scale I and v so that v is a probability measure.

We know that for any fixed z, w € S, 1 - %(z)w is a continuous
function of p (by Lemma 3.2.8 on page 24), so we can let n tend to infinity
in equation (3.5.4), giving

I — F(z)F(w)" = jl; (1= @Y @))T(z, w; p)dv(p).

The interested reader may note that we have not used the fact that F is
unitary on B in this proof (we include it on the statement of the theorem, to
emphasise the connection to Theorem 3.5.2).

Another tool that will prove useful is transfer function representations.
For our purposes it will suffice to work with relatively simple colligations.
We will define a unitary colligation X by X = (U, K, u), where u is a proba-
bility measure on I, K is a Hilbert space, and U is a unitary linear operator,
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defined by
LZ
A B (WK
u= eB @ ,
C D 2

where L? ® K can be regarded as K valued L.
We define ®: R — S(Lz(y) ® K) by
(@) f) (p) = ¢p(2) f(p)-
From here, we define the transfer function associated to X by
Ws(z) = D + CO(z) (I - P(z)A) ' B.

We can see that as A is a contraction and ®(z) is a strict contraction, the
inverse in Wy exists for any z € R.

Readers may note that this definition is similar to the one given in
Condition 3 of Theorem 2.2.1 on page 7. The key difference is that we are
now dealing with matrix-valued functions.

ProrosiTioN 3.5.7. The transfer function is contraction valued; that is, || Wx(z)|| <
1 forall z € R. In fact for all z, w € R

I=We@Ws(w) = C(I - 0()A)" [I - D)D) (I - w)A)™ C".

Proor. The proof is by a messy but straightforward calculation. We
know that U is unitary, so UU" = I. By considering the entries of UU" and
I, we see that

DB =-CA", BB'=I-AA", DD'=I1-CC".
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We also note that ®(z) (I - D(z)A)"! = (I - AD(z)) "' O(z). We now calculate
I-W(E)W(w)*
=I - [D + CO(z) (I - ©(2)A) "' B][D" + B' (I - D(w)A) ! d(w)'C’]
=I - DD" - [CO(z) (I - ©(z)A)™" B [B" (I - D(w)A)" ™ d(w)'C’|
— DB* (I - P(w)A) ! O(w)*C* — CD(z) (I - D(z)A) ' BD*

_c|t-*@ (I-D(z)A) (1 - AAY) (I — D(w)A) ™ D(w)* .
- +A* ([ - D(w)A) L D(w) + D(z) (I - D(z)A) T A
[—(I-AD) D) (1 - AAY) D(w)* ([ - ADw)) ]
+A* O(w)* ([ — ADW)) ! + (I - AD(z)) L D(z)A
(I = D()A)I - A D(w)")
~D(2) (1 — AAY) D(w)*
+(I — D(z)A)A*D(w)*
+D(2)A(I — A*O(w)")
=C(I - P()A) " [[ - D2)D(w) ] (I - Dw)A) L C*.

=C(I - AD(z)) ™ (I-AD@w)) 1C

O

Note that if we define H(w) = (I - A*®(w)*) " C*, for w fixed, H(w)" is a
function on I, so we write H,(w)". We can see that by considering LX(u)®K
as a vector-valued L? space, Proposition 3.5.7 on the previous page gives

= WEWG = [ (L= 4,03750) Hy(H ) dutp).

ProrositioN 3.5.8. If S C R is a finite set, W : S — M,(C) and there is a
positive kernel T : S X S X IT — My(C) such that

655 I-WEW@ = [ (1= yE5E)TE w pdu)

for all z, w € S, then there exists G : R — Mjy(C) such that G is analytic,
IG@)Il < 1and G(z) = W(z) for z € S. Indeed, there exists a finite-dimensional
Hilbert space K (dimension at most 2|S|) and a unitary colligation © = (U, K, u)
so that

G=Wg,

and hence there exists A : R X RXI1 — M»(C) a positive analytic kernel such that
I -G(2)G(w)* = fl:[ (1 - %(z)%(w)) Az, w; p)du(p)
forall z, w € R.

Proor. The proof uses a lurking isometry argument. This, now com-
monplace, argument first appeared in [Agl90b].
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For a fixed p € I, consider the block matrix

(F(Z, w; p))z,wes :
Thisis an |S|X|S| block matrix with 2X2 entries, so its rank cannot exceed 2 |S].
By the matrix-valued version of Kolmogorov’s Theorem ([AMO02, Theorem
2.62]), there must be a 2|S|-dimensional Hilbert space K, and a function
H:S > LXu)® B(CZ, K) such that
I'(z, w; p) = Hy(z)Hy(w)" p-almost everywhere.
We define &, F C (L?(1) ® K) @ C? by
& :=Span {(lpp(w)HP(w) x) cxeCwe S}

X

F : = Span {(II_/I\’;((Z;))*;C) cxeCwe S} .

If we rewrite (3.5.5) as

I+fHp(z)gbp(z)l,bp(w)Hp(w)*dy(p) = W(z)W(w)* +pr(z)Hp(w)*dy(p),
I II

then this tells us that

<[¢p(w>Hp<w>*x) [mecz)*yD _ <[Hp<w>*x] (Hp<z>*y)>
x T e \W@rx)\Weyy)l,

forall z, w € S and x, y € C2. If we define a mapping V : & —» F by

V(gbp(w)Hp(w)*x) _ (Hp(w)*x]
x W(w)x |’
then V must be an isometry.

Both &and ¥ are finite dimensional, so there must be a unitary U : % -
g, with g, F finite dimensional, such that U* extends V. Since (L*(u)®K)®C?
is infinite dimensional, we can embed g, F in (L?(u) ® K) ® C?, and assume
that U € B ((LZ(y) ®K)® Cz). We now have the colligation (U, K, u), as
required by the theorem.

Write
LZ
. Ax- Cae (!’1) ® K
u=(_, |8 ®
B* D c?

Since U*|g = V, we have

A" C ) Yp(w)Hy(w) x _ Hy(w)"x
B* D* x Ww)'x |
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Written as a system of equations, this says

A" Yy (w)Hy(w) x +C'x = Hy(w)'x,
N————
D(w)*Hy(w)*x

B*WHp(w)*x +D*x = W(w)*x.

We rearrange the first equation to give

Hy(w)'x = (- A"®(w)") ' C'x.
We substitute this into the second equation to give

B*®(w)* (I - A" ®(w)) ' C'x + D*x = W(w)'x.
We therefore conclude that
W(z) =D + C(I - ®(z)A)" d(z)B
=D + CP(z) (I - AD(z))"' B = Wx(2)

forallz € S. O
3.5.2. Uniqueness.

ProrosiTiON 3.5.9. Suppose F : R — My(C) is analytic in a neighbourhood
of X, unitary on B, and with a standard zero set. Then there exists a set S C R
with 2n + 3 elements such that, if Z : R — Mo(C) is contraction-valued, analytic,
and Z(z) = F(z) forz € S, then Z = F.

Proor. Let K” denote the Fay kernel for R defined in Theorem 3.4.7 on
page 35. That is, K? is the reproducing kernel for the Hilbert space

H? := H*(R, wp)

of functions analytic in R with L*(w;) boundary values. Let H3 denote C2-
valued H2. Since F is unitary valued on B, the mapping V on I[—I% given by
VG(z) = F(z)G(z) is an isometry. Also, as we will show, the kernel of V" is
the span of
B .= {Kb(-, apyj:j=1,..., 2n+2} ,

where F(a;)*y; = 0 and y; # 0; that is, (a;, ;) is a zero of F".

We note, for future use, that if ¢ is a scalar-valued analytic function on
a neighbourhood of R, with no zeroes on B, and zeroes wy, ..., w, € R, all
of multiplicity one, and f € H? has roots at all these w;s, then f = ¢g for
some g € H2.

Given such a ¢, suppose ¢ € H? and for all € H? we have (i, ph) = 0.
Since the set

K= {K(, w): 1< j<n)
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is linearly independent, we know there is some linear combination
n
F=9=) oK, w)),
j=1
so that f(w;) = 0 for all j, and so f = ¢g for some g. Since
(K¥(, wj), ph) = p(w)) h(w)) =0
for each j and h, it follows that (f, ph) = 0 for all h. In particular, if h = g
(the g we found earlier), then

(pg, p9) ={f, p9) =0,

so f =0, and so

n

(3.5.6) 0=f=p-) ciK'(, w).

j=1
This tells us that 1 is in the span of &, so R is a basis for the orthogonal
complement of {(ph the ]HZ}.
We now find the kernel of V*. Write ay,,41 = ap,+2 = b. Since F(b) = 0,
there is a function H analytic in a neighbourhood of X so that F(z) = (z —
b)H(z). The function ¢(z) = (z — b) det (H(z)) satisfies the hypothesis of the

preceding paragraph.
ho  —hiz
G:= ,
( —ha 1 )

Let
where H = (hﬂ). Then
FG = (z - b)HG = (z — b)det(H)I,

where [ is the 2 X 2 identity matrix.
Now, suppose x € ]I—I% and V*x = 0. Let x1, x> be the co-ordinates of x.
For each g € H2,

0 =(Gyg, V'x)
=(VGy, x)
= ((z = b) det(H)g, x)
= {(z—-b)det(H)g1, x1) + {(z — b) det(H)gz, x2) .

It therefore follows from the discussion leading up to (3.5.6) that both x;
and x; are in the span of

{K'C,ap:1<j<on+2f,



3.5. REPRESENTATIONS 53

so
X € Span{Kb(-, ajv: 1<j<2n+2,ve CZ} .
In particular, there exist vectors v; € C? such that

2n+2

X = Z K¢, a;)vj.
=1
We can check that V*vK®(-, a) = F(a)*vKb(:, a), and F(b)* = 0, so

2n
0=Vx= ZF(aj)*UijC, aj),

=1
but the K?(:, aj)s are linearly independent, so F(a;)'v; = 0 for all j. Con-
versely, if F(a;)v; = 0 then V*v]-Kb(-, a;) = 0, so the kernel of V* is spanned
by 0.

Now, since V is an isometry, I — VV* is the projection onto the kernel of

V*, which by the above argument has dimension 21 + 2, so I — VV* has rank
2n + 2. So, for any finite set A C R, the block matrix with 2 X 2 entries

Ma = ([<(I - VV)K'(, whej, K. Z)e’>] j,l=1,2)

= ((1 ~ F)F(w)") K’(z, w))

z, WEA

z, WEA
has rank at most 2n + 2. In particular, if A = {ay, ..., 22442} , then My has
rank exactly 2n + 2. Choose a7;,43, a2,,+4 distinct from ay, ..., 42,42 so that

S=\ai, ..., Ans2, A2043, A2n+4}

has 2n + 3 distinct points. Since A C S, Mg has rank at least 2n + 2. However,
by the above discussion, its rank cannot exceed 21 + 2, so its rank must be
exactly 2n + 2.

The matrix Mg is (4n + 6) X (4n + 6), (a (2n + 3) X (2n + 3) matrix with
2 X 2 matrices as its entries), and Mg has rank 2n + 2, so must have nullity
(that is, kernel dimension) 2n + 4. Further, the subspace

4 -

A2n+3 A2n+3
0

c C2n+3

&
i
o
I
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is 2n + 3 dimensional, so there exists a non-zero x; = y; ® ¢; in £; which is
in the kernel of Ms. Similarly, £, := {a ®ey: € C+3 } contains some x» in
the kernel of M.

Letx =(x; x2),so xis the (4n + 6) X 2 matrix

((%)1 0 ]
0 (y2h

((yl)Z 0 ]
x = 0 (y2)2

(Y1)2n+3 0
0 (V2)2n+3

It will be more convenient to refer to 2 X2 blocks in x by their corresponding
point in S, rather than their number, so we say

In this notation, the identity Msx = 0 becomes

Z Kb(z, w) x(w) = F(2) Z Kb(z, w) F(w)* x(w)

weS weS
for each z.

Now, suppose Z : R — M>(C) is analytic, contraction valued, and
Z(z) = F(z) for z € S. The operator W of multiplication by Z on ]I—I% is a
contraction and

W*Kb (., wyo = Z(w) vK’(-, w).
GivenC€R,C ¢ S,letS” = SU {C} and consider the decomposition of

N = ([~ Z@Zw") K w),
into blocks labelled by S and {C}. Thus N¢ is a (2 + 4) X (2n + 4) matrix with
2 x 2 block entries. The upper left (2n + 3) X (2n + 3) block is simply Mg, as
Z(z) = F(z) forz € S.

Let
X

x' = 00
o)
Since N is positive semi-definite and Msx = 0, it can be shown that Ncx” = 0.
An examination of the last two entries of the equation N¢x” = 0 gives

(357) D KE wix(w) = Z(0) ) Z(w) K, w)x(w).

wes weS
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The left hand side of (3.5.7) is a rank 2, 2 X 2 matrix at all but countably
many (, as it is a diagonal matrix whose diagonal elements are of the form

Y KIC, w)yiw);

wesS

that is, linear combinations of K/(C, w)s. If such a function is zero at an
uncountable number of Cs, it is identically zero, which is impossible, as the
Kb (-, w)s are linearly independent and the y;(w)s are not all zero. If the left
hand side of (3.5.7) is invertible, the right hand side must be invertible too.
Therefore, we can now see that

Y. 2@y KA(C, wx(w)

weS

is invertible at all but countably many C, so

-1
2(0) = ) KT, w)x(w) (Z 2wy K'(C, w)x(w)]

weS weS

-1
=Y K wix(w) (Z R KA w)x(w)]

weS weS
=F(C)

at all but finitely many C, so Z = F. O
We combine some of the preceding results to get the following.

TueoreMm 3.5.10. Suppose F is a 2 X 2 matrix-valued function analytic in a
neighbourhood of R, which is unitary-valued on B, and with a standard zero set.
If pr = 1, then there exists a unitary colligation © = (U, K, u) such that F = Wy,
and so that the dimension of K is at most 4n + 6. In particular, p1 is a probability
measure on T1 and there is an analytic function H : R — L*() ® Muay462(C),
denoted by Hy(z), so that

I - F(2)F(w)" = fn (1 = p(2)Pp () Hy(2)Hy () dp(p)
forall z, w € R.

Proor. Using Proposition 3.5.9 on page 51, choose a finite set S C R such
thatif G : R — M;(C) is analytic and contraction valued, and G(z) = F(z) for
z € S, then G = F. Using Proposition 3.5.6 on page 46, we have a probability
measure p and a positive kernel I' : S X S X IT — M(C) such that

I - F(2)F(w)" = fn (1 - Y@, @)) Tz, w; p)dup)

forallz, w € S.
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By Proposition 3.5.8 on page 49, there exists a unitary colligation ~ =
(U, K, u) so that K is at most 4n + 6 dimensional, and Wx(z) = F(z) for
z € S. However, our choice of S gives Wy = F everywhere. We know
['(z, w; p) = Hy(z2)Hp(w)* for some H, by [AMO02, Thm. 2.62]. O

Tueorem 3.5.11. Suppose F is a 2 X 2 matrix-valued function analytic in a
neighbourhood of R, which is unitary valued on B, with a standard zero set, and
pr = 1,and is represented as in Theorem 3.5.10. Let azp41 = A2p2 = b, Yons1 = €1,
and you+2 = €. Then there exists a set E of y measure zero, such that for p & E, for
each v € C¥"*6, and for 1 = 0, 1, ..., n, the vector function Hy(-yoK® (-, z(p)) is

in the span of {Kh(-, a]-)yj}, where zo(p)(= ), z1(p), ..., zu(p) are the zeroes of V.
Consequently, Hy is analytic on R and extends to a meromorphic function on Y.

Proor. We showed in the proof of Proposition 3.5.9 on page 51 that
given a finite Q C R,

Mg = ((I - F@)F(@)) K'(z, w))

z, weQ

has rank at most 21 + 2, and that the range of Mg, lies in
- b A, .
(3.5.8) It := span {(K (z, Hl)yl)zeQ ci=1,...,2n+ 2} ,

thinking of (Kb (z, ai)yi)ze as a column vector indexed by Q.

We then apply Theorem 3.5.10 on the previous page to give
Mg = ( fn Hy(@) (1 - (29, @) Kz, w)Hy ()" du(p))
z, weQ

For each p, we define an operator M, € 8(H?) by
(My £) () = () f().

Multiplication by ¢, is isometric onH?, so 1-M,M, > 0,and so (1 - MPM;)®
E > 0, where E is the m X m matrix with all entries equal to 1. From the
reproducing property of K, we see that M;Kb (,2) = WKI’ (-, z). Thus, if
Qs a set of m points in R, and c is the vector (Kb(-, w))we o then the matrix

Potp) = {[( - MM) @ Ele, ¢) = ([1 = 4@, (@) | Kz, ), 2 0.
If we set é =QU{zjlforany j=0, 1, ..., n, then Pé(p) > 0. Further, the

upper mxmblock equals Pg(p) and the right mx1 column is (Kb(z, z j(p)))Ze o

Hence, as a vector,

(K, Z]'(p)))ZEQ € ranPo(p)"/? = ranPo(p),

forj=0,1,..., n



3.5. REPRESENTATIONS 57
Since Pp > 0,
No() = (Hy(2) (1 - Y@, @) K (z, w)H,(w)’)

is also positive semi-definite for each p. If Mpx = 0, then

0= fn <NQ(P)X/ X> du(p),

so that <NQ(p)x, x> = 0 for almost all p. It follows that No(p)x = 0 almost
everywhere. Choosing a basis for the kernel of Mg, there is a set Eg of u

z, weQ

measure zero so that for p ¢ Eg, the kernel of Mg, is a subspace of the kernel
of No(p). For such p, the range of Ng(p) is a subspace of the range of My,
so the rank of Ng(p) is at most 2n + 2.

Further, if we let Dg(p) denote the diagonal matrix with (2 X (4n + 6)
block) entries given by

Hp(z) z=w

D Z, W =
o)z, {0

ziw.

then Ng(p) = Dg(p) Po(p) Do(p)*. Since Pg(p) is positive semi-definite, we
conclude that the range of Dg(p) Po(p) is in the range of Mg. Therefore,
since (Kb (z, z]-(]a)))ZE 0 is in the range of Pg(p), (Hp(z) vKb(z, z]-(p)))Ze 0 is in
the range of Mg for every v € C**6 and j=0,1,...,n

Now suppose Q,, C Ris a finite set with

Qm CQm+1, Qo=1a1, ..., a2, a2011(= D)},

D= u

a determining set; that is, an analytic function is uniquely determined by

and

its values on P. Since
(Hp(Z) vK(z, Zj(p)))ZeQm € ranMp, €M,

we see that there are constants ¢"(p) such that

2n+2
(359) Hy(2) 0K (z, zj(p) = ) "(p) Kz, @) yi, 2 € Qu.

i=1
By linear independence of the K¥(-, a;)s, the c!'(p)s are uniquely determined
whenn =0, 1, ... by this formula. Since Q11 2 Qu, we see that c;””(p) =
c'(p) for all m, so there are unique constants ¢;(p) such that

2n+2

Hy(@) oK@, 2(p) = ) ci(p) K@, ap)yi, z€D.
=1
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Now, by considering this equation when j = 0, and using the fact that
Kb (-, b) =1, wesee that Hp agrees with an analytic function on a determining
set. We can therefore assume that H, is analytic for each p ¢ E, and that
(3.5.9) holds throughout R. Also, since the Kb(-, a;)s extend to meromorphic
functions on Y, so must Hj,. O

3.5.3. Diagonalisation.

Lemma 3.5.12. Suppose F is a matrix-valued function on R whose determinant
is not identically zero. If there exists a 2 X 2 unitary matrix U and scalar valued
functions ¢1, ¢ : R — C such that F(z)F(w)* = UD(z)D(w)*U", where

D::[q51 0 ),
0 ¢

then there exists a unitary matrix V such that F = UDV.

Proor. We let V = D(z)"!U*F(z). This is constant, as the hypothesis
implies that D(z)"'U*F(z) = D(w)'U*F(w)~! whenever F(z) and F(w) are
invertible. It is unitary as

V*V = F(z)'UD(z) ' D(z) 'UF(2)
= F(2)" (F@)F()) " F2)
=1,
and
VV* = D(z) 'UF(z)F(z)*UD(z)*"!
= D(z)"'U"UD(z)D(z)' U*UD(z)* !
=1.

TueorREM 3.5.13. Suppose F is a 2 X2 matrix-valued function which is analytic
in a neighbourhood of R, unitary valued on B, and has a standard zero set (a iy ]-),

j=1, ..., 2n. Assume further that the (aj, Y j) have the property that if h satisfies

2n

h=) K’ a)yj+o,

=1

for somecy, ..., con € Cand v € C2, and h does not have a pole at Py, ..., Py,
then h is constant.
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Under these conditions, if pr = 1, then F is diagonalisable, that is, there exists
unitary 2 X 2 matrices U, and V and analytic functions ¢1, ¢ : R — C such that
F= u[ o1 0 JV: uDv.

0 ¢

Proor. By Theorem 3.5.11 on page 56, we may assume that except on a
set E of measure zero, if /i is a column of some H), then h(-)KP(-, zi(s)) € M
forl=0,1,...,n°

By hypothesis, 1 (and so Hy) is constant. From Remark 3.3.2 on page 27,
we can assume at least one of the zeroes of ), (say z1(p)) is not b. Thus,
using the proof of the second part of Theorem 3.4.8 on page 36, we can show
that if 1 is not zero, then z;(p) = 4;,() for some ji(p), and & is a multiple of
Vii(p)- Thus, every column of H), is a multiple of y ().

Theorem 3.5.10 on page 55 gives us

I - F(2)F(w)" = fn (1= p(2)Pp(w)) HyHydu(p),
and substituting w = b gives
I= fn H,Hydu(p)
SO
(3.5.10) F@@)F(w)" = jl; Vp(@)Yp(w)HpH, du(p) .

Since the columns of H,, are all multiples of yj(,), HyH,, is rank one, and
so can be written as G(p)G(p)* for a single vector G(p) € C2. Consequently,

(3.5.11) F(z)F(w)" = fn Yp@)Pp(w)G(p)G(p) du(p) -

Since F(a;)"y; = 0 for all j, (3.5.11) gives
. . 2 . 12
0=yra)ayy; = [ lwsio)f lewryilf due,

so for each j, Y,(a;)G(p)*y; = 0 for almost every p. So, apart from a set
Zo C I1 of measure zero, ¥,(a;)G(p)"y; = 0 for all p and all j. Thus, by
defining G(p) = 0 for p € Zp, we can assume that (3.5.11) holds and

Yp@j)G(p)y; =0

for all values of p and j.

Let Il := {p € IT: G(p) = 0}. If p ¢ Iy, then for each j, either 1,(a;) = 0
or G(p)*y; = 0. Remember that G(p) is a multiple of yj,(,), and no set of n + 1
of the y; all lie on the same line through the origin. Since F has a standard

SHere zo(p) = b, z1(p), ..., zx(p) are the zeroes of Y, and M is as defined in (3.5.8) on page 56.
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zero set, it has zeroes at b and (a]-, yj) for j =1, ..., 2n. Bach ¢, has zeroes
at b, and n other points (call these a 1)+ ”jn(p))- At the remaining zeroes
of F, we must have that G(p)*y; = 0, so we must have that y; ), -/ Vju(p)
all lie on the same line through the origin, (perpendicular to 7, ))-

We have thus partitioned the zeroes of F into two sets (say a; € 3 if
Yp(aj) = 0,and a; € 3J; if G(p)*y; = 0). Since ¥, only has n zeroes (excluding
b), and at most 1 of the y ;s can lie on the same line, there is no other way to
partition the zeroes. We define U; = Span (le(p)) and A, = Span (an+1(p))

We assume (without loss of generality) that H,Hy 11 is supported at more
than one point®, and choose another point, p. We know that Y, must have
different roots to Yp, SO there must be atleast onea j € 3, such that Yp (a ]-) =0,
so G(p) is a multiple of y; € A, (using the proof of Theorem 3.4.8 again). By
the same reasoning as before, this tells us that 1 of the y ;s are perpendicular
to G(p), so must lie in ;. Since F has 2n zeroes, half of them must be in 5,
and half of them must be in 20,.

If g ¢ I1p, then by arguing as above, either G(q) € U; or G(g) € Ay, and
the zeroes of ¢, are in J; or J; respectively. Hence, for each p, one of the
following must hold:

0): G(p) =0;
(1): G(p) € Ay and the zeroes of 1, are in Jp U {b};
(2): G(p) € A and the zeroes of P, are in J; U {b}.

Define
[Ty ={p € IT: (0) holds},
IT; ={p €I1: (1) holds},
[T, ={p € IT: (2) holds}.
If p, g € I1; then ¥, and ¢, are equal, up to multiplication by a unimodular

constant, so we choose a p! € I1; and define 1; = Py, SO tppgbp = 1y for
all p € Ily. We do the same for IT,. We substitute this into (3.5.10) to get

F@FW)" = g1 (2)¢1(@)h; + hao(2)Pa(w)hs ,

where h; € A;. We see that hy, h; is an orthonormal basis for C2, so we can
apply Lemma 3.5.12 on page 58, and the result follows. O

3.6. The counterexample

We now have all the tools we need to prove Theorem 3.0.5, as introduced
at the beginning of the chapter. First, we constructed Ws, in Lemma 3.3.7,

®This is no loss of generality, as a measure supported at only one point would make F
diagonal automatically. We can also assume that 1; is not a scalar multiple of 1, for
precisely the same reason.
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which is always a 2 X 2 matrix-valued inner function. We then showed, in
Lemma 3.3.8 on page 31, that there was a sequence Vs, ,,, such that each
term had a standard zero set, with S,;, # Sy for all m, and such that both
Sm — So and Y, , = Ws, , as m — oo. We showed in Theorem 3.4.8 on
page 36, that if the zeroes (a s )/]-) of W, » are close enough to the zeroes of
Ws, p (they would be, for m large enough, say m = M) then any C?-valued
meromorphic function of the form

2n

h(z) = Z chb(z, ajyj+v

j=1

with no poles at Py, ..., P, must be constant. Thus, we take W = Wg, .
Theorem 3.5.13 on page 58 then tells us that if py = 1, then W is diagonalis-
able. Thus, if ¥ is not diagonalisable, then py < 1. If py < 1, Theorem 3.5.2
on page 40 tells us that there is an operator T € B(H) for some H, such
that the homomorphism 7 : R(X) — B(H) with n(p/q) = p(T) - g(T)~ ! is
contractive but not completely contractive. Therefore, all that remains to be
shown is that W is not diagonalisable.

TueoreM 3.6.1. WV is not diagonalisable.

Proor. Suppose, towards an eventual contradiction, that there is a di-
agonal function D and fixed unitaries U and V such that D(z) = UW(z)V".
D must be unitary valued on B, so must be unitary valued at p;, so by
multiplying on the left by D(p;)", we may assume that D(p;) = I. Since

W) =L U=V.
D:(q)l 0).
0

Let
Since D is unitary on B, both ¢; and ¢, are unimodular on B. Further, as
det W has 21 + 2 zeroes (up to multiplicity), and a non-constant scalar inner
function has at least n + 1 zeroes, we conclude that either ¢; and ¢, have
n + 1 zeroes each, and take each value in the unit disc ID at least 77 + 1 times,
or one has 2n + 2 zeroes, and the other is a unimodular constant A. The
latter cannot occur, since

O:W@:U{%:)Uim

which would be a contradiction.

Now, from Lemma 3.3.7 on page 29, W(p1)e1 = e, so Uey is an eigenvec-
tor of D(p1), corresponding to the eigenvalue 1, so at least one of the ¢;(p1)s
is equal to 1. Similarly, Ue; is an eigenvector of D(@(p1)), so at least one of
the ¢j(@(p1))s is equal to 1. Now, D(p1) cannot be a multiple of the identity,
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as this would mean that one of the ¢ ;s was equal to 1 at p; and @(p1), which
is impossible7. Therefore, we can assume without loss of generality that

D@o=[ég), D@@m=[g 2],

where A, A" are unimodular constants. We can see from this that the eigen-
vectors corresponding to 1 in these matrices are e; and ey, so Ue; = uey,
Ue, = u’e; for unimodular constants u, u’. Since D is diagonal, we can
assumethatu=u'=1,soU =1, and W = D.

Now, since Sm # So, there exists some i such that Pi* # P*, so these
two projections must have different ranges. However by Lemma 3.3.7,

P =W(p;) P'*
=D(p;) P"*
:( ¢1(pl) 0 ]Pz‘+
0 ¢a(pi) .

This is only possible if W(p;) = I, but this is impossible, as before. This is
our contradiction. Therefore, W is not diagonalisable. O

This concludes the proof of Theorem 3.0.5.

7 as this would mean it took the value 1 at least once on Bo, By, ..., B, and at least twice on

Bi, so at least n + 2 times.



CHAPTER 4

Constrained Interpolation

This chapter is based on material previously published by the author in
[PicO8b].

4.1. Introduction

One of the key techniques in Chapter 3 was the test function realisation
given in Theorem 3.2.10 on page 25. This is a realisation theorem for holo-
morphic functions on finitely connected planar domains — it is a realisation
of the algebra H*(R). This result was known to Dritschel and McCullough
when they wrote [DMO05], and a special case of it — holomorphic functions
on the annulus, H*(A) —is proved in [DM07].

Theorem 2.2.2 shows that we can use test functions to solve interpolation
problems. When viewed in this light, Theorem 3.2.10 allows us to solve the
Nevanlinna-Pick type interpolation problem for planar domains (a simpler
solution is given by Abrahamse in [Abr79]). Similarly, Agler used a test-
function-like realisation to solve the Nevanlinna-Pick interpolation problem
on the bidisc (see [Agl90b] or [AMO02]).

In this chapter, we are interested in constrained interpolation problems.
These problems have many of the unusual characteristics of harder inter-
polation problems (they generally require collections of kernels, and have
interesting behaviour in the case of matrix valued interpolation, much like
interpolation on multiply-connected domains’), but are simple enough that
we can do calculations explicitly (the kernels are typically rational func-
tions), and we can re-use much of the theory of interpolation on the unit
disc.

The constrained interpolation problem, as discussed in [DPRS07], is the
following: Under what circumstances can we find a bounded, holomorphic
function f on the disc, with zero derivative at 0, which takes prescribed
values wy, ..., wy, at prescribed points z;, ..., z,? We could, equivalently,
define

HY = {ge H™ : 7/(0) = 0)

1McCullough gives a (significantly more complicated) matrix valued generalisation of Abra-
hamse result ([Abr79]) in [McC96].

63
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and require that our f € H{*. The solution, as given in [DPRS07], is
analogous to the Nevanlinna-Pick theorem; such a function exists if and
only if

(1 - w@k(;, zi)):jzl >0 Vses?,
where S? denotes the real 2-sphere, and the kernels k° are a particular class
of kernels, parametrised by points s on the sphere?.

We give a set of test functions for H:°, broadly following the approach
of [AHRO08], via a Herglotz representation for H;°. These test functions turn
out to be rational functions, and the set of test functions is parametrised
by the sphere. We show, using techniques similar to those in [DMO07],
that our set of test functions is minimal. We also give some indication in
Chapter 5 of how these techniques could yield test functions for other types
of constrained interpolation problem, although the theory appears to be
less elegant in these situations.

We will also introduce the idea of differentiating kernels. These are a
simple analogue of reproducing kernels, and whilst they are not particularly
interesting in and of themselves, they have proved to be a useful tool when
working with problems of this sort.

4.2. Differentiating Kernels

It is convenient to introduce differentiating kernels. These are along much
the same lines as reproducing kernels: We know by Cauchy’s integral
formula that differentiation is a bounded linear functional on H?, so for each
x €D, and foreachi =0, 1, 2, ..., there exists some function k (x(i), ) € H?
such that

FO(x) = <f('), k(x(i), )> _

The above argument also holds for H?(R), for any finitely connected
planar domain R. In the case of H? (that is, H*(ID)), we can use Cauchy’s
integral formula to calculate k(x®, y) explicitly. We note that complex con-
tour integration is with respect to dz = 2mi - zds, where s is normalised arc

2They actually give two, different, Nevanlinna-Pick type theorems, but the second is not
relevant here.
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length measure (the measure on H?). So, if we let f € H*, then

f@
()
Y = 2mi 96 (z - x)”‘“1

3 27t z f(z)
2/71/ T (z - x)”‘“1
z
= jj;f(Z) n'm)ds

z—1

= jj‘rf(z) n!—(z_1 —ay )ds
Zﬂ
= fjrf(z) n!—(l “Toy )ds

Zn
= <f(Z), W!W>Z .

Since H® is dense in H?, this also holds for fe HZ. We can now see that
v "
(1 -yl Jx"

k(x™, y) = n! k(x, v)

where k(x, y) = (1-xy)~!is the ordinary Szegd kernel. For brevity, we write
k@ for the function k(x®, ).

If M is the multiplication operator of f € H* on H?, these differentiating
kernels satisfy

x(”) Z f(l)(x) k y(n—i)

f n! 1! (n_z)l ’

M* kx(n) _ M kx(n)
I T | T\ T
kx(n)

= <fg' 7’1! >

= l<fg><"><x>

= LY (1) o)

Tl

as

i=0
_ Z FOx) g" (%)
- il (n- i)

_ = fO®) koo
‘<~’7’; il (n—z)!>'
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4.3. Test Functions

4.3.1. Zero Mean Probability Measures. We start out by finding a set
of test functions for H ;"’ Since test functions have norm 1 or less, the Mobius

transformation
1+z

1-z
(which takes the unit disc to the right half plane), takes test functions to

m: z—

functions with positive real part. Since H}” € H*, our test functions must
have a Herglotz representation (see Theorem 1.1.19 of [AHRO08]), so if 1 is
a test function, f(z) = m(¢(z)), and f(0) > 0,2 then
w+z
fo = [ T aue

w—-2z

for some positive measure u. For our test function to be in H*, we also
need that 1)’(0) = 0. We can see that since

@)=y @m Y)
and m’" # 0, we have that ¢’(0) = 0 if and only if f’(0) = 0.

Now,
by dw+z B 2w
fe= ﬁr(dzw _Z)dy(w) B fqr (w _Z)Zdy(w)

f0) = fT %dy(w):z fT wdp(w) = 2 fT wdp(w) .

If u is a probability measure (which it will later be convenient to assume
it is), then the condition that 1)"(0) = 0 is equivalent to the condition that
E(u) =0, so p has zero-mean. It should be noted here that requiring u tobe a

SO

probability measure is equivalent to requiring that f(0) = 1, or equivalently
still, that 1(0) = 0.
We have proved the following:

Tueorem 4.3.1. The analytic function 1 has ”4’”00 <1, ¥@©) = 0, and
Y’'(0) = 0 if and only if the corresponding measure is a zero-mean probability
measure.

4.3.2. Extreme Directions. We will be using a lot of techniques and
definitions from [AHRO8]. In that paper, they used the convention that if
X was a “real function space” in some sense, then X" is the set of all real
functions in X corresponding to holomorphic functions. Here, we will use
the convention that X! is the set of all real functions in X corresponding to
(the real parts of) holomorphic functions with zero derivative at 0, in ways
that should be fairly clear.

3This condition is not as problematic as it looks.
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If L%("JF) is defined in the usual way, then Lﬁél (T) is the set of all functions
in L%(T) which are the real part of an analytic function in H? with £’(0) = 0.
It is easy to see that (Lﬁél("lf))l = span {Imz, Rez}, so Lﬁil(T) has (real) co-
dimension 2 in Lz (T). We let Mg(T) be the space of finite regular real
Borel measures* on T, and Cg(T) be the space of real continuous functions
on T, so that Mr(T) is the dual of Cr(T), under the weak-+ and uniform
topologies, respectively.

By the convention mentioned above, we define M]}Q(T) and C]}?(T) as the
subspaces of MR(T) and Cr(T) (respectively), corresponding to holomor-
phic functions with zero derivative at 0. Then, as in [AHRO08], we can see
that

ME(T) = {Imz, Rez}*
and
Ci{(rll")l = span {Imzds, Rezds} ,
where L denotes the annihilator.

We also need to make use of extreme directions. We say a vector x in a
cone C is an extreme direction in C if, to have x = x1 + x» for some x1, xp € C
we need x; = tx and x, = sx for somes, t > 0.

This allows us to formulate the following:

THEOREM 4.3.2. Let E = {y € Mp(T) : p > 0}. If u is an extreme direction
in E, then 1 is supported at three or fewer points on T.

Proor. Suppose u is supported on four or more points in T, and divide
the support of T into four non-empty parts, A to Ay. Let y; = xa, 1, where
Xa is the indicator function on A. Let M = span{uy, ..., ys}. The dimension
of M is 4, and since M]}{("JF) has co-dimension 2 in Mg(T), we must have
that

dim (M N My (T)) > 2.
Therefore, there must existav € MnN Mi{(rﬂ") which is linearly independent
of u. Since a measure a1 +- - -+ aguy € Mis positive whenever ay, ..., ay
are all positive, we can choose an € > 0 small enough that y +ev > 0.
Therefore, %(y +ev) € E, but

1 1
p=su+en)+o(p—ev)
so U is not an extreme direction in E. m]

We can combine this with Theorem 4.3.1 on the preceding page, which
says that [E(u) = 0 for u € E:

4Remember that we can associate a harmonic function to a measure u € Mg(T) via the
Poisson kernel.
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Ficure 4.3.1. Types of Element in @

e If 1 is supported at one point of T, then it is clearly impossible to
have [E(u) = 0.

e If i is supported at two points, then 0 must be in the convex hull
of these two points (the line between them), and so the two points
must lie opposite each other on the circle, and both have equal
weight (if y is to be a probability measure, this weight must be 1).

e If i is supported at three points, then these points must be such
that 0 is in the interior of their convex hull (that is, the interior of
the triangle they form; if 0 lies on one of the lines of the triangle,
then p will only be supported on the two points at either end of
the line, so this is the degenerate case we had before). We can
also see that if y is a probability measure, then its weights are
uniquely determined by its support — the weights are precisely the
barycentric co-ordinates of 0, with respect to the three vertices of
the triangle.

We now note that, if a measure p in E is supported on three or fewer points,
it is uniquely determined by those points, up to multiplication by a scalar.
In particular, if p = tjug + o2, for some iy, o € E, then p1 and pyp must be
supported on a subset of the support of 11, so must be scalar multiples of i,
so we have characterised the extreme directions in E.

Note that we can rescale any non-zero measure in E to a probability
measure.

4.3.3. Some Topology. Thisisaconvenienttime to talk about the “space”
of test functions. We define a set ©, containing two types of element, as
shown in Figure 4.3.1:

e diameters of the circle;
e triangles, with vertices on the circumference of the circle, and the
centre of the circle in their interior.
To topologise this set, we say that a sequence of triangles converges to a
triangle if its vertices converge, and if we have a sequence of triangles where
one of the lines converges to a diameter, then we say the sequence converges
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7

Ficure 4.3.2. Convergence in )

to the diameter, as in Figure 4.3.2. Essentially, the third point on the triangle
disappears, which makes sense, as in the case of the zero-mean probability
measures above, the weight of the third point would tend to zero. In fact, if
we identify points in © with zero-mean probability measures on the circle,
as in the discussion following Theorem 4.3.2, we can see that this topology
corresponds exactly to the weak-* topology on Mg (T).

As we will see later, if u is a zero-mean probability measure supported
on 1 points, then u induces a test function 1, which will be an n-to-one
Blaschke product, with l,b;l (0) =0, ¥u(0) =0, and ¢, (w) = 1 precisely when
w is in the support of u. Conversely, if we have such a function v, then
there is a corresponding zero-mean probability measure , with support
Y~ 1({1}). If we have a test function ¢, corresponding to a u € ©, then
1?5 1= mlp u is a two-or-three-to-one inner function of the type required,
and since 1}(—1) = 1, the corresponding measure (i is supported at —1. This
is useful, as we can safely identify two test functions if one is a constant,
unimodular multiple of the other.

If we define an equivalence relation ~ on ® by

p1 ~ 2 & Py, = APy, for some [[A|| =1

then we can define ® := ©/ ~. By the above reasoning, © can be represented
as the set of all triangles or diameters in ® with a vertex at —1 (i.e, on the
leftmost point of the circle). When viewed in this sense, there is only one
diameter in ©.

It is interesting to note that ® is homeomorphic to S?>. We show (using a
certain amount of hand-waving) that ® is homeomorphic to C U {co}. First,
we set the diameter (in ©) as co. This leaves the set of all triangles in ©.
We know that any triangle in ® can be represented by a triangle with a
point at —1 (the left hand side of the circle), so we put point one on the
left of the circle, allow point two to vary over the whole top of the circle
(corresponding to the real axis), and allow point three to vary over the range
of points opposite the arc between point one and point two (corresponding
to the imaginary axis) as in Figure 4.3.3 on the next page. As either of these
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Ficure 4.3.3. The setup for ©

points tend towards the edges of their ranges, the triangle tends towards
the diameter — which corresponds to co.

4.3.4. The Test Functions. If we take the set of probability measures in
Mi{(T), this is a subset of E, and in fact corresponds to E,, in the sense of
Lemma 3.4 of [AHRO08], where p(u) = u(T). We know that E, is convex,
and we showed before that its extreme points are given by ®.E p is compact
by the Banach-Alaoglu theorem, so we can apply the Choquet-Bishop-de
Leeuw theorem, and we see that for any u C E,, there exists a probability
measure v, on © such that’

y:ngdvy(S)

Now, probability measures in Mg (T) correspond to analytic functions
f on D with positive real part, f/(0) = 0, and f(0) = 1, using the Herglotz
representation theorem. We define

m@y:J;Zf?wm»

he —1
Ebs_h‘9+1

and

SWe are, confusingly but unavoidably, talking about integrating a measure-valued function
(the function 9), with respect to a measure (the measure v,). Also, the points in the space

that v, integrates over (the space @) are, themselves, measures (they are measures on T)
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forall 9 € ©. Using the reasoning above, we can write
w+z
fo) = [ S dutw)
w+z
= jq; — fé (dS(w)) dvy(S)]
- f f T2 9w)| dv,(9)
JelJrw-z f

= j; hs(z)dv,(9).
(C]

This gives us a new “Herglotz representation”, which we will call an

Agler-Herglotz representation:

Tueorem 4.3.3. If f is an analytic function on ID with positive real part,
1'(0) = 0, and f(0) > O, then there exists some positive real measure v on © such
that

) = f@hscz)dv(sw

We now prove the main result. We will be using W to refer to the set of
test functions associated with ®, so W := {¢5 : 9 € O}):

Turorem 4.3.4. The two spaces H (Ky) and H{*(D) are isometrically iso-
morphic, that is, H* (Kw) = H*(D) and || - llse,, = Il - Iz

Proor. One way issimple. Since W C H{*(D), we know that Ky contains
the set K}° of reproducing kernels given in [DPRS07], so if C € H* (Ky),
and [|Cllg,, <1, then

([1 - caT@)] k(x, ) 2 0
for all k € 7(f° Therefore, { must be in HY (D), with ||C||H;><>UD) <1, so
H* (Ky) € H?(D).

Now, suppose that ¢ € H°(D) and ||C||H;’°(1D) < 1. For now, we also

suppose that {(0) = 0. We let

1+
f=1=¢
SO f 1
C = m
Hence
4.3.1) | - ()T@) = 2— LD @
(f@+D(f(w) +1)

We know that f has positive real part, f(0) = 1 and f’(0) = 0, so we can use
our Agler-Herglotz representation, Theorem 4.3.3, and find that there is a
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measure v on © such that

f:f@hsdv(S).

We can then show, using the definition of ¢y and (4.3.1), that

1— C(Z)m _ f 1=4Ys(@)Ps(w) ().

0 (fl2)+1) (1 -vs(2) (1 - llis(w)) (J% + 1)

We know that if 9 € @, then ¢3(-1)1y € W. If we define a positive kernel
I':DxD — Cp(¥) by

Iz, wya = f a(Ps-Dps) (),

6 (f(2) + 1) (1 - ¥5(2)) (1 - Ys(w)) (f(w) + 1)
where a € C,(W), we can then see that
1= ((2)C(w) =Tz, w)(1 - E@R)E@)"),
so C € H*(Ky) and [|C[lg, < 1.
To see that this holds when (0) # 0, simply recall that
. _( {(2)-a )( C(w) —a ) (1 -an) (1~ CE)w))
1-al(z)  (1-ac@) (1 -al@w))

1 - at(w)
Therefore, C € H* (Ky), and ||Cllg, < 1, so H* (Ky) = H{°(D) and
I llacy, = Il - ll=), as required. 0

4.3.5. Minimality. Asin[DMO07], we show that this set of test functions
is minimal, in the sense that there is no closed subset C of W so that C is a
set of test functions for H{". First, we need a lemma.

LemMma 4.3.5. If, for some measure i on a space C, and some separable Hilbert
space H, M € B(H), f € L%}(H)(‘u), f(x) > 0 p-almost everywhere, and M >
fC f(x)du(x), then for all scalars 6 > 0O there exists some C' C C and some scalar
N > 0, such that u(C = C") < o and M > Nsf(x) for all x € C'.

Proor. Define, for N > 0, and ¢ € H,

Ch = {xeC: {(M~-Nf(x) o, ¢) =0},
Cn={xeC: M=Nf(x)},
G=|Jon,  cf={]Jck.
N>0 N>0

We can see that, for any given ¢ € H, C — C(Op is a p-null set. To see this,
note that for x to be in C — Cg, we would need to have (Mg, ¢) = 0 but
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(f(x)p, ¢) > 0. However,

Mo, p) = < fc f)du(x) <P/(P> 2 fc - f@) @, p)du(x) >0,

which is a contradiction.
If @ is a countable dense subset of the unit ball in H, we can see that
_ P
Cv=[C%
Pped

and so

c-cO:IQ(c—cN)i@O ({)LEJD[C—C?Z]
-U[te-<tl)-Yte-<.

@e® \N>0 Qed

which is a countable union of null-sets, and so is a null set.
Consequently, as N — 0, u(C - Cy) = 0, and M > Nf(x) for all x € Cy,
so our result is proved. m|

TueoreM 4.3.6. No proper closed subset C of W is a set of test functions for
HY.

Proor. Suppose, towards an eventual contradiction, that C is a proper
closed subset of W and ¢y = 1y, ¢ C. Since C is closed, its complement
is open, so we can safely assume that 99 is not a diameter, and not an
equilateral triangle®.

We notice that the differentiating kernels we defined in Section 4.2 on
page 64 are rational functions, so we can extend them to the entire Riemann
sphere’, C U {oo}. If we do this, then we see that if x # 0, k) has 1+ 1 poles,

all at x~1, and kyw has n poles, all at co.
The kernels

As(z, w) = (1 - Ps@Ps@)) k(w, 2)

are positive and have rank at most three (k is just the Szeg6 kernel). To see
this, first note that 1y has at most three zeroes®, and that at least two of
them must be at zero, as 13(0) = 0 and ¢(0) = 0. Also note that M, the
operator of multiplication by 1y, is an isometry on H?, so 1 — MyM; is the

6If we do the calculations, we discover that these two possibilities correspond to the test
functions z2 and —z%, which are inconvenient corner cases

"The fact that this is homeomorphic to ® is not relevant here, and appears to be a coincidence.
8f9isa diameter, then it has two zeroes, otherwise it has three.



4.3. TEST FUNCTIONS 74

projection onto
Ms := ker My = Span {ko, ko, kas} ,
where ag is the third zero of § (if 9 has three zeroes at zero, then ag = 0”; if
Y is a diameter, then the span does not include k).
Now,

As(z, w) = <(1 - MSMZ;) ke, kz> := (Pskuw, kz) = (Pskw, Pskz) ,

and we can view this as a holomorphic function in z, and an antiholomor-
phic function in w. If we think of the antiholomorphic function as being in
the dual of H?, then

Ay € H2® (Hz) ~ B(H?).

More explicitly, Ay defines an operator on H? as

Asf(z) := fjrAS(Z’ w) f(w)ds(w),

SO

(Aof,g) = fT fT 7@ Aoz, w) f(w) ds(w) ds(z)
- fT fT 9(z) (Psky, Psk,) f(w)ds(w)ds(z)

= f f (f(w) Psky, g(z) Pskz) ds(w) ds(z)
TJT

:<ff(w)P9kwds(w),fg(Z)PskzdS(Z)>
T T

=< f f(w) Poky ds(w), f g(z)PskzdS(Z)> :
T T M

Hence, we have factorised Ay as AjAg, where Ay : H? — My is given by

Asf = jj; f(w) Pskw dS(ZU) .
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We also note now, for use later, that Ag = Iy, the embedding map of
My into HZ , as

(Asf, 9) = < fT f(w) Psky ds(w), g>

My

= jj;f(w) (Pskw, g>‘))23 ds(w)
= jq;f(w) <P8sz/ Lms!]> ds(w)
= j;r f(w) <kw/ Ismsg> ds(w)

= [ f(ing) s
= {f, lm,g) -

We choose any set of four points F = {z1, 2, z3, z4} € D, and consider
the classical Nevanlinna-Pick problem, of finding a contractive function
@ € H™ such that ¢(z;) = ¢o(z;) for all i. Since Ag(z, w) has rank at most
three, the 4 X 4 matrix

([1 - ybo(Zi)'vbO(Z]‘)] k(zj, Zi))i]’:l

must be singular, so the problem has a unique solution, ¢ = 1)y.

Now, if we assume that C is a set of test functions for HY®, then by
Theorem 2.2.2 on page 8 there must be a positive kernel I' : F X F — C(C)*
such that

1— oGP0 = Tz, 2) (1 - EGIERE)') -
Indeed, by Theorem 2.2.1 on page 7, this kernel must extend to the whole
of ID X ID. We can rewrite this, in our case, by saying that there exists a
measure p on C, and functions h(z, -) € Lz(y), forl =1, ...,4, such that

4
(432)  1-oE)o(w) = fc Yz, @, $) (1 - p@)p@)) du().
1=1
Multiplying this equation by k(z, w) gives
4
NAo(z, w) = fz hi(z, IJJ)A¢(Z, w)hy(w, Y)du(y).
=

Since Ay is a positive kernel and a positive operator, when seen as an
operator on H?, as above, we can say that for all /,

No(z, w) > fc hi(z, Y)Ay(z, wh(w, Y)du(y).
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We now know, by Lemma 4.3.5 on page 72, that for any 6 > 0, there is a set
C’, and a constant cs > 0 such that u(C - C’) < §, and

No(z, w) = cshi(z, P)Ay(z, w)h(w, P),

forall y € C'.
If we use our factorisation of Ag from above, we see that

ABAO > C@hl(z, QD)A;Awhl(w, I,b)

and so by Douglas” Lemma, the range of (-, 1/})A*¢ is contained in the range
of Aj. Therefore, there exist constants ¢y, ..., ¢9 so that

(4.3.3) hi(-, Y)ko = ciko + coko + c3ky,
(434) ]’ll(', I]D)k()/ = cgko + cskor + C6ka0
(435) hl(', l,b)kaw = C7k0 + Cgkof + Cgkuo .

By letting 6 go to zero, we see that these equations must hold for u-
almost-all ¢ € C.

Equation (4.3.3) tells us that /5(-, ¢) = c1ko +cokor +c3ky,, as ko is constant.
We can also see that #(-, ) must extend meromorphically to the Riemann
sphere, as these kernels do so. Equation (4.3.4) tells us that c; = 0, as
otherwise the left hand side of the equation has a triple pole at oo, but the
right hand side has at most only a double pole.

We consider equation (4.3.5) in three cases. Firstly, if 1) has only two
zeroes, there is no equation (4.3.5), so Iy(-, V) = c1 + c3ky,.

Ifay # 0, then

(Y, Y)ka, (y) = czko(y) + csko (y) + cokay(y) ,

1
c1+c — —— =(7 + 8y + C —,
! 31—a0y]l—a¢y 7resy 91—a0y
_ __ 5, C9—coyy
C1+cC3 =C7 —Crapy + gy — Ay + ———,

1-apy 1-apy
€1 — €140y + €3 =C7 — C7ayy — C7apY + C7a¢_aoy2
+ cgy — CsdypYy” — CsdAgY” + Csaydoly”
+C9 — Colyy .
Looking at the y3 coefficient tells us that cg = 0, looking at the y2 coefficient
then tells us that c; = 0, and so comparing the constant and y coefficients,
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we see that
C1+C3 =0C9
c1dg = Colly
Gl = Cg%
3 =09 (1 - %) ’
and so

ay ay 1 1-ayy
= — ]_ - — = .
g 9= (“0 T ( aO) 1- aoy) Cl — Aoy

Alternately, if ay, = 0, then equation (4.3.5) becomes

2 _
hi(y, )y _C7+C8y+C91—a_0y’

2

2 Y
— ,
1y +c3 _0]/ =Cy + gy + C9 >y

2 -— 3 2 — -— 2
C1Yy~ — C1a0Yy™ + 3y~ = ¢y + C7aply + CgY + Cgaply™ + C9 .

Looking at the 1> coefficient tells us that c;ag = 0, so ¢; = 0. The y* terms
then tell us that c3 = cgag. We then see that

1-ayy
1-apy ~1- aoy

hl(y/ l,b) =C3

as before.
Combining these consequences of equations (4.3.3)—(4.3.5) with (4.3.2)
gives a more explicit realisation than the one in (4.3.2), namely,

1= o(@)ipo(w) =

3 pi B s
2 (“’ "1 a_oz)(al = aow]<1 ~ Yol@Y(®))

=1
1-ayz (1—a4@) _ oA
3l \{m}cw)( ) ) (1 - Y@ dup)

1-aypz agw

for some positive c € Ll(y) and some ay, 1, ..., a4, fs € C. We know that
the s are Blaschke products, and we know their roots, so we can write this
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even more explicitly as

1—22%2—2_% w-d _
]—%Zl—ﬂow

4 _
(al+ ﬁl_)aﬁ ﬁl_ (1—z2@2)
= 1-apz 1—aow

1-ayzl1-ayw Z—ay W-—ay
+ f o) et (1—7%2 Y “b_)dy(lp).
C\{co} —apz 1 —agw 1-ayz1l-ayw

If we multiply both sides by (1 —a9z) (1 — apw) we get

(1 - 02) (1 - ag®) — 2°W° (z — ag) (@ — @) =

4
Z (a; (1 —apz) + B1) (E; 1 - apw) + E) (1 - 22%2)
1=1

" fc\{ ) @) ((1-a92) (1 - ay) - 27" (2 — ay ) (B - 7)) du(),
which we can expand to get

— — — — —3  — 3-2 —2
1—agz —apw + |ao|2 2 — 22 + a022w3 + aoz3w - |ao|2 22w =

2 2 5D
A |0q+,6’1| —'0{1+[3’1| z2w
y —~(ay + BT + () + B)Ta0Z*T
— o — — N\ —. 3=
= | —(+phaaoz + (a; + Brayaz>w
202 = 20, 2.3=3
+loyl* laol” 2t — |ey|* laol* z*w

_ _ 2 _
+f C(I,D){ 1—a¢z—a¢w+’a¢| zw2 du().
C\{oo}

—B3%° + @23%2 + a‘PzZ@?’ - |ll¢| 2w

To get our contradiction, we look at the w, 2W° and 22W° coefficients of
this equation. These yield

4
4.3.6 = + Bp)agag + d ,
(43.6) 2 ;(sz B)iao fc e
4
2 2
3. = d p
(4.3.7) 1 ;Iazl lao|” + fc \{m}C(IP) u@)
4 2 2
438 lagl? = + B+ .
(43.8) ” ;|0¢z B fc @y
We can easily see that (4.3.6) implies
4 2
lagl* = + Baa + d ,
0 ;‘(sz )i fc )
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and if we define a Hilbert space H = C* @ L2(p), then we can rewrite this as

<((ﬂ0071)l] [@+E>z)>r
ey \cyag ]|

Then by the Cauchy-Schwarz inequality,

(4.3.9) lagl? =

laol* <
4 4 ) )
[Z ol laol” + f C(¢)du(¢)](z jou + B[+ f c¥) |““”|J
I=1 C\{eo} = C\{oo}
=1by (4.3.7) =[ag|? by (4.3.8)

2
= |aol” .

Further, the two vectors in (4.3.9) are linearly independent, as ay, is (the
complex conjugate of) the third root of ¢, which is different for each ¢
(meaning c(gb)v zand c(gb)l/ *ay are linearly independent), so the inequality is
strict, which is a contradiction®. mi

The fact that the minimum set of test functions is parametrised by
the sphere is interesting, as the set of kernels given in [DPRS07] is also
parametrised by the sphere, and conjectured to be minimal (that paper
contains some partial results, towards this aim).

Similarly, Abrahamse gave (in [Abr79]) a set of kernels corresponding to
interpolation on a multiply connected (n-holed) domain, parametrised by
the n-torus, and conjectured that this set of kernels was minimal (there are
some partial results in this direction in [BC96]); in [DMO07] and Note 3.2.11
on page 26, the authors give sets of test functions for n-holed domains,
which are also parametrised by the n-torus, and conjectured to be minimal
(see Chapter 5).

Perhaps there is some sort of duality between minimal sets of test func-
tions and minimal sets of kernels? A possible counterexample to such
a duality may occur with the bidisc; it is well known (see for example
[AMO2]) that only two test functions are needed for the bidisc, whereas in
[MP02], the authors conjecture that infinitely many kernels are required.

9This is a slight oversimplification. If c¢(y’) is non-zero at exactly one point ¢ (and that
Y is singular with respect to u), then this linear independence argument does not hold.
However, a simple calculation by equating coefficients (which is omitted) shows that if the
vectors are linearly dependent, so c() is non-zero at exactly one point, then that point must
be ¢y ¢ C, which is also a contradiction.



CHAPTER 5

Further Work

5.1. Rational Dilation in Non-Symmetric Domains

Chapter 3 proves that the rational dilation conjecture fails on symmet-
ric, multiply connected domains. However, it says nothing about non-
symmetric domains. Many of the results in Chapter 3 should be equally
applicable to non-symmetric domains, however some results have proven
particularly difficult to generalise.

Proposition 3.1.4 on page 12 is a simple, but useful lemma. It has a
simple proof, which uses the symmetry of R in an elegant way. Thus far,
we have been unable to prove Proposition 3.1.4 in any other way.

Theorem 3.3.3 and Lemma 3.3.4 on page 28 both depend heavily on the
symmetry of R. This is a problem, as Lemma 3.3.4 is used in the proof that
our counterexample W , is analytic.

Additionally, the construction of W, in Section 3.3.2 on page 29 uses
two related test functions, that are related by the symmetry of R. We
have not been able to find an analogous construction, using unrelated test
functions, that satisfies Lemma 3.3.7.

Various results (such as Lemma 3.4.6 on page 34) depend on the sym-
metry of R to prove that the zeroes and poles of functions lie in particular
regions. These results are then used to show that the zeroes and poles of
various functions do not intersect. Since the zeroes and poles of randomly
chosen functions are unlikely to intersect, it is possible that these results are
automatically true almost everywhere, or that we can avoid these types of
problems by perturbing variables.

5.2. Minimal Test Functions for H*(R)

In Section 3.2.4 we gave a set of test functions for H*(R). We believe
that this set of test functions (more specifically, the set given in Note 3.2.11
on page 26) is minimal. However, at the time, our main research aim was
to find counterexamples to the rational dilation conjecture, so we made no
attempt to prove this.

Some of the techniques we have used elsewhere may be used to prove
the minimality of our test functions. A proof would likely have a similar

80
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structure to the proof that our Hy” test functions are minimal (Theorem 4.3.6
on page 73).

Also, the results of Section 3.5.2 are used to prove that a particular
function is uniquely represented, but could potentially be adapted to show
that the test functions are uniquely represented, as in the proof of Theorem
4.3.6, and in Proposition 5.3 of [DMO07], thus proving minimality.

5.3. Matrix-Valued Test Functions

Chapter 3 can, in some ways, be seen as a result about matrix-valued test
function realisation; It shows that scalar-valued functions are not sufficient
to realise matrix-valued functions on R. The obvious question then is: Can
we realise matrix-valued functions using matrix-valued test functions?

This poses various problems. The most serious, is that there is currently
no widely accepted definition of a matrix-valued test function. We take
most of our definitions from [DMO07], and we would expect a reasonable
definition of matrix-valued test functions to satisfy the major theorems of
that paper.

At this point, we are not prepared to suggest a definition, although it is
worth noting that many of the results from Section 3.5 are similar to results
in [DMO07].

5.4. Generalised Constrained Test Functions

In Chapter 4 we gave a set of test functions for HT" However, these
techniques could have applications to other types of constrained space. In
[Rag08b], the author looks at spaces of the form' € + BH®. These spaces
are a natural generalisation of the space H°, and the author provides a
generalisation of the Nevanlinna-Pick theorem from [DPRS07]>.

In Section 4.3.1, we used the Herglotz representation trick to turn a
linear equation (f’(0) = 0) into a constraint on probability measures (that
they have zero mean). Then, in Section 4.3.2 we found the extreme points
of the set of constrained probability measures, and used those extreme
probability measures to generate our test functions.

Suppose we want to apply these techniques to C + BH. It is fairly
clear that we can come up with a set of linear equations that all functions in
C + BH*™ must satisfy (functions must be constant at zeroes of B, and have
a prescribed number of zero derivatives at repeated zeroes of B). It should

1Here, B is a Blaschke product.

2 [DPRS07], two versions of the Nevanlinna-Pick theorem are given. In [Rag08b], the
author only generalises the first form; a generalisation of the second form is given in [BBT08].
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also be fairly easy to turn this set of linear equations into a set of constraints
on probability measures.

The difficulty comes when we calculate extreme points. Theorem 4.3.2
should work well enough, so if we have n independent equations, we can
say that extreme measures are supported on at most 2n+1 points. However,
the reasoning that followed Theorem 4.3.2 (which showed precisely which
such measures would give functions in H{") relied on a geometric interpre-
tation of the probability constraint, which does not obviously generalise to
other types of constraint.

If we can calculate the extreme measures, these should generate test
functions in precisely the same way as above. However, the proof that the
test functions we have found are minimal, is heavily dependent — perhaps
overly dependent — on explicit calculations using the test functions.

5.5. Minimal vs. Extremal

We gave a minimal set of test functions for H;°, and showed that this set
was minimal by along-winded calculation. However, this is not particularly
intuitive, and does not obviously generalise. It would seem more natural
to use the fact that the Agler-Herglotz representation from Theorem 4.3.3
was parametrised by extreme measures. To do this, we would need some
sort of duality between Agler-Herlglotz representations and test function
realisations.

We already have some idea what such a duality might look like. The
test function realisation for H{® (Theorem 4.3.4 on page 71) was based on
an Agler-Herglotz representation (Theorem 4.3.3) . Similarly, in Theorem
3.2.10 we gave a test function realisation® for H*(R). This was based on an
Agler-Herglotz representation (found in equation 3.2.5 on page 25.%).

In both of these cases, the Agler-Herglotz representation induces a test
function realisation (which we call ®;). The induced realisations are not
quite minimal, as some test functions are scalar multiples of others. How-
ever, if we mod out by the equivalence relation ¢; ~ 2 : 1 = APy, we get
a minimal set of test functions (which we call ©,,).

Interestingly, in both cases, the equivalence classes of ~ are all circles.

The simplest case is H*(ID), where the relevance of circles is clear. The
minimal set of test functions is ®,, = {z}, the induced set of test functions is

3Here, we are assuming that this test function realisation is minimal, even though this
remains to be proved

4This is the same as Herglotz Representation 1 in [AHRO08]
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O; = {Az: |A] = 1}, and the Herglotz representation can be written as

f) = fT ©* 2 hua)

w—z
1+Az, —
:fqu—Azd’“‘(/\)
B 1+ 6(z)
_f(;,» —1_6(2)611/(9).

In the case of H*(R) and H{, the relationship between the Agler-
Herglotz representation and the test function realisation is similar.

However, it is not clear that there will always be such a link. Our
attempts to construct Agler-Herglotz representations from test function re-
alisations have so far been unsuccessful. It also seems unlikely that naive
approaches will work, as H*(ID?) has a relatively simple test function struc-
ture, but has no simple Agler-Herglotz representation’.

5See [Agl90b] for a somewhat complicated, abstract Herglotz-like representation
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