DUALITY, TANGENTIAL INTERPOLATION,
AND TOPLITZ CORONA PROBLEMS.

MRINAL RAGHUPATHIT AND BRETT D. WICK*

ABSTRACT. In this paper we extend a method of Arveson [4] and McCul-
lough [9] to prove a tangential interpolation theorem for subalgebras of H®.
This tangential interpolation result implies a T6plitz corona theorem. In par-
ticular, it is shown that the set of matrix positivity conditions is indexed by
cyclic subspaces, which is analogous to the results obtained for the ball and
the polydisk algebra by Trent-Wick [13] and Douglas-Sarkar [7].

1. INTRODUCTION

The classical corona problem asks whether the set of point evaluations, for points
in the unit disk D, is dense in the maximal ideal space of H*°. A famous result of
Carleson [6] shows that they are dense. Let A be an abelian Banach algebra, and
let M be its maximal ideal space. A subset X of M is dense in M if and only if for
any finite set of functions fi,..., f, such that Z;;l |f](90)\2 >62>0forz e X,
there exists a set g1,...,9, € A such that fig1 + -+ fngn = 1.

Arveson, [4], studied a related problem replacing the condition z;;l |f; (@) >
82, by the operator theoretic condition i Ty, Ty > 621, where Ty is the Téplitz
operator with symbol f acting on the Hardy space H?. He showed that un-
der this assumption there exists gi1,...,9, € H* such that 2?21 fig; = 1 and

Z?zl lg; (2)]> < 672, The constant 6~2 is optimal, as demonstrated by the choice
f1 = 1. See Schubert for the best possible constant [12].

In general determining the best constants in the corona problem is considerably
challenging. For the Toplitz corona problem we do obtain the optimal constant.
However, we make stronger assumptions.

The objective of this paper is to show that a similar To6plitz corona theorem
holds for the case where A is weak*-closed subalgebra of H*°. Our result makes
use of a modification of the Arveson distance formula [4, Theorem 1], a refinement
of this due to McCullough [9, Theorem 1]. These modifications allow us to then
demonstrate the first main result of this paper, a tangential interpolation theorem
for unital weak*-closed algebras A.
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1.1. Notation. We denote by LP the Lebesgue space on the unit circle with respect
to normalized arc-length measure. The corresponding Hardy space will be denoted
HP.

Given a subset S of a Hilbert space H, we denote by [S] the smallest closed
subspace that contains S.

A function g € H? is called outer if the closure of H*®g is H2. In this paper we
adopt the following notation. Given a subalgebra A C H* and an outer function
g we let K be the reproducing kernel of the subspace [Ag], viewed as a subspace
of H?.

1.2. Statement of main results. This paper is concerned primarily with tan-
gential interpolation theorems and their application to To6plitz corona problems.
We would like to give an overview of the main results. We begin by stating the
tangential interpolation problem and our main result, which is Theorem 1.1. In
Section 2 we will elaborate on the connections between the two problems.

Let A be a unital, weak*-closed subalgebra of H*. Let (x1,. .., %, ) be a sequence
of points in the unit disk D, let (vq,...,v,) be a sequence of vectors in £2 and let
(w1, ..., wy,) be a sequence of scalars. We identify a function F : D — ¢ with a
sequence of functions (fx)7%, in the usual way. Let ' : D — ¢2 be such that f € A
for all £ > 1. The function F induces an operator My : H2 — H? ® £? given by
Mp(h) = Fh. Hence, Mp can be identified with the column operator (T%,,...)".
Similarly, there is a map from H? @ (> — H? given by Mp(hy) = Y po; fehs. In
this case, the operator Mp is identified with the row operator (T, ,...). We denote
by C(A) the set of F' such that fi € A, for k > 1, viewed as column operators.
When viewed as row operators we use the notation R(A). In both instances the
norm of Mp, as an operator, coincides with sup,cp || F(2)||,2-

We are concerned with the following extremal problem

inf {sup |F(2)|lp2 = (vj, F(x;)) =w; for j =1,... ,n} .
z€eD

We say that a function F' such that (v;, F(z;)) = w; for j = 1,...,n is a solution
to the tangential interpolation problem.

Our main result is a characterization, in terms of matrix positivity conditions,
for the existence of a solution F' € C(A) such that sup,cp ||[F(2)]/,2 < , where «
is a prescribed constant.

Theorem 1.1. Let A be a unital weak*-closed subalgebra of H®. Let (x1,...,2y)

be a sequence of points from the unit disk D, let (v1,...,v,) be a sequence of (>
vectors, and let (w1,...,wy,) be a sequence of scalars. Let Qg denote the matriz
(1) Qg = [(062 <'Uj,’0i> - win)Kg(zia z])] .

Then there ezists a function F : D — % such that sup,cp ||F(2)||l < a and
(vj, F(z;)) =w; if and only if Qg4 > 0 for all outer functions g such that | g||, = 1.

A more careful examination of the proof of Theorem 1.1, which will be given in
Section 4, shows that we need only consider a subset of the set of all outer functions.
Before we state this corollary we introduce some notation. Given A we let
L>(A) denote the smallest weak*-closed subalgebra of L> that contains A + A.
The algebra L>°(.A) is the algebra of essentially-bounded measurable functions for
some sub-sigma-algebra of the Lebesgue measurable sets on the circle. Therefore,
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there exists a sigma-algebra M consisting of Lebesgue measurable subsets of T such
that L>°(A) = L (T, M, dm), where m is Lebesgue measure. We let L”(A) denote
the corresponding LP space.

If g is an outer function, then we denote H, = [Ag]. Recall that the kernel
function for this space is K;. When g = 1 we denote H, by H and the corresponding
kernel is denoted K.

Corollary 1.2. Retaining the notation of Theorem 1.1.

(1) There exists a function F € C(A) such that sup,cp [|[F(2)|,2 < a and
(vj, F(z;)y = w; for j = 1,...,n if and only if Q, > 0 for all outer
functions g such that |g| € L*(A) and ||g|, = 1.

(2) For F € R(A) let Mr, € B(H, @ (*,'H,) be given by h — Fh. If there is
a constant 6 > 0 such that Mp M} , > 821 for all outer functions g such
that |g| € L*(A) and ||g||, = 1, then there exists a function G in C(A) such
that FG =1 and sup,¢p ||G(2)]| <571

The difficulty with Theorem 1.1 is that the positivity condition is over a whole
family of outer functions or kernels. In some applications we would rather have the
condition over just a single kernel. We turn to establishing a tangential interpolation
theorem where we replace the family of conditions ()4, > 0 for all outer functions
g such that |g| € L%(A) by a single positivity condition. However, we can not
guarantee a solution of optimal norm. This leads to the second main result of the

paper.

Theorem 1.3. Let A be a unital weak”-closed subalgebra of H>, and let H, be
the subspace generated by Ag, where g is an outer function. Suppose that for each
outer function g such that |g| € L*(A) there exists a similarity Sy : H — H,. Also
assume that there is a constant c, that is independent of g, such that ||S,|| [|S, || < ¢
for all such outer functions g.

(1) If [(? (v}, vi) — wiw;) K (z;,3;)] > 0, then there exists F € C(A) such that
sup..cp | F(2)]: < ac and (vy. F(a,)) =7 for j = L,....n.

(2) If MpM}. > 62 on B(H), then there exists G € C(A) such that FG = 1,
and [|Gllo 4y < ed L.

The outline of the paper is as follows. In Section 2 we give background to the
tangential interpolation problem, including standard background for reproducing
kernel spaces. In Section 3 we provide an extension of Arveson’s Distance formula
needed in our context. Section 4 puts the computations and ideas from the first two
sections together to prove Theorem 1.1. Finally, in Section 5 we prove Theorem
1.3, which essentially follows from Theorem 1.1, and then collect applications of
Theorem 1.3 to the case of bounded analytic functions on Riemann surfaces. This
application generalizes a result of Ball [5].

2. THE TANGENTIAL INTERPOLATION PROBLEM

In order to state our results and describe our setting we will need the terminology
of reproducing kernel Hilbert spaces. We begin with a brief description. The reader
should consult the text of Agler and McCarthy [1], or the paper of Aronszajn [3].
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2.1. Reproducing kernel Hilbert spaces. Let X be a set and let C be a Hilbert
space. We denote by F(X,C) the set of functions from X to C. A subset H C
F(X,C) is called a C-valued reproducing kernel Hilbert space (RKHS) if H is a
Hilbert space and for each x € X, the evaluation map F, : H — C defined by
f — f(x) is a bounded linear map on H. The kernel function of H is the map
K : X x X — B(C) defined by K(z,y) = E.E; € B(C). It is straightforward that
the kernel function of H is a positive semidefinite function on X x X and that the
span of {E,¢ : x € X,£ € C} is dense in H.

Conversely, every B(C)-valued positive semidefinite function K on X x X gives
rise to a C-valued RKHS H(K) in a canonical way and this correspondence is one-
to-one [1].

We denote the Hilbert space associated to K by H(K). We suppress the kernel
function, when the context is clear.

For ¢ = 1,2, let K; be a C;-valued kernel function on X and let H; = H(K;).
Given a function F : X — F(Cy,C2) and a function g : X — Cy, let Fg denote the
pointwise product of F' and g. We say that F : X — F(Cy,C2) is a multiplier from
H1 to Hs if and only if Fg € Hy for all g € H;. We denote the set of multipliers
from H; to He by mult(H1,Hz). Since the space H; is completely determined by
its kernel function K; we also use the notation mult(K;, K»2) to denote the space
of multipliers.

The closed graph theorem shows that the operator Mg : Hy — Hs defined by
Mp(g) = Fg is bounded. The multiplier norm of a function F' € mult(K, K>) is
defined as || Fll ek, 50) = IMFl 5y 710)-

If E; , denotes the evaluation map on H;, and F' € mult(K, K3), then

Es Mg = F(z)Ey , for all x € X.

If H is a scalar-valued RKHS, then the evaluation map E, is a linear functional
and the unique element k, € H such that f(z) = E,(f) = (f, k) for all f € H
is called the kernel function at the point = for . In this case K(z,y) = E,E, =
(ky, kz).

Given two scalar-valued RKHSs H;, for ¢ = 1,2, with kernel functions K;, and
f € mult(H1,Hsz), we have Miks o = f(x)k14, where k; , denotes the kernel
function for H; at the point x.

Given a scalar-valued RKHS H(K) we give the Hilbert space tensor product
H ® C the structure of a C-valued RKHS by defining F,(f ® §) = f(x){. A short
calculation reveals that the kernel function for H ® C is K(z,y)Ic, where I¢ is the
identity map on C, and that E}¢ =k, ® &.

If FF € mult(H,H ® C), then, for each x € X, F(z) € B(C,C). We identify
B(C,C) with C via the correspondence T +— T'(1). We have,

(Mp(ke ©€),h) = (ke @ &, Fh) = (kg, h) F(x)*¢ = ((§, F(x)) kz, h) -
Therefore,
(2) M (ks ® §) = (F(2) ke = (£, F(2)) ka.
Given F € mult(H®C, H) we have F(z) € B(C,C) and so F(x)* € B(C,C) =C,
under our identification. In this case we have,
= h(@)F(x)§ = (h, kz) (§, F(2)")
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=(h®& ks ® F(x)7).
Hence,
(3) Mk, =k, @ F(x)*.

In this paper we will be interested primarily in two special cases: the case where

C; = Cy = C, and the case where either C; or Cy is £2 := ¢?(N) and the other is C.

We can view an operator T' € B(H,H ® £?) as a column operator matrix of the
T

fomT = |12 . 1fACB (H), then we denote by C(A) the set of column operators

[T;] such that T; € A for all i. There is a similar identification of B(H ® £2,H)
with the set of row operator matrices, and we denote the set of row operators with
entries from A by R(A). It is easily checked that mult(H,H ® ¢2) = C(mult(H))
and that mult(H ® ¢2,’H) = R(mult(H)).

2.2. Tangential interpolation. We now describe the tangential interpolation prob-
lem. Let X be a set and let K be a kernel on X. We will assume that K (x,z) # 0,
for all x € X.

Given a finite sequence of points (z1,...,z,) € X", a sequence of vectors
(v1,...,v,) € C", and a sequence of scalars (wy,...,w,). We say that a func-
tion F' € mult(H,H ® C) is a solution to the associated tangential interpolation
problem if and only if F(z;)*v; =w; for j =1,...,n.

Given a constant a we are interested in finding necessary and sufficient conditions
for the existence of a solution of norm at most «, that is, a multiplier F' such that

I |t e, ey < @ and
F(z;)'v;=w; for j=1,...,n.
As is the case with many complex interpolation problems of this type, there is a

necessary matrix positivity condition, which we now derive. Let F' be a solution to
the above problem and let o > |[F|[ 140, 1ec)- For @,y € X and £, ¢ € C we have,

(4) (MpMp(ky ® Q) ka @ §) = (Mp(ky ®¢), Mp(ka ®€))
= ((F(y)"Oky, (F(x)"¢)kz)
= (F) Q) F(z)*)K(z,y)
Consider the restriction of M7} to the subspace K, that is the span of the vectors

{kg, ®v1,..., ks, ®vp}. An element of K is of the form k = Z?=1 cjky; ®@vj. Since

M7}, has norm at most o we see that ((a?I — MpMp)k, k) > 0. Substituting for &,
using (4) and the fact that F(x;)*v; = w;, shows us that ||M}|c|| < o if and only
if

(5) [(a® (v, i) — wiw) K (i, 25)] 2 0.

If C =C, and v; = 1 € C, then the above positivity condition is a necessary
condition for the existence of a function f € mult(K) such that |[f|,,x) < @

and f(z;) = wj for j = 1,...,n. If K(z,w) = (1 — 2w) "' is the Szegd kernel for
the unit disk D, then the associated multiplier algebra is H*° (D) and the multiplier
norm is the supremum norm. This is the setting of the classical Nevanlinna-Pick
theorem. In this case, it is a well-known fact that the necessary matrix positivity
condition is also sufficient.
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In general, a single matrix positivity condition is not sufficient to guarantee that
there exist solutions of norm at most a given constant a. However, in certain situa-
tions we may be able to replace a single kernel function by a set of kernel functions
{Kx : A € A} such that mult(K)) = mult(H). In addition, this collection of kernel
functions has the property that the condition Q) = [(o? — w;w;)K(z;z;)] > 0
for all A € A is equivalent to the existence of a multiplier f € mult(H) such that
1 it (re) < v and f(z;) = w;. This is, in fact, the situation when we replace the
algebra H>°(D) by a weak*-closed subalgebra A of H> (D) [10].

To make this formal, we introduce the following definition.

Definition 2.1. Let H be a scalar-valued RKHS on a set X. A set of kernels
{K) : A € A} on X such that mult(K) D mult(H) has the tangential interpolation
property for mult(H) if and only if for every finite sequence of points (z1,...,2,)
from X, vectors (vy,...,v,) from C, and scalars (w1, ..., w,) the condition

(6) Q= [(&? (vj,v;) — w;w;) Kx (i, 25)]i =1 > 0 for all A € A
implies the existence of a multiplier F' € mult(H, H ® C) such that

||F||mult('H,H®C) <a

and F(z;)*v; =w; for j=1,...,n.

2.3. Reformulation as a distance problem. Suppose that we are given the data
of tangential interpolation problem, that is, a sequence of vectors (vi,...,v,) in
(2, a sequence of points (z1,...,7,) in X and a sequence of scalars (w1, ...,w,).
Let us assume that there are solutions to this problem, that is, multipliers F' €
mult(H, H ® C) such that F(x;)*v; =w; for j =1,...,n. Let J denote the set of
functions G in mult(H, H ® C) such that G(z;)*v; =0 for j =1,...,n. Given two
solutions F', F5 to the tangential interpolation problem we see that the difference
Fy — F, € J. Conversely, every solution must lie in F'+ 7. Hence, the set of
solutions to the interpolation problem is precisely F' + J, where F' is one particular
solution.

We will show in Section 4 that under the assumption K(x,z) # 0 for all x € X,
the multiplier algebra mult(K) is a unital, weak*-closed subalgebra of B(H(K)).
We will also establish the fact that the evaluation map on mult(K), given by f —
f(x), is weak*-continuous.

Since the algebras we are interested in are weak*-closed the least norm of any
solution to the interpolation problem is given by inf{||F + G||,,,14(3¢,1c) * G € T }-
This is the distance from F to J, that is, d(F,J). The problem of determining
necessary and sufficient conditions for the existence of a solution of norm at most
« is reduced to the problem of computing a formula for the distance d(F, 7). With
this in mind we present a refinement of a distance formula in [4,9] in the next
section.

We will show how to deduce a T6plitz corona theorem from a tangential inter-
polation theorem in Section 4.

3. A DISTANCE FORMULA

In this section we recall some basic facts about the distance of an operator
A € B(Hi1,Hz) from a weak*-closed subspace. In the next section we will use this
formula to compute the distance of a solution to the subspace J and thus obtain
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a tangential interpolation theorem. This a simple application of standard duality
techniques.

We begin by recalling some basic facts related to the dual Banach space structure
of B(H). Let H be a separable Hilbert space. Given an operator T' € B(H), the
trace of T is defined by

trace(T) = Z (Tej,e;)
j=1
where {e; : j € N} is an orthonormal basis. The sum in the definition of the trace
does not depend on the choice of orthonormal basis. An operator is called a trace
class operator if and only if trace(T) is finite. The set of trace class operators is an
ideal in B(H) and is a Banach space in the trace class norm ||T'||; = trace(|T|). We
let TC(H) denote the space of trace class operators on H. It is well known that
the dual of TC(H) can be identified naturally with B(H) and that the dual pairing
is given by
(T, A) = trace(T'A), where A € B(H), T € TC(H).
This pairing also identifies T'C'(H) with the set of weak*-continuous linear function-
als on B(H). An operator H € B(H) is called a Hilbert-Schmidt operator if and
only if HH* € TC(H), that is, 337, (He;, He;) is finite. The set of all Hilbert-
Schmidt operators will be denoted H.S(H). This space is a Hilbert space when given
the inner product (H, K) = trace(HK™). Given a trace class operator T' there exist
Hilbert-Schmidt operators H, K such that T'= HK™* and ||T||1/2 |H|, = [ K]|5-
Let A€ B(H),let T = HK* € TC(H), let h; = He; and let k; = Ke;. If h = ®h;
and k = ©k; € H @ (2, then,
trace(AT) = trace(AHK™) = trace(K*AH)
Z (AHej, Kej) = (Ahj, kj) = (A@ I)h, k).
j=1 Jj=1
We also have

s ZHh I* Z (Hej, He;) = trace(H™H) = | H||3.
j=1

Hence, [[h]| = ||HH2 and [[k]| = [|K][,.

Given an operator A € B(H) and a weak*-closed subspace S C B(H), the
distance from A to S is given by

d(A,S) =inf{|[|[A+ 5| : S €S} =sup{|trace(AT)| : T € S, |T|, =1}

where S, denotes the preannihilator of S. If we write T' = HK* where H, K €
HS(H) and HT||1/2 = ||H||, = ||K|,, hj = He;, and k; = Ke; as before, then
Ih]l = |lk|]| = 1. Since T = HK* € S, we have

0= trace(SHK*) =Y (Shy, k;) = (S®@ D), k),
j=1
for all S € S. Hence, k L (S ® I)h. Rewriting the distance formula we get,
(7) d(A,S8) = sup{[((A@ DA, k)| : |[hll = [|k] = 1,k L (S ® I)h}.

It will also prove useful to have such a formula when S C B(H1,Hs). Let H = H1 &
Ho. We can identify B(Hi,Hz) with a subspace of B(H) in the usual way, that is,
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A(h1@hs) = 09 Ah;. Keeping the notation from (7) we can write h € (H; ®Ho)@£?
as h = hq @ ho, where h; € H; ® 2 for i = 1,2. We have,

(A Dh, k) = (0@ (A® Dhi, k1 ® ko) = (A )Ry, ko) .
Since k L (S ® I)h we see that ky L (S ® I)h;. Hence,
d(A,S) = sup{[((A®@ Dhy, k2)| : [l =1, [[k]| = 1,k L (S @ I)h1}.
These computations prove the following distance formula:

Theorem 3.1. Let S be a weak*-closed subspace of B(H1,Ha) andlet A € B(H1, Hz).
The distance of A from S is given by

(8) d(A,S) =sup{[{(A® Dhr,ho)| = hy € Hy @ 2, [hal| = Ly L (S @ I)hi}.

4. A TANGENTIAL INTERPOLATION THEOREM FOR SUBALGEBRAS OF H

4.1. Toplitz corona problem. We had made the claim at the end of Section 2
that the multiplier algebra was weak*-closed and that point evaluations are weak*-
continuous. We now prove that claim.

Lemma 4.1. Let K be a kernel on a set X such that K(z,x) # 0 for all xz € X.
Then the algebra mult(H) is weak*-closed when viewed as a subalgebra of B(H(K)).
In addition, the evaluation map on mult(K) given by f — f(x) is weak®-continous.

Proof. Let My, be a net that converges to an operator T' € B(H) in the weak*-
topology. We have, (My,h,k) — (Th,k) for any pair of vectors h,k € H. Let
k = k; and h = k,. We have,

(Thy, ky) = lim (My, Ky, k) = lim (ky, My ky) = lim fu(w) (K, k)
If we choose x = y, and use the fact that K(x,x) # 0, then lim; f;(z) = %
Hence, lim; fi(x) exists. Let us denote the limit by f(z). We have (h,T*k,) =

f(x){h, k) for all h € H and = € X, and so T*k, = f(x)k,. It follows that f is a
multiplier of H and that T' = M.
The above argument also shows that if My, — M/ in the weak*-topology, then

fi(z) — f(=). O

We now show how the hypothesis of the T6plitz corona problem leads to a
tangential interpolation problem.

Suppose that F € mult(H ® C,H) and that MpM} > §21. We have, Mk, =
ky ® F(x)*, where we have identified B(C,C) with C. Hence,

(Mpky, Mpky) = (ky ® F(y)", ke @ F(2)")
= (F(y)" F(z)") K(z,y)

Let Y =C X and let Ky be the span of {k, : = € Y}. Since the space H is
the closed linear span of the set of kernel functions k, for z € X, the operator
MpMj — 621 is positive if and only if (MpMj. — §21)|x, is positive for all finite
sets Y C X. The latter condition is equivalent to the positivity of the matrix
(9) [((F(y)", F(x)") = 0*) K (z,y)]zyey
for all finite sets Y C X.
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Proposition 4.2. Let H be an RKHS on X and let {Ky : A € A} be a set of
kernels with the tangential interpolation property for mult(H). Let Hy = H(K)),
let F e mult(H ® C,H), and let Mg denote the operator of multiplication by
F between the spaces Hy ® C and Hy. Suppose that for each A € A, we have
MpAMF , > 62I,. Then there erxists a multiplier G € mult(H,H ® C) such that
|G| <67t and FG = 1.

Proof. Since Mg yMj, , > 6°Iy, given a finite set Y = {x1,..., 2.}, (9) shows that
the matrix [((F(z;)*, F(z;)*) — 6%)Kx(wi,x;)] > 0 for all X\ € A. This matrix is of
the form @, in (6) for the case where the vectors are v; = F'(z;)*, and the scalars
w; =0 for j =1,...,n. Since, K has the tangential interpolation property, there
is a contractive multiplier Gy € mult(H,H ® C) such that 6 = Gy (z;)*F(z;)* =
(F(z;)Gy(x;))* for j = 1,...,n. Since 6 > 0 we get, F(z;)Gy(x;) = for j =
1,...,n.

The net Gy is contained in the unit ball of the space mult(H,H ® C), which
is weak*-compact subset of B(H,H ® C). If F denotes the collection of all finite
subsets of X, then then there is a subnet {F;} C F such that of {GF,} converges
in the weak*-topology to a contractive multiplier G. Since point evaluations are
weak*-continuous on mult(H,H ® C) we see, for a fixed € X, that F(z)G(x) =
limp, F(2)GE,(z) = 6. Therefore FG = §. Tt follows that F(6~'G) = 1 and
||5_1G||mu1t(H,H®C) <o h 0

We have established that if {Ky : A € A} is a set of kernels that have the
tangential interpolation property, then the condition Mp\Mp, \ > 621, implies the
existence of a multiplier G € mult(H, H ® C) such that |G| <6~ ! and FG = 1.

Our strategy for the proof of Theorem 1.1 is to exploit the distance formula and
the existence of at least one solution to the tangential interpolation problem.

4.2. The existence of solutions. Now let A be a unital weak*-closed subalgebra
of the multiplier algebra of H(K). Let g € H be a nonvanishing function. In
particular, recall that an outer function g does not vanish at any point in the disk.
We view mult(H) as a subalgebra of B(H). Let H, be the closure of Ag in H,
let K4 be the kernel of H,, let kY be the kernel function at the point x, and let
Qg = [((vj,v;) — wyw;)Ky(z;,z;)]. We have assumed that o = 1. However, since
this amounts to a rescaling, there is no loss of generality in doing so. Since g does
not vanish at any point « € X, the kernel K (z,x) # 0 for any . Therefore, the
results of the previous section do apply.

We will establish the fact the positivity of the matrix @, implies the existence
of a multiplier ' € C(A) such that F(z;)*v; = w;. We will then establish the fact
that the closure of Jg in H, ® ¢? is the set of functions f € H, ® ¢* such that
(f(zj),vj)=0for j=1,...,n.

We say that the algebra A separates x and y if and only if there exists a function
f € A such that f(z) # f(y). We say that the algebra A separates a set of points
Y if and only if A separates z and y for all z,y € Y.

Lemma 4.3. Every element of A is a multiplier of H,.

Proof. Let h € Hgy and let f, be a sequence in A such that || f,g — h|,; — 0. Let
f e A Wehave ||(ffn)g — fhlly < IMg|| | fng — hllyy — 0. Hence, fh e Hy. O
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Lemma 4.4. The algebra A separates x and y if and only if k§ and ki are linearly
independent.

Proof. Suppose that A does separate z,y and that f € A with f(z) = 1 and
f(y) = 0. Note that f is a multiplier of Hy. Assume that ok + BkJ = 0. We have

0 = Mj(akd + BkS) = af (x)kd + B (y)kd = aky.

Since ¢ is a nonvanishing function in H, we know that kg # 0 and so o« = 0. A
similar argument shows that g = 0.

Conversely, suppose that 4 does not separate  and y. Let z € X and let f,, be
a sequence in A such that f,g — k9. We have k4(z) = lim, o fn(z)g(x). On the
other hand, f,(x) = f.(y) and so

n—oo

(
= lim z)g(x M &
— lim fu(@)g( )g(z) ()
Hence, g(x)K,(y, ) 9(y)Ky(x,z) = 0 for all z € X and so g(x )k:g —g(y)ks =0
with g(z),9(y) # O

The relation 2 ~ y if and only if f(x) = f(y) for all f € A is an equivalence
relation on X. Let {z1,...,x,} be given. Let us reorder the points {x1,...,2,} in
such a way that there is a sequence ng =0 < n; < --- < n, = n such that the sets
X ={x; : ng—1 < i < ng} are the equivalence classes for the above equivalence
relation.

Lemma 4.5. If Q, > 0, then there exists a multiplier F € C(A) such that

F(zj)*v; = w; for j = 1,...,n. In addition, the subspace [Jg] is precisely the
set of functions in Hy ® €2 such that (f(z;),v;) =0 for j=1,...,n

Proof. By Lemma 4.4 there exist functions e, ..., e, such that ex|x,(z) = d,; for
kil=1,...,p

To simplify notation let K = K, let @ = [((vj, vi) —w;wy) K (xi, 2;)]} =1 = [¢i4]
and let Qi = (i, j]n,_,<i,j<n,- Let k be given and let t = ny—ni_1. We temporarily
set Y = X} and relabel the points of the set Xj as yi1,...,y:. We also relabel the

corresponding vectors as vy, ..., v; and the scalars wy, ..., w;. Let e = ey.

Since the algebra A fails to separate any two points of Y we see that there exists
a sequence of nonzero scalars Ay,...,\; such that ky, = A\;ky,. The matrix Q) is
given by

Qr = [((vy, vi) — wiw;) K (y1, y1) A Aj].

Since this is a square submatrix of ) we know that Qr > 0. Since the \; are
nonzero and K (y1,y1) is nonzero we see that [(v;, v;)] > [w;w;]|. Hence, the vector
(w1, ..., ws)" is in the range of the matrix P = [(v;, v;)]. Therefore, there are scalars
a1, ...,q; such that <Z;:1 ajvj7vi> =w;fori=1,...,t. Let £ = 23:1 ajv; € 2.
We let &; denote the ith component of £&. Consider the function F = (£1e, &ze, . . )¢,
which belongs to C(A), because ¢ € £2. We have that F(x) = if v € Y and is 0
ifexe{ry,...,z,}\Y.

From the argument in the previous paragraph we see that for each k such that
1 <k < p we can find & such that (g, v;) = w; for np_1 < i < ng. In addition, we
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can find F such that Fi(z) = & for x € Xy and Fi(z) =0if x € {z1,...,z,} \ Xk.
Hence,

w; if X
Fip(x)*v; = v 1 S .
0 ifze{r,...,zn}\ Xk

Hence, the function F = Fj + --- + F, has the property that F(x;)*v; = w; for
1=1,...,n.
Let J be the set of functions F' € C(A) such that F(z;)*v; =0forj=1,...,n
We claim that [7g] is the set of functions in H, ® ¢2 such that (f(z;),v;) = 0.
One inclusion is straightforward. If F,,,g — h, then

(v, h(zg)) = lim (vj, Fou(5)g(5)) = g(x;) lim Fpo () v; = 0.

The reverse inclusion is a little more involved. Let f € [Jg]. There exists a
sequence Fy,, € C(A) such that ||F,g — f|| — 0. We need to modify F,, to a

sequence F,, such that HFmg — fH — 0 and F,, € J. Once again let Xy,..., X,

be the partition of the set {z1,...,2,} given by the equivalence relation of point
separation.

Given a function a € A we define a ® £ to be the function in C(A) given by
(a®&h =ah®&. Let n,m be the orthogonal projection of the vectors Fy,(x,, )
onto the finite-dimensional subspace spanned by {v; : ng_1 < i < ng}. Since,
|Emg — fl| — 0, we have that (Fp,(z:)g(zi) — f(2:),vi) = (Fp(2:),v;) — 0 for
i=1,...,n. Hence, |[nkm| — 0 as m — oo.

Let G,,, = Zzzl er @ M,m, let 1 <4 < n, and let [ be such that n;_; <7 < n.
We have,

P

Gon(2:) v = > _(ex ® M)

k=1 k=1

hS]

vzank m> .

Since ex|x, () = Ok, the terms in the above sum for k # [ are zero. Hence, the sum
reduces to (v, M,m). Recall that 7, is the projection of F'(z,,) onto the span of
the vectors {v; : nj—1 < i < my}. Hence, (vi,Mm) = (v, F(z0,)) = Fi(zn,)*v;.
However, functions in A are constant on the sets X}, which means F,(x,,) =

Fo(z;) and we get G (x;)*v; = Fpp(x;)*v; for all i = 1,...,n. Hence, the function
We have,
p p P
IGmgll = || (ex @ Frn(zn))g| <Y llewg @ mmll =Y llexgll 1ng.mll — 0
k=1 k=1 k=1
as m — 0o.

Finally, note that f € H,®¢? is orthogonal to k, ®v if and only if (f(x),v) = 0.
Hence, (H,®(%)5[Jg] is the span of the vectors {k,, ®v; : i=1,...,n} =K, O

The distance formula, equation (8), in Theorem 3.1 shows that we must be able
to classify the cyclic subspaces of the form (A ® I)h, and to do so, we begin with
a simple lemma. We will use the natural identification between H ® ¢2 and the
£2-direct sum of H, which we denote G52 H.

Lemma 4.6. Let A C B(H) and let h € H, then the cyclic subspace of H generated
by C(A) and h is equal to [Ah] @ 2.
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Proof. The space C(A)h is generated by elements of the form ah ® e; for j € N.
Hence, [Ah] ® £2 C [C(A)h]. On the other hand, an element of C(A)h is of the
form @22, a;h where 3327, lla;h|* is finite and hence is in [Ah] © £2. O

4.3. Proof of Theorem 1.1. We will now prove our main theorem, Theorem 1.1,
which is a tangential interpolation result for weak*-closed subalgebras of H*°. Let
A C H* be a unital weak*-closed subalgebra of H*°.

So far, we have assumed no additional structure on the algebras. A function
g € H? is called outer if and only if H*g is dense in H2. When A is subalgebra of
H™> the space (C(A) ® I)h, which is contained in (H? ® £?) ® £2, can be identified
with a subspace of H? ® ¢2 of the form C(A)g for some outer function g.

Lemma 4.7. Let {h;}32; be a sequence in H? such that > ;- \|hs||? is finite. Then
the function p(t) = > |h; (t)]> € LY(T) and there exists an outer function g € H>
such that p = |g|* a.e. T.

Proof. The fact that p € L'(T) is a straightforward argument.

It is well-known that a non-negative function p € L*(T) is of the form p = |g|*
for some outer function if and only if the function logp is summable. Let p,, =
> |hi|>. If uy denotes the outer part of hy, then py = |hi|* = |ui|>. Hence
logp; € L'. Since logp < p it follows, since p € L, that (logp)* € L'. On
the other hand we have logp > logp; and so (logp)~ < (logpi)~. It follows that
(logp)~ € L. O

Lemma 4.8. Let ®°,h; € H>® (2 and let g be as in Lemma 4.7. If A is a unital
subalgebra of H>, and h = 3772 | h;j®e;, then the map U : [(C(A)@1)h] — [C(A)g]
defined by U[((Mp ® I)h)] = [Mpg] is a unitary operator.

Proof. The map is clearly linear and surjective. We now show that U is isometric,
which also proves that U is well-defined.
We have,

egl® = [ 179l = [ _Y_ijng
:/§;|fi2(i|hj2) ZZZ/lfihj\z

= j=11i=1
=Y [IMphy || = ||(Mp ® Dh|*.

Jj=1

O

We are now in a position to prove our main result, which is a tangential inter-
polation theorem for subalgebras of H>°. Given an outer function we will denote
by H, the closed subspace H? generated by elements of the form fg, where f € A.
We will denote by K, the kernel function for this subspace. When g is the constant
function g = 1 we will suppress the subscript g.

Proof of Theorem 1.1. We have seen that the existence of a solution F' of norm at
most « implies Q4 > 0 for all g. Hence, it is the converse that concerns us.
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Let us assume that there is at least one solution, say Fy, which exists by
Lemma 4.5. We view A as a subalgebra of B(H). We define J to be the set
of functions in C(A) such that F'(z;)*v; =0for j=1,...,n.

Applying the distance formula (8), we get

d(Fo, J) = sup{|((Mr, ® I)h, k)[},

where h € H® (2, k € (HR2)®%, ||h| = ||k|| = 1 and k L (J ®I)h. By projecting
onto the subspace [(C(A)®I)h] we can assume that k € [(C(A)@I)h]O[(T @I)h)].
Let U be the unitary map from Lemma 4.8 and let g be the outer function such
that |g|* = 327, [hi|*. We have,

(Mg h, k) = (UMp,h,Uk) = (Mg, g,Uk) = (Mp,qg,k'),
where k' = Uk. This gives
d(Fo, J) = sup{|(Mp,g, Uk)[} = sup{[(MF,g,k)[},

where the supremum is over all outer functions g € H? such that ||g| = 1, |g|* =
S5 hil?, K] < 1, and K € [C(A)g] & [T g)-

Lemma 4.5 shows that [Jg] is the set of functions in f € H, ® ¢ such that
(f(zj),v5) = 0for j = 1,...,n. Since (f,k; ®&) = (f(x),§), we see that Iy :=
[C(A)g] ©[Tg] is the span of the vectors {kJ. ®wv; : i =1,...,n}, where kJ is the
kernel function for H, at the point z.

Therefore,

d(Fy, J) < sup (g, Mp k)| < sup || Mf, |k, |

where the supremum is taken over all outer functions g as above. If F € 7,
then M (kS ® v;) = F(x;)*vikd, = 0, and so Mp|x, = 0. Hence, |[Fy+ F|| >
| M3 rlic, || = | M5, Ik, || from which it follows that d(Fo, J) = sup, | M |k, |-
The calculation leading to (5) shows that HM;O |k, || < o if and only if the matrix
Qg > 0. Hence, the positivity of all the matrices Q4 implies that d(Fp,J) < a.
This in turn guarantees the existence of a solution to the tangential problem of
norm at most a. O

The proof of Corollary 1.2 is a consequence of the following observation.
If h € H, then there exists a sequence f, € A such that || f, — k||, — 0. Hence,

170l = 0] < 1 = Blly o+ Bl — 0 a5 = co. Therefore [b]? € L'(A). 1
(hn) € H @ (2 is a square summable sequence, then 32 |h,|* € L'(A). Hence,

n=1
the absolute value of the outer function g such that |g|* = > |hn|? is an element
of L2(A).

We have now established a tangential interpolation theorem for weak*-closed
subalgebras of H*°. Proposition 4.2 shows that the tangential interpolation result
implies a Toplitz corona theorem. This result can be viewed as analogous to the
results obtained in Trent-Wick [13] and Douglas-Sarkar [7]. However, the method

of proof is different.

4.4. Examples. A better feeling for the result in Theorem 1.1 can be obtained by
examining some special cases. We single out two classes of examples of subalgebras
of H*.
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(1) Let B be an inner function and consider the algebra Hyy = C + BH™.
Note that B € H¥ and so B € L®°(H¥). Therefore, H* = BBH®™ is
contained in L>®(H) and we see that L (HY) = L.

We can also give a more explicit description of the subspaces H, in this

case. Let g be an outer function and let v = Py2gpgy2g. We claim that
Hy = [v] ® BH?. We have,

[(C+ BH™)g] = Cg+ B[H*g] = Cv® BH?.

(2) Let R be finite open Riemann surface. It is well-known that the universal
covering space for R is the open unit disk D. Let p : D — R denote the
covering map and let I' denote the set of deck transformations, that is,
automorphisms ~ of the disk such that po~y = p.

The automorphisms in the group I' act on the disk and induce an action
on the space H*> by composition. The set of fixed points H is naturally
identified with the space of bounded holomorphic functions on the Riemann
surface. The automorphisms also act by bounded linear maps on the space
H? and LP and we use a subscript I' to denote the associated set of fixed
points.

In this case the algebra L>®°(HX) = Lg°.

The cyclic subspace H, for an outer function |g| € L} can be described
in terms of character automorphic function. A character of ' is a homomor-
phism from I' into the circle group T and we denote the space of characters
by I. A function h € H? is called character automorphic if there exists
a character o € T' such that h oy = o(y)h. The closure of H® in H? is
the space HZ. If g is an outer function such that |g| € L?(A), then there
exists a character o € I’ such that govy = o(y)g. In addition, the space
Hy=H2:={f € H?: foy=0(y)f}. A proof of these facts can be found
in [11].

Given a character o we let K denote the reproducing kernel of H2. We
get that the kernels of the character automorphic spaces HZ, where o € r
have the tangential interpolation property for HZ°.

In Section 5 we will return to this example and show that we can replace
this family of matrix positivity conditions by a single condition, at the
expense of the optimal constant for the norm of a solution to the tangential
interpolation problem.

We point out that the tangential interpolation theorem gives us a new way to
derive the Nevanlinna-Pick type interpolation results in [10,11] for the examples
above.

5. APPLICATIONS OF THEOREM 1.3: SIMILAR CycLIC MODULES

Theorem 1.1 shows that the positivity of MpMj: > 62 on a family of reproducing
kernel Hilbert spaces is enough to guarantee the existence of a function G such that
FG =1 and ||[Mg|| < 6=!. This theorem is analogous to the results obtained in
the work of [2,7,13].

If we drop the requirement that the function G have optimal norm, then in some
cases we can replace the family of conditions by a single condition. Let Z, denote
the ideal of functions in A such that f(z) = 0. We have already seen that [Z,g] is
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a codimension one subspace of H, and that the orthogonal complement of Z,g is
spanned by the kernel function k4.

Now let us return to the setting where A is a unital weak*-closed subalgebra
of H* and the function g is outer. We will establish a tangential interpolation
theorem where we replace the family of conditions ¢, > 0 for all outer functions
g such that |g| € L?(A) by a single positivity condition. However, we can not
guarantee a solution of optimal norm. We will then apply our result to the case of
finite open Riemann surfaces.

Let g, h be two outer functions and let S : H, — H), be a bounded invertible
operator that intertwines the action of A, that is, such that SMy = M;S for all
[ € A. By taking adjoints we see that M7S* = S*M7 for all f € A. If € D, then

M7kg = f(z)kf and so we have M}*S*k;‘ = f(x)S*k! for all z € D and f € A. Tt
follows that the vector S*k is orthogonal to Z,g. Hence, S*k! = ¢(z)kg for all
x € D, where ¢ is a complex-valued function on the disk. In fact, ¢ is a multiplier
from Hy — Hp and S = My.

Let Hy, H2, K1 and K9 be n-dimensional Hilbert spaces. If A € B(Hi,Ha)
and z1,...,%, is a basis for the space Hj, then ||A|| < « if and only if the matrix
[? (z;,2;) — (Azj, Az;)] is positive semidefinite. Now let S; € B(H;,K;) be a
bounded invertible transformation. If ||A|| < o, then ||SQAS;1H < a||S2]| HSle.

Consider the special case where H; = span{kd ® vi,...,kI ® v,}, K1 =
span{k! @wvi,... k! ©@wv,}, Ho = span{k¥ ... kS }, Ko = span{kl ,... Kkl }.
Let A be the map A(k{, ® v;) = wik{ , let S = My be the similarity between H,
and Hj, described above, let S; = S* ® I, and let S = S*.

Note that if F' € C(A), with F(z;)*v; = w;, then M|, is precisely A.

If ||S||[[S™*|| = ¢, then a straightforward computation shows that [(? (v;,v;) —
w;w;)Kg(x;, x;)] > 0if and only if || A]| < . This implies HS"‘A((S*)*1 ®I)|| < ca
which in turn implies that [(c?a? (vj,v;) — ww;) Kp (@i, z;)] > 0.

We are now in a position to prove Theorem 1.3.

Proof of Theorem 1.5. From the observations made above we see that the matrix
positivity condition implies that [(a?c? (v;,v;) — w;w;)K9(x;,25)] > 0. The result
in (1) now follows from Theorem 1.1.

The proof of (2) follows, as before, from the tangential interpolation theorem
established in (1). O

We now provide an example of a class of subalgebras of H* to which the above
theorem applies. Recall that if R is a finite open Riemann surface, and T' is the
associated group of deck transformations acting on the disk, then the fixed-point
algebra H° is naturally identified with H>°(R).

In this case the outer function g has the property that there is a character ¢ such
that g € H2, and H, = H 2. We will establish the existence of a similarity S, =
My, between HE and HZ and show that there is a uniform bound on ||S, || |S;]].
This result generalizes a theorem of Ball [5] from the setting of multiply-connected

domains to Riemann surfaces.

Proposition 5.1. Let I' be a the group of deck transformations associated to a
finite open Riemann surface. For each o € ', there exists a bounded invertible
function ¢, such that p,HE = HZ2. There is a constant 3, independent of o such
that B~ < |ps| < B.
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We will need two results of Forelli [8].

Theorem 5.2 (Forelli). Let I' be the group of deck transformations associated to

a finite open Riemann surface R of genus m. Let vy1,...,vm denote the generators
of I'. There exist m vectors vi,...,v, € LY such that v; is non-negative, and v;
is orthogonal to HE & H12,0~ In addition, vy, ..., vy, are linearly independent.

If f is a real-valued function in L?, then its conjugate function f* is the unique
real-valued function in L? such that f+if* € H? and [ f* = 0.

Theorem 5.3 (Forelli). Let f € L and let f* denote the function conjugate to f,
then f* o~y; — [ is constant, and the constant is given by [ fuv;.

Now we present the proof of Proposition 5.1.

Proof of Proposition 5.1. Let v1, ..., v, be a minimal set of generators of the group
I'. We let o, = (7). Since o is a character, there exists 61, ...,0,, € [0,27) such
that o), = e'f*.

Let vy = (v, vg) for k,1 = 1,...,m. Note that v} oy = v + [vpv; =
v + (vg,vr). Since vy,...,v,, are linearly independent the matrix V = [vy,] is
invertible. Let ¢ = (c1,...,¢n)" be the unique vector such that Ve = (61, ...,0,)".

Since the entries of V are real we see that V' ~! has real entries. Hence, the vector
ceR™.

Let f = >";", ckvr. Note that f is a real-valued element of L>. Following the
construction in [8] we let ¢, = exp(f + if*). Since f is real-valued we see that
|po| = exp(f) and so ¢, is bounded. Now,

$o O VK = exp (erif* +iZszk,z>

=1

= exp (z Z cwa) do = exp(ibr)de = (V&) Po-

=1
Hence, ¢, € H3°.

We have |32 cpvg| < maxg=1, _m ||vkl o |lc|l,. Since 01, ...,6,, € [0,27) there
exists a constant K, that does not depend on o, such that ||c||; < K. Hence, there
is a constant K’ such that e~ X' < |po| < X' for all o € T O
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