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Abstract. In this paper we begin the study of Schur analysis and of de
Branges—Rovnyak spaces in the framework of Fueter hyperholomorphic
functions. The difference with other approaches is that we consider the
class of functions spanned by Appell-like polynomials. This approach
is very efficient from various points of view, for example in operator
theory, and allows us to make connections with the recently developed
theory of slice polyanalytic functions. We tackle a number of problems:
we describe a Hardy space, Schur multipliers and related results. We
also discuss Blaschke functions, Herglotz multipliers and their associated
kernels and Hilbert spaces. Finally, we consider the counterpart of the
half-space case, and the corresponding Hardy space, Schur multipliers
and Carathéodory multipliers.
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1. Introduction

Two important function theories that allow to extend complex analysis and
operator theory results to higher dimensions are the so-called monogenic and
slice monogenic functions with values in a Clifford algebra. In the case of
quaternions these two theories are known as Fueter hyperholomorphic and
slice regular or slice hyperholomorphic functions, respectively, see [32,38,39,
61,63]. For the necessary preliminaries on quaternions, we refer the reader
to Sect. 2. An interesting problem is to investigate the possible relations and
intersections between these two different theories. We note that it is always
possible to construct Fueter hyperholomorphic functions starting from slice
regular ones using different techniques such as the Fueter mapping theorem
[36,37], or using the Radon and dual Radon transforms, see [35]. But in
general, the slice monogenicity does not imply, nor is implied by monogenicity.
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However, in [14,15] the authors extended the notion of slice regular functions
to higher order by considering the so-called slice polyanalytic functions. These
functions can be considered from three different points of view. The first
approach consists of viewing the space of quaternions H as union of complex
planes and to see these functions as a subclass of null solutions of the n-th
power of the Cauchy-Riemann operator with respect to each complex plane.
The second approach is based on the so-called poly-decomposition which
allows us to consider such functions as sums of the form

n—1
kafk(x)a z el
k=0

with all the components f; which are slice regular functions and n is the
order of poly-analyticity. The third approach consists in considering slice
polyanalytic functions as subclass of the null solutions of the n-th power of
a global operator with non-constant coefficients, see [13]. The study in this
paper is in the quaternionic context and it is based on some polynomials
(P (x))n>0 where

P,(z)= ZLjyn:?jx"*j, n >0,
j=0

that are at the same time Fueter hyperholomorphic and slice polyanalytic
functions of order n + 1, for suitable real coefficients L;, (see [34,54] and
Sect. 2). These polynomials are very special since they belong to the in-
tersection of two different non-commutative function theories, namely the
classical Fueter theory and the slice polyanalytic theory, moreover they have
nice properties with respect to multiplication and derivation. Another impor-
tant feature, see Theorem 3.10 in [12], is that any Fueter hyperholomorphic
function f of axial type admits a power series expansion in terms of the
polynomials P,, of the form

Fe) =3 Pu@hun  uncE.
n=0

This fact allows to embed the space of Fueter hyperholomorphic functions of
axial type, denoted by AR, into a space consisting of series of slice polynalytic
functions that we denote here by

SPoc = SP1 4+ 8Py + -+ SPpp1 ++-+

where SP,, denotes the set of slice polyanalytic functions of order n. More
precisely we consider the subspaces of slice polyanalytic functions associated
with the polynomials (P,),>o defined by

P = {Po(2)\, A € H}

and

Poo 1= é P
n=0
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Then, since the P, are the unique hyperholomorphic extensions of axial type
of the real valued functions (3z()", it is possible to show that the space of
hyperholomorphic functions of axial type AR corresponds to the space P,
i.e.

AR = P.

The previous subspaces of slice polyanalytic functions P,, were considered be-
fore from a different point of view and using a different terminology, namely
they were called spaces of homogeneous special monogenic polynomials of
degree n, see for example Lemma 1 in [3]. Using these ideas and identifica-
tions we show that it is always possible to embed this interesting subclass
of special monogenic functions in a more general framework of slice polyana-
lytic functions. We use techniques from slice polyanalytic function theory to
prove results on such special monogenic functions. In particular, in Proposi-
tion 2.18 we prove a Representation Formula in the monogenic setting using
a slice polyanalytic approach.

Furthermore, we note that these slice polyanalytic (and Fueter hy-
perholomorphic) polynomials (P,),>o are just a particular case of a more
general interesting construction which makes use of the classical Cauchy-
Kovalevskaya extension theorem as we explain here. Consider an entire real
analytic and quaternionic-valued function h of the real variables x1,z2, z3.
The Cauchy-Kovalevskaya theorem guarantees the existence of a hyperholo-
morphic function H, its CK-extension. We have, with h,, = h™ and H, =
H®™ (where ® denotes the Cauchy-Kovalevskaya product)

CK (hy) ® CK (hy) = CK (hpmn) (1.1)
and so
H, = H{‘G.

We can see already here that obstructions occur; if we take quaternions u and
v, the CK-product CK (h,u) ® CK (h,,v) will not be in general be equal to
CK (hpymuv) since h,, and u do not commute. As a consequence, the CK-
product will not be, in general, translated into convolution of the coefficients
of the expansions along the H,,. In spite of this, with this new variable Hy
it is possible to define a number of counterparts of the classical reproducing
kernel Hilbert spaces, with reproducing kernel of the form

H,(x)H,
K(‘ray):ZMa an>0; ICN07

«
nel n

converging in some neighborhood of the origin in R*. We already mention at
this point that the C' K-product is not a law of composition for the Hardy
space (defined below), and more generally, for series in the functions H,.

The choice I = Ny and «,, = 1 for every n € Ny corresponds to the
underlying Hardy space, consisting of functions of the form

f(.l‘) = Z Hn(z)fn
n=0
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where fo, f1,... € Hand satisfy > ° | f»|* < co. These functions are hyper-
holomorphic in

Q={zeR*; |H(z)| <1}

since the radius of convergence of Cauchy-Kovalevskaya product satisfies
p(Hy) < (p(Hy))™; see [23, Proposition 2.9, p. 131].

A corresponding Schur analysis would consist in particular of the fol-
lowing problems:

e Characterize the contractive multipliers of this Hardy space. The def-
inition has to be adapted to the present situation, where we lack the
convolution of the coefficients and the C'K-product is not a law of com-
position.

e Study interpolation problems for these multipliers.

e Study the de Branges—Rovnyak spaces. These are families of Hilbert
spaces of analytic functions, with reproducing kernels of various forms;
see [40,41,43,44,51,52,57,58]. Here we will focus on the counterpart of
H(s) and L(P) spaces, whose reproducing kernel are of the form

B BN T R 7o)
1—zw 2(1 — zw)

(1.2)

respectively.

These various definitions and corresponding results need to be adapted
to the present case, where we do not have a law of composition. We note that
the theory can be developed easily as in the classical way when the coefficients
are real, but this is of course restrictive. On the other hand, the theory using
Fueter variables works well because these variables are real when restricted
to g = 0 where xy denotes the real part of a quaternion.

There are important differences between the present treatment of Fueter
hyperholomorphic functions and the treatment using Fueter variables; in the
first case, the kernel functions are eigenvectors of the backward shift, in the
case of Fueter variables the kernel functions are eigenvectors of the three
underlying backward-shift operator. Here the kernel functions are not eigen-
vectors of the backward-shift operator.

However, the present approach allows to make connections with the theory of
slice polyanalytic functions, in particular with slice hyperholomorphic func-
tions, and will also allow a simpler functional calculus. Moreover, Toeplitz
operators do appear in a natural way and play an important role.

In both cases, it is possible to develop a Schur type analysis. On the other
hand, specific choices of the approach allow to make connections with slice
hyperholomorphic functions. We here consider the cases

h(z) = z1e1 + x2e2 + w3€3 and w(z) =1 —h(x))(1+ h(ac))_1
(1.3)

and relate the underlying analysis with the Appell polynomials setting. Note
that w(0) =1 # 0.
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A key fact used in the paper is that the hyperholomorphic functions
considered are of axial type, and hence uniquely determined by their values
on the real line.

We shall prove that the C'K-extension of z1e; + xoes + x3€3 is

CK(z1e1 + r2ey + 13€3) = 7101 + T2€2 + T3€3 + 370
= (1(x)er; + G(x)es + (3(x)es (1.4)
where (; = x; — xp€;, © = 1,2, 3 are the Fueter variables. Moreover we have
CK ((z1€1 + w2€2 + x3€3)™) © CK((z1€1 + 202 + 23€3)")
= CK((z1e1 + voeq + x3€3)" "),
so that we set

Qm(m) d;f.

Cm

C’K((xlel + Toeq +.’E3€3)m) = Pm(ilf)7

where @, denotes the m-th quaternionic Appell polynomial (see [12, (3.8)]
and [49]). The coefficients ¢,, will be specified in Sect. 2. We are thus looking
at a theory of hyperholomorphic functions of the variable
x
Pi(z) = G (x)e + Ga(x)es + (3(x)es = @l ), (1.5)

C1

equipped with the C' K-product. In our discussion it is crucial that
P = P,. (1.6)

We associate in a natural way to a Schur multiplier in the present set-
ting a slice hyperholomorphic Schur multiplier; this allows to develop Schur
analysis in the present setting.

The de Branges—Rovnyak space associated with a Schur multiplier S
allows in the cases considered up to now to get a coisometric realization
of the multiplier. In the complex setting, this is the celebrated backward-
shift realization (see [60]). Here, the situation is a bit different. We can still
associate to S a coisometric operator matrix, in the form (in the current
setting) of the backward-shift realization, but the realization is on the level
of the coefficients (like in [56] in the finite dimensional case).

We have given, or outlined, proofs of some classical results, for instance
the extension result in Theorem 2.21 and the closely related Theorem 2.22.
The reason is that the results play a key role in this paper and some of the
arguments are not necessarily well known in the Clifford analysis community.
We apply them in the quaternionic setting in particular in Theorem 4.21 and
in Step 2 in the proof of Theorem 4.15.

The paper contains twelve sections, besides this Introduction. Section 2
contains some preliminary results. Section 3 contains results on reproducing
kernel spaces and Toeplitz operators. In Sect. 4 we define the Hardy space
in this framework, the backward-shift operator, Schur multipliers and their
characterization. The Schur algorithm is presented in Sect. 5. Section 6 is
focused on intrinsic functions, among which the polynomials P, and a de-
scription of Fueter hyperholomorphic functions of axial type which are also
intrinsic. In Sect. 7 we consider de Branges—Rovnyak spaces while in Sect. 8
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we show how to define Blaschke functions, and the corresponding operator
of multiplication which turns out to be an isometry. In Sect. 9 we consider
the counterpart of Herglotz functions and multipliers and their associated
kernels and Hilbert spaces. The next three sections concern the half-space
case of Schur and Carathéodory multipliers. In Sect. 13 we summarize in a
table a comparison between the various quaternionic settings.

2. Preliminaries

This section contains three subsections: the first one introduces the map x;
the second one introduces the Fueter variables and the polynomials obtained
via the Appell polynomials which will be the basis of our treatment. Finally,
the third one shortly reviews positivity, analytic extensions and Toeplitz op-
erators in the classical complex setting.

2.1. Quaternions and the Map x

We will work in the skew field of quaternions, which is defined to be
H={x =20+ z1€1 +z202 + 2383 ; T0, 21,72, 23 € R}

where the imaginary units satisfy the multiplication rules e? = —1,i = 1,2, 3,
eje; = —ege] = €3, €xe3 = —e3ey = €1, ez3e; = —eje3 = ey. The conjugate
and the modulus of = € H are defined by

T = Re(z) —x where Re(x) =1z, z=xzie1+ z2e3+ x3€3

and

|z| = Vaz = \/x%—i—x%—i—x%—i—x%,

respectively. The set of all imaginary units is given by S = {q € H; ¢* = —1}.
We note also that a domain €2 of H is called a slice domain if QNR is nonempty
and for all I € S, the set 27 := QN Cy is a domain of the complex plane Cj.
If moreover, for every x = u + Iv € Q, the whole sphere

[q] :={u+ Juv; J €S},

is contained in 2, we say that  is an axially symmetric slice domain.
We can write a quaternion as x = z + wep with z = zg + x1e; and
w = x9 + x3e1; € C. The map x defined by

z w
x(z 4+ wes) = (w z)
allows to transfer a number of problems from the quaternions to matrices in
C?*2. We recall the following result, whose proof is immediate and will be

omitted.

Lemma 2.1. A matriz M € C?*? belongs to the range of x if and only if it
satisfies the symmetry

01
where B = (_1 0).

E~'ME = M, (2.1)
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For matrices and operators, there are various ways to define x. Let
X = A+ Bey € H™*4. We set

w=(5%).

We define for a block matrix (X;5) with X;;, € H™*,
(X (X)) = x(Xjr)-
For matrices M7, M, possibly infinite, with block entries in H"** and H**?,
respectively, we have the property
X (M1 M) = x(Mq)x(Ma). (2.2)

We note that x will not be compatible with the C' K-product. An important
tool in the paper consists of bounded block Toeplitz operators, with blocks
in the range of x:

T= (X(Xjfk))kaO'

and we will need the following result, set for general operators.

Proposition 2.2. The operator T
T= (Xjk);j}k:o (2.3)
is bounded from £y (No,H®) into lo(No,H") if and only if the operator T de-
fined by
T = (X)) e (2.4)

where the Xj, are matrices in H™** is bounded from (5(No,C**) into
¢5(Ng, C?"), and both operators have same norm.

Proof. One direction is clear: If 7 is bounded, there is a constant K > 0 such
that

oo (o]
> G XiXna < K> qiq, for any ¢ € H'.
i.5.k=0 i=0

Applying x we get

D (@) x(Xap)x(Xjn) " x(ar) < Kx (Z qfqifz> : (2.5)
i,j,k=0 i=0

where I5 denotes the identity matrix of order 2. Multiplying this inequality
by (1 O) on the left and by its transpose on the right, we get the result.

Conversely, if T' is bounded there exists K > 0 such that for all uy,vq, ...
e Cr,

Z (uf vF) x(Xi)x (Xj)* <Z:> <K (Zu’;uz Jrv;kvi) (2.6)

=0

and

Z (—vf ul) x(Xij)x (Xjn)* (:ﬁ) <K (Z uiug +v2‘vi> . (2.7)
1=0
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Set

e* = (ui vf us 3 --)

£ = (ol ut —vh s )
and denote by M the bounded linear operator with ¢, k block equal to M;; =
X (Yir), with Yy, = Z;il Xij X5y, 4,5 = 1,.... We have

e* _ (e*Me e*Mf " "
(5) 0 e = (5hre shih) <iieres Fome 29)
On the other hand, setting
¢ =u; +vjeq, i=1,2,...

we rewrite (2.6)—(2.7) as

(?D M (e f) = (x(a1)* x(g2)* )

Comparing with (2.8) we get

x(Y11) x(Yia) -
x(Y12)* x(Yag) --- x(q1)

(x(a)” x(g2)" ) @) | < |Mllx(ee+ )

and hence the result, since y preserves order.
The claim on the norms being the same follows from the previous in-
equality and (2.5). O

2.2. Various Notions of Hyperholomorphy and Homogeneous Polynomials

In this section we briefly review the setting of Fueter variables and the
Cauchy-Kovalevskaya product. We recall that left-hyperholomorphic func-
tions (we will usually just say hyperholomorphic in the sequel) are solutions
of the equation D f = 0, where D denotes the Cauchy-Fueter operator

Diaixo+elaixl +egaixz+egaix3. (29)
These functions are widely studied in the literature. They are, in particular,
harmonic functions in four real variables. Unfortunately, the monomials =™
in the quaternionic variable x are not in the kernel of the Cauchy-Fueter
operator, not even when n = 1. However, hyperholomorphic functions admit
a series expansion in terms of the so-called Fueter variables, as we shall see
below. We point out that, in this paper, we shall provide only the notions
and results needed in the sequel, and for further information on this class of
functions we refer the reader to [38,63].

In view of the Cauchy—Kovalevskaya theorem, a linear system of first
order differential equations satisfied by the real components of f has a unique
solution when the function ¢(x1, 2, 23) = f(0,z1, T2, x3) is pre-assigned (and
assumed real analytic). The function f with this initial condition and solution
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of Df =0 is called the Cauchy-Kovalevskaya extension of ¢ (here written as
CK () and abbreviated as C' K-extension).

Among the important solutions of the equation Df = 0 there are the
Fueter variables

CJ(LC) = Ij — Eleo, j = 1,2,3, (210)

corresponding respectively to ¢;(z) = x;, j = 1,2,3, and their symmetric
products

¢V =X P X B, v = (1,0, 13) € NG, (2.11)

with, for a1,...,a, € H

ayp X ag X -+ X Qp = % Z Ug(1)A5(2) " " Ao (n)-
oSy
We note that (¥ = CK(z") with ¥ = a]'z5?2%*. A direct proof that (¥
given by (2.11) is hyperholomorphic (and hence is the C'K-extension of z")
is not trivial and can be found in [46, Sect. 3], [59]. The argument works also
in the split quaternion setting. See [18, p. 333-334]. It is important to note
that every function hyperholomorphic in a neighborhood of the origin can be
written as a convergent power series in the form of a Fueter series

fl@)y=> ¢t (2.12)
veN]
where the coefficients f, belong to H. See [32]. A proof based on the Gleason
problem can be found in [23].

Using the CK-extension one can define a product that preserves the
hyperholomorphicity, the so-called CK-product denoted by ®. The idea to
compute the CK-product is the following: if f and g are two hyperholomor-
phic functions, we take their restriction to xg = 0, which are real analytic
functions, and consider their pointwise multiplication. Then, we take the
Cauchy-Kowalevskaya extension of this pointwise product, which exists and
is unique, to define

f®g:CK(f(valva:$3)9(07$17x27x3))7 (213)
see [63]. Moreover, we note that the following formula holds
CKlp(z)](z) = exp (=z0dz ) [p(z)](2)-

For power series of the form (2.12) the C'K-product is a convolution on
the coefficients along the basis (¥, and in particular

('pOCtg=C"pg, pgeH, pveNG, (2.14)
where v + p is defined componentwise, see [32,82].
We now turn to a bound for the C'K-product; see also [23, pp. 132-133].
Lemma 2.3. Let p > 0. There exists € > 0 such that:

il <e j=1,23 = > [((@)|lfal <p.

€N}
a#(0,0,0)
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Then
on

> @) fa <p", n=1,2.3,... (2.15)
aGNg
a#(0,0,0)
Proof. We first note that for v € N}
I¢¥(2)| < €V, where 22 —l—x? <e j=1,2,3. (2.16)

The existence of € follows from the dominated convergence theorem, and the
first assertion follows. Then, setting g(z) = ZﬁeNS ¢(z)Pgs we have

((foa@I<IY 1@ Y fagsl

YEN] o,BEN]
a+pB=y
< Z elaHIB'Ifal-lg,a\
o, BENG
< Dol | [ D2 €Mibsl
OéGNS IBGNS
from which (2.15) follows. O

Lemma 2.4. The CK-extension of x1e1 + xoes + x3es to a Fueter hyperholo-
morphic function is
xrie1 + xroeo + TI3es + 3%0 = Cl (.’t)el + CQ(.’E)GQ + Cg(x)eg (217)

where (1,2, (s are the Fueter variables.

Proof. Tt suffices to note that the function

Gi(z)er+C(z)es+(3(z)es = (z1 — e1zg)er + (v2 — exxq)es + (v3 — e3zo)es
= x1€e1 + T2eq + x3€3 + 320

is Fueter hyperholomorphic and its restriction to xg = 0 is the given function.

O

Let us now introduce another type of Fueter hyperholomorphic homo-
geneous polynomials, see [33,49,53]:

Definition 2.5. The polynomials

m

Qum(z) = Ta™ 2/ (2.18)

=0
where
T4 =,
J (m+1)(m+2)

are called the m-th quaternionic Appell polynomials.

m=0,1,...,
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The polynomials (Qn,)m>0 are Fueter regular. Moreover, a generalized
Fueter regular exponential function associated to these polynomials was con-
sidered in the literature, see for example [33]. Another interesting feature of
the quaternionic Appell polynomials is that they can be obtained by applying
the Fueter mapping applied to the standard quaternionic monomials ™. In
particular, in [49] the following formula is proved

A l.m+2
Q@) = )
2(m+1)(m+ 2)
We then define another kind of Fueter hyperholomorphic polynomials by

m=0,1,.. (2.19)

def. m T
Pm(m) = Q ( )7
Cm
where
Cm = _(-1)T".
=0

We have the following relation between the polynomials P,, and the
CK-extension of x1e1 + xaey + xze3 in (2.17):
Proposition 2.6. The following equality holds:
C’K((mlel + xo€9 + mgeg)m) = Pm(x) (2.20)
Proof. The proof is simple and it is based on the fact that at both hand sides
there are monogenic functions which coincide on ¢ = 0:

1 - —7 i 1 jm . m m
(x1€1 + 2209 + T3€3)™ = . Zijlm H(—z) = — Z(_I)JTj =T .

m

C
m =0

O

Remark 2.7. The polynomials @,, are called Appell since they satisfy the
Appell property

1—
§DQm =mQm-1, m > 1;

the P,, do not respect such a property, since

Cm—1

lﬁpm:m Pm—l; mZL

2 Cm,

however, they behave better with respect to the C K-product, as we shall see
below. In particular, for even indexes of the form m = 2k, the Appell property
is still satisfied by the polynomials (Pag)r>0 since we have ¢,,—1 = ¢y, in this

case.

In what follows, we are looking at a theory of hyperholomorphic func-
tions of the variable

Pi(z) = 2@

o = (i(z)er + Ga(x)ez + (3(x)es, (2.21)

with the C'K-product. Moreover, note that
Pl(l‘()) = 31‘0. (222)
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The ®-product is not a convolution on the coefficients of the P,: in
opposition to (2.14) we have, in general,

Pup® Ppng# Ppympg, n,méeN, p,qeH. (2.23)

In particular, in general
(1= Pug) @ #) Pug" (2.24)
n=0

for ¢ € H in a neighborhood of the origin.

This obstruction is the source of the main difficulties and new results
in the present paper. Still, we have the following simple result, which plays
a key role in the computations [see in particular (3.11)].

Lemma 2.8. It holds that

(P © Prn)(2) = Prym(2), (2.25)
and, in particular,
Po(z) = (P (z)®", n=12,... (2.26)
Furthermore, for n,m,k € Ng and u € H"
(Py ® (P ® Pyu)) = Prymyrtt = Poim © Pru. (2.27)

Proof. We have
C’K((mlel + xo€9 + .’Egeg)n) © CK((xlel + xoe9 + l'geg)m)

= CK((xlel + xoeo + l’geg)n+m)

= (Gi(@)er + Ga(@)es + (3(@)es) ™
where we used (2.20) in the last equality. In particular, by iteration, we obtain
(2.26). The last claim follows from restricting the equalities for o = 0, and
checking that they are equal to (z1e; + roeq + w3e3)" T Fy, O
Corollary 2.9. For every p > 0 there exists e > 0 such that

g +al <e, j=1,23 = |[Py(x) <p"

Proof. This follows by induction from Lemma 2.3 with f = P; and g = P,,
n € N. O

We have (see e.g. [23, (2.19) p. 135] with 4, = e,, u=1,2,3)

(Ci(z)er + G(z)es + (3(x)es3)™® = Z (”e”% (2.28)

[v|=m
where (" is defined in (2.11).
Remark 2.10. One could take the C'K-extension of another linear combina-
tion such as t1x1e1 + toxses + tzxzes, namely
ti¢ier + taCaes + t3(3es3
=t1x1€e1 + taxses + tyxses + (tl + 1o + tg)l‘() (229)

and develop a similar theory.
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Let f(zo) = > o0y xhay, (with ag, ai, ... € H) be areal analytic function
near the origin. It does not have a unique hyperholomorphic extension of
course, as seen by taking

Ci(x)e; and (o(x)eq,
in fact both functions are equal to xg on the real line. However the extension

becomes unique by requiring that it is of a special form:

Lemma 2.11. Let f(zo) = Y., g2z{an, a, € H be a real analytic function
near the origin. It has a unique (left) hyperholomorphic extension of the form

f(2) = X55 Pa(@)by, namely

') an
fl@) =3 Pa(x) (2-30)
n=0
Similarly, its unique right hyperholomorphic extension is
“a
gx) = 3" S Pu(a)
n=0

Proof. The function f(x) is indeed an extension of the required form. If there
is another one, say f(z) = Y oo, Po(2)d, we get when setting z1 = x5 =
I3 = 0

[ee] (oo}
Z(on)nbn = Z(?)J)Q)ndn
n=0 n=0
and so b, =d,, n=0,1,.... A similar reasoning works for g. O

Remark 2.12. We note that the polynomials P,, and @Q,, are both left and
right hyperholomorphic and in fact P, (z) corresponds to both the left and
right CK-extension of (z1e; + z2es + x3€3)™.

Actually, the previous result is a particular case of a more general result
that holds for Fueter hyperholomorphic functions of axial type, whose defini-
tion which comes from the more general case of axially monogenic functions,
see [47], is the following:

Definition 2.13. A Fueter hyperholomorphic function is of axial type (or ax-
ially hyperholomorphic) if it is of the form

X
A(I(), |£|) + ﬁB(x07 |£|)7

where A, B are quaternionic valued.

The condition that a function f of axial type is in the kernel of the
Cauchy-Fueter operator D translates into the Vekua system

2
OcA=0,B="B,  0nB+0,A=0, p =zl

Starting from any real analytic function A(zg) it is possible to construct its
unique Fueter hyperholomorphic extension of axial type.

We will say that a matrix-valued hyperholomorphic function is of azial
type if all its entries, as matrix, are of axial type.



38 Page 14 of 63 D. Alpay et al. IEOT

Remark 2.1/4. Functions of the form (2.30) are quaternionic special mono-
genic according to the terminology in [3]. Any quaternionic special mono-
genic function in a neighborhood of the origin is of axial type. In fact any
polynomial P,,(z) is the sum of terms of the form

(x2 + |z|2)F (z0 £ )", 2k+h=m,k>0,h>0

which are evidently of axial type. This fact was already noted in [33], Property
2. A Fueter regular function represented by a uniformly convergent series of
the form (2.30) is such that

ZA x07|m|)+| ‘B (xo, |z|) = ZA (xo, |z|) + | ZB (xo, |z|)

m>0 m>0 m>0
x
= A(zo, |z]) + HB(%,@D

where the pair A, B satisfy the Vekua system. Conversely, any function of
axial type is of the form (2.30), by Theorem 3.10 in [12].

We recall the notion of slice polyanalytic functions, see [14].

Definition 2.15. A real differentiable function f : Q0 — H of the form
f(@) =a(u,v) + IB(u,v), z=u+1IveQ

with a(u, —v) = a(u,v) and B(u, —v) = —B(u,v) is called left slice polyan-
alytic of order N, if for all I € S, f7 is left polyanalytic of order N on {2,
namely if

87Nf(u—|—lv) - L g—i—Ig Nf (u+1Iv)=0
! 2N \ Hu ov ! o

When N =1 the notion coincides with that one of slice hyperholomor-
phicity (slice regularity).

We have the following characterization, see [14, Proposition 3.6]:

Proposition 2.16. A function f defined on a domain 2 C H is slice polyana-
lytic of order N on  if and only if it can be written as

N—1
f(x):= Z z" fr.(x) (2.31)
k=0
where fo, ..., fn_1 are slice regular functions in €.

As a consequence:

Corollary 2.17. The polynomial P, is slice polyanalytic of order m + 1.

m

T
Proof. For all 0 < k < m, we set fi(z) = —2-2™~F It is clear that all f; are
c

m
slice regular functions on €2, being polynomials in the variable x. Moreover,
we note that

x) = ifkfk(x)Nx e Q.

Hence, the thesis follows using Proposition 2.16. O
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In the definition of the polynomials P,, we note that to write the mono-
mials as 27Z¢ or z¢z7 does not make any difference since 2z = Zz.
A Representation Formula for Fueter hyperholomorphic functions of axial
type is immediately deduce from the fact that they are slice functions, see
[62], so we have:

Proposition 2.18. Let f: Q C H — H be a Fueter hyperholomorphic function
of azial type where € is an azxially symmetric slice domain. Let J € S, then
for any x = u+ v € Q the following equality holds :

Pl L) = 5 Ut T) 4 fylu— T0)] 4 220 [ T0) = fylut o).

Proof. We note that the Fueter hyperholomorphic polynomials (P,,)m>0 are
slice polyanalytic of order m + 1 thanks to Corollary 2.17. Thus, the Repre-
sentation Formula is an immediate consequence. O

Remark 2.19. An alternative proof of the previous Representation Formula
in the Fueter hyperholomorphic context consists to apply Proposition 3.13 in
[14] to each polynomial P,,.

We conclude this part with a result which will be used in the sequel
while dealing with kernels:

Proposition 2.20. The polynomial P,,(x) is right anti-hyperholomorphic in x,
namely it satisfies
— 0P, 0P, oP,, OP,
Py(z)D = — — —

@D = e~ e S G Oy
More in general, if f, g are left hyperholomorphic, f © g = G Or f is right
anti-hyperholomorphic.

63:0.

Proof. We immediately have:
P, (z)D = DP,,(z) =0,
and the first assertion follows. Then we have
f © g = CK(flxo:O © glm’o:O) = CK(f‘zo:O © g|x0:0)-
We now note that
CK (flzo=0 © 9zo=0) = CK(Glzo=0 OR flzo=0)
= CK(Jjz=0) Or CK (flzo=0) =G Or [
which concludes the proof. O

2.3. Positivity, Analytic Extension and Toeplitz Operators

This section considers the complex variable setting. Recall first that a C™*"-
valued function K(z,w) defined for z,w varying in some set (2 is called posi-
tive definite if for every choice of N € Ny and wq, ..., wy € € the block ma-
trix (K (wj, wk))évkzl is non-negative. Associated to K (z,w) is a uniquely de-
fined Hilbert space of C™-valued functions defined on €2, denoted here H(K),
and with the properties:
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(1) For every ¢ € C™ and w € Q, the function K,,¢ : z — K(z,w)c belongs
to H(K), and

(2) For every f € H(K) and w, ¢ as above,
(f, Kuc) = ¢* f(w). (2.32)
H(K) is called the reproducing kernel Hilbert space with reproducing kernel
K (z,w), and there is a one-to-one correspondence between reproducing kernel
Hilbert spaces and positive definite functions; see [26,75,79]. We recall the
following result, which originates with the work of Donoghue [50]. We take a

real neighborhood of the origin, but it could be replaced by any other zero
set in the open unit disk.

Theorem 2.21. Let s be a C™*t-valued function defined in a neighborhood
(—€,€) of the origin, and such that the kernel
I, — s(a)s(b)*
Taw
is positive definite in (—e,€). Then s has a (uniquely defined) analytic and
contractive extension to the open unit disk.

(2.33)

Proof. The proof can be found in e.g. [6, pp. 45—46]. For completeness we
outline it. We set » = s = 1 to simplify the notation. Let p,(z) = 1 —
zw. The function 1/p,(2) is positive definite in the open unit disk D, with
reproducing kernel Hilbert space the Hardy space of the open unit disk,
denoted Hy (D), and consisting of the power series f(z) = > .7 a,2z" with
complex coefficients satisfying || f||2 < >0 o lan|* < oo. The formula

ﬂumﬁ”,xalmwa

extends linearly to a densely defined operator T from Hy (D) into itself. The
positivity of the kernel (2.33) and the definition of the inner product in the
Hardy space implies that T is a contraction, and hence extends to an ev-
erywhere defined contraction, still denoted by T, from Hs (D) into itself. Let
f € Hy(D). The adjoint of T' satisfies:

)= s(@)f(@), @€ (=1/3,1/3).
(2.34)

Take first f(z) = 1. Since T™*1 is analytic in the open unit disk, it is an
analytic extension of s(x), x € (—1/3,1/3). It remains to check that T*1 is
contractive in D. Equation (2.34) extends analytically to

(T*)(z) =(T*1)(2)f(z), ze€D. (2.35)

So T* is the operator of multiplication by T%*1. Since it is bounded, the
formula for the adjoint of a multiplication operator acting in a reproducing
kernel Hilbert space gives

<Tnm:awjﬁ:m

z Pz

T+1(w)

w

T°(1/pw) =
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Since it is contractive, writing that |71/ pw|| < [|1/pw| we get

T*1(w)|”
w € D,
L—jwP = 1—|w]’
and hence T™1 takes contractive values in the open unit disk. O

We also recall (we refer to [76] for more information on Toeplitz opera-
tors):

Theorem 2.22. Let s be a C™*t-valued function analytic in the open unit disk,
with power series expansion s(z) =Y -~ s,2". Then, s is contractive in the
open unit disk if and only if the lower triangular block-Toeplitz operator

So 0 0
S1 So 0 .
TS - S2 81 So 0 (236)

is a contraction from f(Ng, Ct) into f2(Ng,C").

Proof. We set 1 =t = 1 to simplify the arguments. Assume first that s is
a contraction, and let P denote the orthogonal projection from Lo(T) onto
H,(T). Then the Toeplitz operator f +— Ps*f is a contraction from Ho(T)
into Ho(T). It admits thus a matrix representation. Using the basis 1, z, 22, . ..
we see that

(Ps*2",2™)g = { 0 e

Sn—ms; N =M

and hence the Toeplitz matrix representation. For the converse, we assume
that T is a contraction. We compute Tre, where e, = (1,2,2%,...)1. We
have [compare with (2.35)]

Tre, = s(z)e, (2.37)

and hence the result. O

3. Positive Operators, Reproducing Kernel Spaces and
Toeplitz Operators

We use various tools from quaternionic operator theory and in particular from
the theory of linear relations and the theory of reproducing kernel spaces, as
developed in [8]. We recall:

Definition 3.1. Given two right (or left, or two-sided) linear spaces V, W over
the quaternions, a linear relation is a linear subspace of the Cartesian product
Y x W.

The graph of a (possibly not everywhere defined) linear operator is a
linear relation, but there are linear relations which are not graphs of opera-
tors.
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We will define inner products on a quaternionic right vector space, say
V), with the following convention

and satisfying moreover
(f ug)=f,g9), fgeV, ueH, (32)

when the quaternionic space under study is two-sided (for instance, ¢5(Ng, H)).

Let K(z,y) be a the H"*"-valued function, positive definite on Q. We
will denote by H(K) the reproducing kernel space of H"-valued functions
with reproducing kernel K.

Let K1(z,w) and K3(z,w) be two H"*"-valued functions positive defi-
nite on a set 2. We recall that K7 < K5 means that the difference Ky — K3
is still positive definite in 2. This happens if and only if the space H(K7) is
contractively included in the space H(K3).

The following result, relating operator ranges and reproducing kernel
Hilbert spaces is well known. See [9] for a discussion in the quaternionic and
indefinite inner product setting.

Proposition 3.2. Let I' be a positive bounded operator from the left quater-
nionic Hilbert space H into itself. Let Q be a set and let z — f, be a H-valued
function defined on 2, and such that the closed left-linear span of the vectors
fw is equal to H. The function

K(z,w) = (Tfu, f2) (3.3)
is positive definite on Q and the associated reproducing kernel Hilbert space
with reproducing kernel consists of the functions of the form

F(z)=(VTf,[.), [€H,
with norm
IE = I(I =m)fll
where w is the orthogonal projection onto the kernel of .
Let us set H = /¢2(No,H") in the previous proposition. Since I' is

bounded, it has a block matrix representation I' = (T, ), where T';,,,, € H"™*".
We can write

(T'f,9) Z nLnm fm (3.4)

n,m=0

and

Z f71 Tlmfm( )

n,m=0

Cases of interest in the present work are:
QCR*~MH, anddenoting z=1p, fo(p)=75"1, (3.5)
and

QCR*>~H, anddenoting z=2x, f,(z)=P,(zx)I,. (3.6)
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Assume now I' to be of the form
I'=1-TsT¢ (3.7)

with T as in (2.36) and where S; € H™*!, i = 0,1,.... In particular, the
block Toeplitz operator Ts is a contraction. The kernel becomes in the first
case

anqnlr - Z (Z pmSm—n> (Z qum—n> ) (38)
n=0 n=0 \m=n m=n

and

Z Po(x)Pu(y)1, — Z <Z Pm(fc)smn) (Z Pm(y)smn> (3.9)

m=n
in the second case.
We note that, with the x-product (see [8]):

ZP Sm—n=p" *(mes ) (3.10)

m=0

and similarly, with the C K-product, using (2.27) in Lemma 2.8,

i Pp()Sm—n = Pz (ZP ) (3.11)

m=0

The functions

and

z) =Y Pn(x)S

m=0
are Schur multipliers, for the slice hyperholomorphic and for the present case
(called Appell-like case), respectively.

4. The Hardy Space and Schur Multipliers

In this section we will introduce and study the Hardy space in this framework.
To start with, we denote by £ the ellipsoid

E={zeR*: 92] + 2] + 25 + 23 < 1} (4.1)
and we prove the following;:

Lemma 4.1. The function
Z PO (2) Pl (y) (4.2)

converges and is positive deﬁmte for z,y €E.
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Proof. For x € €& we have |Pi(z)| < 1 and the result follows from Corol-
lary 2.9. 0
We point out that using (2.28), we get

y)=> ZC ””‘V! Zc ML'“' . (43)

m=0 \|v|= lul=

Remark 4.2. In [22-24] a different approach was used and a similar construc-
tion yields the Drury-Arveson kernel

IVI'
)l/
=X T s

= (1 - Q@) ) — G@)(y) — G(x)ls(y)©

Note that the formula (4.2) is easier to work with than formula (4.3). We
also note that

1

P — —1/3,1/3). 4.
1—9.’1)0y0’ Zo, Yo E( /37 /3) ( 5)

ke(zo,y0) =

Using the polynomials @Q,, one can define the kernel (see [12, Remark 5.3])

)= Qu®)0n()
n=0

whose restriction to the real axis is different, indeed it is

KQ(QUO,ZJO) = ) o, Yo € (_17 1)

1 —zoyo

Definition 4.3. The reproducing kernel Hilbert space associated with (4.2)
will be called the Hardy space, and denoted by Hy(E).

Theorem 4.4. The Hardy space Ho(E) consists of functions of the form

(o9}

fl@) =Y (G(x)er + Go(w)es + (3(w) Z P () fm, (4.6)

m=0

where the coefficients f,, belong to H and are such that

> fml* < o (4.7)

m=0
This expression is then the square of the norm of f in the Hardy space, i.e.

112 = 3o [ fm -
Proof. The proofs follows standard arguments, see [12,21]. O

From the form of the elements of the Hardy space Ha(€) and using the
fact that the polynomials P, are Fueter hyperholomorphic of axial type, see
Remark 3.9 in [12], we deduce:

Corollary 4.5. Elements of Ho(E) are Fueter hyperholomorphic of azial type,
in particular are uniquely determined by their restriction to (—1/3,1/3).
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Lemma 4.6. The operatorS : f— Py ® f is an isometry in the Hardy space,
with adjoint given by

S* <Z Pnfn> = Z P o (4.8)
n=0 n=0
Furthermore
SS*f=f—f(0), feH&). (4.9)

Proof. The proof is a consequence of

SS'f=P© (Z Pnfn+1>

n=0

== Z Pn+1fn+1

n=0
=f—ro
= f—f(0).

O

Let C'f = f(0) be the point evaluation in Hy(€). Then C*u= ke (-,0)u =
u and we get from the previous lemma

[ — Mp, M}, = C*C. (4.10)

This equation is really what makes the arguments work in the sequel,
and in particular in the construction of a coisometric realization.

Definition 4.7. The operator (4.8) will be called the backward-shift operator
and denoted by Ry.

Ezample 4.8. Let a € £. The space of functions in the Hardy space such that
f(a) = 0 need not be S-invariant. On the other hand, the space of functions
f € Ha(€) such that

(P,® f)a)=0, n=0,1,2,... (4.11)

is S-invariant, see Lemma 2.8. This suggests that the natural homogeneous
interpolation condition is (4.11) and not merely f(a) = 0. See [23, p. 148] for
a related remark.

We can consider hyperholomorphic functions operator-valued, in par-
ticular matrix or vector-valued. The definition of this class of functions is
given by following the classical complex case, but we repeat it for the sake of
completeness.

Definition 4.9. Let X’ be a two-sided quaternionic Banach space, and X™* be
its dual. A function f : U C H — X, where U is open, is said to be weakly
(left) hyperholomorphic in U if Af satisfies D(Af) = 0 for every A € X*.
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We recall that a function is hyperholomorphic if and only if it is differ-
entiable in a suitable sense, see [74, Theorem 3] and we follow this notion of
differentiability to state the following definition, in which we identify H with
Hs = {5 = (€1,(2,C3) |¢ = 25 — ejmg, i = 1,2,3} as a real linear space via
the map (C1, (2, C3) = Cre1 + (ae2 + (zes:

Definition 4.10. Let a € Hj3, U be a neighborhood of @ and let F' : U — X be
a continuous function. Then f is called left (resp. right) strongly differentiable
in @ in the quaternionic sense if there exists a left (resp. right) linear map
L : H3z — X such that

fy M@+ A7) — f@) — LA |x
AZ—0 [AZ]

=0 (4.12)

where ||Z]| = Z?:l (G- A function is strongly differentiable in U if it is so at
every point a € U.

The definition originally considered by Malonek in [74] can be obtained
from the previous one when X = H. Since, in the scalar case, the definition
is also equivalent to that one of left (resp. right) hyperholomorphy, we will
equivalently say that a function f as in Definition 4.12 is strongly hyper-
holomorphic. See also [19] for a theory of hyperholomorphic functions whose
values are taken in a Banach algebra. Using the same arguments as in the
complex case, see [77, Theorem VI.4], which are valid also in the quaternionic
case, see [8], one can prove:

Theorem 4.11. A function is weakly hyperholomorphic in U if and only if it
is strongly hyperholomorphic in U.

The validity of this result allows to simplify the terminology and we shall
say, for short, that f is hyperholomorphic with values in X'. In the special
case in which X = H"*%, a function is weakly hyperholomorphic if and only
if all its entries are left or right hyperholomorphic there.

The next result was proved in the quaternionic setting in the context
of slice hyperholomorphic functions, see e.g. [8, Sect. 7]; here we prove its
counterpart in the present framework.

Theorem 4.12. Let M be a finite dimensional linear right-vector space of H" -
valued functions, and hyperholomorphic of axial type in a neighborhood of the
origin. Then M is Ry-invariant if and only if there exists a pair of matrices
(C,A) € H™*N x HN*N such that f € 9 if and only if it can be written as

f=)_P,CA%, ¢eH". (4.13)
n=0

We have N > dim9N, and there is equality if and only if the pair (C, A) is
observable, meaning

N>, ker CA™ = {0} . (4.14)
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Proof. Let f1,..., fn be a basis of 91, and let F' = (f1 fo - fN). Let FF =
fo:o P,F,, with F, € H™*". In view of the Ry-invariance there exists a
matrix A € HY*Y such that

i PoFoyt = (i PnFn> A.
n=0 n=0

It follows that
Fn_;,_l:FnA, n=0,1,...
and (4.13) follows with Fy = C.
The last claim follows from the fact that,

f=0 = CA" =0, n=0,1,2,...

Note that, for x1 = x5 = x3 = 0, we have
f(.’L‘()) == C(IN — 3£E0A)_1f.
Since the C' K-product is not a law of composition we cannot, a priori, define
Schur multipliers (see Definition 4.13) in terms of multiplication operators.
We define them in terms of positive definite functions. The corresponding

contractive operator, counterpart of the C' K-multiplication by .S, is given in
Proposition 4.17 and Definition 4.20; see Eq. (4.23).

Definition 4.13. The H"**-valued hyperholomorphic function S is called a
Schur multiplier if the kernel

o0

Ks(w,y) = Y (Pu@Pal)l = (Py © S)(@)(Pa © S)(y))")  (4.15)

n=0
is positive definite in {z € R* : 922 + 2% + 23 + 23 < 1}.

FExample 4.14. For instance S = Py I, is a Schur multiplier since

oo

> (Pa@)Pa) s = (P © $)(@)(Pa © S)())")

n=0

M

(Pa(@)Paly) s = (P © PO)(@)(Pu © PO

n=0

o

Pn(x)Pn(y)Ir - Z P7L+1($)Pn+1(y)lr
n=0

n=0
=1I,.

This example is of course quite trivial. We will give in Sect. 8 a complete
characterization of Schur multipliers, from which one can get numerous other
examples.

The positivity of the kernel (4.15) is equivalent to the contractive inclu-
sion of the reproducing kernel Hilbert space with reproducing kernel

(o]

Y (Pu o S)(@) (P ® S)(y)* (4.16)

n=0
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inside the Hardy space. In particular, if S is a Schur multiplier P,®.S € Hy(€)
for every n.

Theorem 4.15. The H"**-valued function S is a Schur multiplier if and only
if the lower triangular Toeplitz operator

So 0 0 ---
Sy Sy 0 ---
g =155 50 (4.17)

is a contraction from f2(Ng,H®) into £5(Ng, H").

Proof. Assume first that the kernel (4.15) is positive definite in €. We divide
the argument in a number of steps.
STEP 1: There exist coefficients Sy, S1, ... € H"*® such that

S(r) = 3 Pu(a)S.

and ZZO:O [Sull® < oo
Indeed7 let K2($7y) = Zzo:() Pn<x)IrPn(y) and Kl(-r7 y) = ZZOZO(PTL O)
S)(z)((P ® S)(y))*. The inclusion operator

7 <Z(Pn ® S)fn) =Y (P.©S)fn

n=0 n=0
is a contraction from H(K7) inside H(K3), and so in particular S € (Hz(€))"**.
STEP 2: The function

s(a) = Zx(Sn)a", a€(—1,1),
n=0

has an analytic contractive extension to the open unit disk of the complex
plane.
We write for xo,y0 € (—1/3,1/3)

I — 5(3x0)s(3yo)*

Ks(3%0,3y0) = T~ 92010

(of course, K;(3z0,3yo) does not characterize in a unique way K(x,y)).
The kernel K (3xo,3yo) is positive definite for zg,yo € (—1/3,1/3). We set
a = 3xg and b = 3yg. The kernel
I. — s(a)s(b)*
1—ab
I — b)*
is positive definite in (—1,1), and so is the kernel x <1s(a)z()>’ and
—a

we conclude by applying Theorem 2.21.

STEP 3: The Toeplitz operator based on the sequence x(S,,) is contrac-
tive from EQ(N(), (CZS) into ég(No, (CQ)

This follows from Theorem 2.22.
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STEP 4: The Toeplitz operator Ty is contractive.

This follows from Proposition 2.2. We restrict the operator in Step 3 to
sequences of matrices in the range of y.

We now suppose that 7 is a contractive operator. We write

(I~ 7 T")e,y(rpiry > 0

with
I
P1 (.’I}(l))IT
P2 (x(z))lr
to get the positivity of the kernel Kg. O

Corollary 4.16. In the above notation, the function

i p"Sn (4.19)
n=0

is a slice hyperholomorphic Schur multiplier.

Given two multipliers, the bounded operator Mg, Mg, will not be a
multiplier in general.

Proposition 4.17. Let S be a H"**-valued Schur multiplier. The formula

(ZPP ) ZP S)a) u, acé&, ucH", (4.20)

defines a contraction from (Ho(€))® into (Ha(E))", with adjoint given by

o0 o0
T* <Z Pnun> — Z(Pn © S, U, € HE. (4.21)
n=0

n=0

Proof. Let >°°  Pyu, € Ha(E). We can write:

n=0 n=0 n=0 n=0
= <Z Potin, > Pu((Py© S)(b))*u>
n=0 n=0

:u*
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Remark 4.18. Formula (4.21) gives the adjoint of C K-multiplication for any
(bounded) multiplier (i.e. functions for which the corresponding operator of
C K-multiplication is bounded in the Hardy space), and not only for Schur
multipliers.

Corollary 4.19. Let S(z) = Y.~ o PaSy be a H™*'-valued Schur multiplier.
Then,

S(z)=>_ Pu(x)S;, (4.22)
n=0

is a H"-valued Schur multiplier.

Proof. S is a Schur multiplier if and only if the function Y 7 2"x(S,) is
analytic and contractive in ; this will hold if and only if the function

o0 oo
D 2X(Sn) =D 2" x(Sh)
n=0 n=0
is analytic and contractive in D; by the previous theorem this will hold if and

only if S is a H!*"-valued Schur multiplier. O

The operator T* cannot be written as S ® (302 Pyu,), i.e. it is not
the ® multiplication by S. We now introduce the counterpart of this latter
operator here.

Definition 4.20. The operator T will be denoted by Mg:

Mg (Z Pn(a)un> =Y (PO S)(a)u,, acé. (4.23)
n=0 n=0

We have the following extension result, counterpart of Theorem 2.21.
The proof is slightly different.

Theorem 4.21. Assume the kernel (4.15) defined and positive definite in a
neighborhood N of the origin of R*. Then, S extends, in a unique way, to a
Schur multiplier.

Proof. We consider the scalar case to simplify the notation. The preceding
argument still holds and, setting a =0 and b € N, we get

(T*v)(b) = S(b)v, beN.

But T*v € Hy(€) and in particular is hyperholomorphic in all of £. More
generally, still for b € N, but for f =3 P, f, € Hy(E) we have

(T F)() = (T )(), ke (-, b))z
= (f(), Tke( )2

= (Pu©S)(b)fn:
n=0
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Writing (T f)(b) = >.o— o Pohn and S = >0 | P,s,, the previous equality
is equivalent (since v varies in an open set; it would be enough to have an
interval such that xg € (—¢,¢€))

ho fo
hi| =74 | h

)

where T is the lower triangular Toeplitz operator based on the coefficients
of S. So T is a contraction, and so I —TgT§ > 0, and so ((I —TsT§c,c) >0
for every ¢ € £2(Ny, H). The choice (4.18) allows to conclude that S is a Schur
multiplier. O

Lemma 4.22. The following equality holds for all f € Ha(E):
P o (Msf)=Ms(P1© f). (4.24)
Proof. Let f =377, Pyu,. We can write:
P o (Msf) =P o (Z(Pn © S)un>

n=0

M

(P1+n © S)’U/n

n=0
= Mg (Z Pn+1un>
n=0
=Ms (PO f)
= Ms (Mp, [).
0
Tt is useful to rewrite (4.24) as
Mp, Mg = MsMp,. (4.25)

5. Schur Algorithm

The Schur algorithm is based on Schwarz lemma and on the fact that if two

numbers v and v are in the open unit disk so is 1u 2 Tt reads (see [80,81]):
— U

Theorem 5.1. Let f be analytic and contractive in the open unit disk (i.e. a
Schur function), and assume | f(0)| < 1, and set f(©) = f. Then the recursion

F () = F™(0)

- , 0< |zl <1,
2(1— f)(0) f™ (2))
FO(2) = (5.1)
(f™)'(0) I
1—[f™)(0)2’ ’

defines a family of Schur functions; it stops at rank ng if | f("0)(0)] = 1.
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The numbers p, = f(™(0) are called the Schur parameters associated
with the Schur function f.

This recursion cannot be considered directly in the matrix-valued case.
One needs to take into account that if Fy and FE5 are strictly contractive
matrices, say in CP*¢, the matrix (Ey + E2)(I, + E E2) ™! need not be con-
tractive, but the matrix

(Iy — E\E})'?(Bs + Ex) (I, + E{ E2) (I, — Ef Ex)'/? (52)

is strictly contractive.
The matricial Schur algorithm was studied in [48] and, in the next result, we
repeat the statement taking into account the matrix symmetry

157 0 I,
Ep 1MEq =M, En, = <_Im 0 )a m=p,q (53)

is in force.

Theorem 5.2. Let s be a CP*9-valued Schur function satisfying (5.3). Assume
so strictly contractive. Then the function

(0 ey — f 2 = s0si) Y2 = s0) Uy = sis) (Lo = s550)/%, 0 <[el <1,
(IP - 3056)71/23/(0)(Iq - 3850)71/27 z=0,

(5.4)
is a Schur function and satisfies the symmetry (5.3).

If ||so|| < 1 one can iterate, and one gets the matricial Schur algorithm.
The condition ||s(0)|| < 1 is quite restrictive. A tangential Schur algorithm
was developed in [16]. On the other hand, when p = ¢ = 2 and s(0) is in the
range of x both (I — ssf)~'/? and (Iy — sfsg)'/? are scalar matrices and
(5.4) reduces to

50 (2) = L(s(2) — s0)(Iz — s55(2)) . (5.5)

z

We now turn to the setting of hyperholomorphic functions of axial type.
For simplicity of exposition we first consider scalar valued Schur multiplier.
From the analysis in the previous sections, S = >/ P,S, is a Schur mul-
tiplier if and only if the block Toeplitz operator
x(S0) 0 0
x(52) x(S1) x(So) 0 '

is a contraction from f2(Ng, C?) into f5(Ng, C?). The function

s(2) = 3 x(Sa)2"
n=0

takes then contractive values, and is in the range of x; see Lemma 2.1.
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Theorem 5.3. Let S be a quaternionic Schur multiplier such that |S(0)] < 1.
Then the function

S (3w0) = 5 (S(3r0) — S(0))(1 ~ 50)S(320)) "
0
extends to a Schur multiplier.

In the matrix-valued case it is not true anymore that I — x(S¢)x(So)*
is a scalar matrix.

Theorem 5.4. Let S be a H"™*t-valued Schur multiplier, and assume ||S(0)|| <
1. The function

1 *y— * - *
50 U = S055) 2(8(3x0) — So) (It — S5S(3z0)) " (Ie — S550)" /%,

with xg € (=1/3,1/3) and Sy = S(0) extends to a Schur multiplier.

SM (330) =

The question whether the tangential Schur algorithm developed in [16]
can lead to functions satisfying the required symmetry property in the matrix-
valued case remains to be considered.

6. Intrinsic Functions

In this section we study quaternionic intrinsic Fueter hyperholomorphic func-
tions. Let us recall that, given an hyperholomorphic function f on some axi-
ally symmetric open set (2, we say that f is quaternionic intrinsic if it satisfies
the relation

f(@) = f(z), Yz e Q. (6.1)
Proposition 6.1. The family of polynomials (Pp)n>0 consists of azially hy-
perholomorphic quaternionic intrinsic functions on H.

Proof. We know that for all n > 0 the polynomials P, are axially hyper-
holomorphic functions on H. Furthermore, using the relation with the n-th
quaternionic Appell polynomials Q,,, see [12, (3.8)], we have

n "
7J

3

T

O

Proposition 6.2. Let f be a hyperholomorphic function of axial type on some
azially symmetric open set . Then, [ is quaternionic intrinsic if and only
if it admits a power series representation with real coefficients with respect to
the polynomials (Pp)n>0-
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Proof. We know by Theorem 3.10 in [12] that f admits a power series with
(oo}

respect to (P, )n>0. S0, we can write f = Z P, fn, with f,, € H for all n > 0.
n=0

We assume that f is intrinsic, thus the formula (6.1) and Proposition 6.1

imply that

f@)=f@) Vo eQe > Pua)fn fanP ) [,V € Q

&> foPalx) ZP )fo V2 € Q

<~ an 31‘0 = 2(3.’170) fn,Vl‘o eR

n=0
& frneR VR >0.

The equivalence between the second and the third lines holds because P,
is the unique axially hyperholomorphic extension of (3x¢)™. This ends the
proof. O

Proposition 6.3. Let Sy and Sy be two hyperholomorphic functions of axial
type, defined on some azxially symmetric open set Q. If S1 is quaternionic
intrinsic, then S1 ® Sy admits a power series expansion with respect to the
polynomials (Pp)n>0-

Proof. We note that S; and Sy have power series expansions in terms of
o0 o0

(P,)n>0 that we can write S; = ZPnan and Sy = ZPnbn. Since S
n=0 n=0
is quaternionic intrinsic we know by Proposition 6.2 that the coefficients

(an)n>o0 are real. Thus, we apply also Lemma 2.8 to get

7;0:0 m=0
n,m=0
= i Pneranbm
n,m=0

Z P, <Z akbn_k> .
n=0 k=0
O

Proposition 6.4. Let S be a hyperholomorphic function of axial type. If S is
quaternionic intrinsic, then the operator Mg coincides with the multiplication
operator f— S © f.
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Proof. We note that since S is quaternionic intrinsic, it has real coefficients.
Thus, we have P, © S = S ® P, for all n > 0. Then, starting from Defini-

tion 4.20, for any f = Z P,u,, we have
n=0

o0

MS(f) = Z(Pn@s)un

n=0

= Z(S © Py)uy,
n=0

=50 (i Pnun>
n=0

=50 f
O
Proposition 6.5. Let S; and Sy be two hyperholomorphic functions of axial
type such that Sy is quaternionic intrinsic. Then, we have
Mg, Mg, = Mg, 5s,- (6.2)
Proof. We know by Proposition 6.3 that S; ® Ss is well defined and admits

a power series expansion in terms of (P, ),>0 since S is intrinsic. Therefore,
using Proposition 6.4, we have

Ms,0s,(f) = (510 52) 0 f
= MS1 (SQ © f)
= MSlMSQ(f)'

7. de Branges—Rovnyak Spaces

The reproducing kernel Hilbert space with reproducing kernel (4.15) will be
called the de Branges—Rovnyak space associated with the Schur multiplier S
and denoted by H(S). The treatment using the Appell-like approach allows
to prove results naturally extending the corresponding ones in the classical
complex case. For example, we have the following characterization:

Theorem 7.1. We have
(I = MsMg)(ke (-, a)u) (b) = Ks(b,a)u (7.1)
and
H(S) = Ran+/T — MsM} (7.2)
with inner product
(VT = MsMgf,\/T— MsMzg)ss) = (I —7)f,9)2 (7.3)
where w is the orthogonal projection on the kernel of \/W
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Proof. The claims follow from [9]. O

We recall the following, valid for f,g € Hs(E) (the first equality is a
special case of the second one):

(VT f, Tg)nes) = (VI f, VTg)a.
Using the quaternionic version of [44] or [55, Theorem 4.1] (we do not
give proofs of these since we will have more general results than the theorems

below in the next section) we have the following results, for matrix-valued
Schur multipliers

Theorem 7.2. Let S be a H"**-valued Schur multiplier. An element f in
H,(€) belongs to H(S) if and only if

sup || f + Msgll3 — llgl|3 < oo. (7.6)
gEH2(E)

Using this characterization we can prove the following:

Theorem 7.3. Let S be a H"**-valued Schur multiplier. Let Ry be defined by
(4.8). Then:

[Rof I35y < sy = IFOIZ f € H(S). (7.7)

Proof. Recall that S denotes the forward-shift operator, and that the latter
is an isometry (see Lemma 4.6). Using (4.9) and (4.24) we can write for
frg € Ha(E):

IRof + Msgllz — llgll3 = IS(Rof + Msg)ll3 — lISgll3
=[|f — f(0) + Ms(PL © g)|I3 — | P @ g3
= |If + Ms(P1® g)||3 — 2Re (f + Ms(P1 ® g), f(0)+
+IFO* = I1Pr o gli3
= |lf + Ms(PL© 9)[3 = 1P @ gl — [ FO)I*,

where we have used, with g = ZZO:O P,b,,

(f+Ms(Pr®g), f(0)2 = (f+PL© Msg, f(0))2
= (f, f(0))2 + (P ® Msg, f(0))2
= [I£(0)]1?

since P; ® Mgg has no constant term. O

Theorem 7.4. Let Ry be defined by (4.8). Then RoSu € H(S) for every u €
H® and

IRoS|1* < flul® = IS©O)ull?,  w e H. (7.8)
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Proof. We already know that Su € Ho(E). We write
1RoS + Msgll3 — llgll3 = IS(RoS + Msg)|l5 — [ISgll3
= || = S(0)u+ Ms(u+ P, @ g)|3— 1P ©gll3
= 1SO)ul* + [Ms(u+ Py © g)|?
—2Re(S(0), Ms(u+ Py ®g))
< [SO)ll2 + llu+Pr @ gl — [ Pr © g3
= [l = 1S (0)ull*.
In the above, to go from the third to fourth line we used that
[Ms(u+P1©g)llz < [lu+Pro©gl2
(since S is a Schur multiplier) and
(S(0), Ms(u+Pr©g)) =0

since Mg(u + P1 ® g) has no constant term in its expansion along the P,.
Similarly we used that (u, Py ® g)2 = 0 to go from the fourth to the last line.
|

The operators defined in the previous theorems are part of a coisometric
operator matrix. In [44] (see also [42]) it is obtained using the theory of
complementation. In the next section we use a different method.

8. The Coisometric Colligation and Blaschke Functions

8.1. The Lurking Isometry

Let us denote by ®, the right C K-product. Using (2.27) we note that (4.15)
can be rewritten as

KS(x’y) - Pl('r) © KS(J;) y) Or Pl(y) = I’!' - S(x)S(y)*, (81)
from which we get
Ks(z,y) + S(2)S(y)" = Pi(2) © Ks(z,y) ©, Pi(y) + I (82)

Write K(x,y) = (f(z), f(y))s, where $ is a Hilbert space and x +— f(x) is
$H-valued function. We rewrite (8.2) as

<(S%h> (Sff@;k»m; <(f(y) @fmh) (f(w) @ffﬁ(y)k»mﬁ

where h, k € H® and z,y € £.

This last equality, called the lurking isometry (see [4,28]), can be the
tool to get a co-isometric realization of S (see [2] for an application in the
quaternionic setting). We will choose a different (and closely related) avenue,
namely the theory of relations, which originates with the work of Krein and
Langer (the e, method; see e.g. [69,70]) and was developed further in [11]. We
will use the lurking isometry method in Sect. 11 to characterize Carathéodory
and Schur multipliers in the setting of the counterpart of Hardy space of the
right half plane.
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8.2. The Co-isometric Realization

We use the method of isometric relations, as in [11], suitably adapted to the
present setting, and follow [22, Sect. 2]. We set I' = I — MgM}, and define
W, Via

weq =T Mp ke(-,a)p € H(S), qeH",

and introduce:

f/(waq>:((Ks( a) = Ks(-,0))g + Ks(-,0)u

u (S(a)* — $(0)*)g + S(0)*u > ¢ € B w e B

Theorem 8.1. V is isometric from its domain DomV C H(S) & H" into
H(S) @ H.

Proof. We want to check:

O 7)), =) (), €9

where p,q € H", u,v € H?, and a,b € £. We divide the proof into three steps.
STEP 1: Case u =v = 0.

Then, only terms involving the directions p and ¢ appear. In the follow-
ing sequence of equality we use (4.25) to go from the second to the third line,
and (4.10) to go from the fourth to the fifth line. We also note that

(Waq, wep)p(sy = (TMp ke (-, a)q, Mp ke(-,0)p)2
= (Mp, ke (-, a)q, Mp, ke (-,b)p)2
— (MgMp, ke(-,a)q, MgMp ke(-,b)p)2
= (Mp,ke(-,a)q, Mp, ke (-, b)p)2
— (Mp, Mgke(-,a)q, Mp Mgke(:,b)p)2
= (Mp,Mp, ke(-,a)q, ke(-,b)p)2
— (Mp,Mp Mgke(-,a)q, Mgke(-,0)p)2
= (I = C*"C)ke(-,a)q, ke(-,b)p)2
— (I = C*C)Mgke(-,a)q, Mgke(-,b)p)s.
To pursue we note that
C(ke(a)g) = q
and, using the formula (4.20) for M3
CMg (ke(-,a)q) = S(a)*q.
Thus
(waq, wep)1(s) = P ke(b,a)g —p g+ p*S(b)S(a)*q — (MZke(-,a)q, M3ke(-,b)p)2
= (Tke(-,a)q, ke(,b)p)2 — p g +p"S(b)S(a)"q
= (Ks(,a)q, Ks(-,b)p)r(s) — ap” + S(b)S(a)"q.
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Furthermore,
(Ks(a) = Ks(,0))q, (Ks(,b) = Ks(-,0))p)(s)
+p"(S(b) = 5(0))(S(a)" = S(0)")p
= (Ks(-,a)q, Ks(-,b)p)r(s) —p" Ks(0,a)g — p*Ks(b,0) + p" Ks(0,0)g+
+p"(S(b) = 5(0))(S(a)” = S(0)")p
= (Ks(-,a)q, Ks(-,b)p)r(sy) —p (I = S(0)S(a)")g — p™(I — S(b)S(0)")g+
+p (I = S(0)S(0)")g + p*(S(b) — S(0))(S(a)” — S(0)")q
=0.

STEP 2: Case p=q = 0.
We now need to check that

(Ks(-,0)u, Ks(-,0)v)g) +v"5(0)S(0)"u = v*u,

but this is straightforward.
STEP 3: Mixed terms.

By symmetry it is enough to consider the case where p and u appears.
We need to verify that:

<KS("0)U7 (KS('a b) - Ks(~,0))p> + <S(O)*u7 (S(b)* - S(O)*)p> =0,
but this is equivalent to
Kg(b,0) — Kg(0,0) — S(0)S(0)* + S(b)S(0)* =0,
I, = 5()5(0)" = (Ir = 5(0)5(0)") = 5(0)5(0)" + 5(b)S(0)" = 0,
which clearly holds. O

We now compute the adjoint of the above isometric operator.

We write
7_ (CC Ci) . (8.4)
FH

Theorem 8.2. V is densely defined, extends to an everywhere defined isometry
and its adjoint is given by

T* = Ry. (8.5)
Proof. By definition of the operator range inner product we have:
(VLf, Twap)p(s) = (VI F, Mj ke (-, a)p)a
= u*(Mp, © VT f)(a)

and so f = 0 if the above vanishes for all 4 and a since Mp, is an isometry.
Set T*(vVT'f) = vT'g. We have on the one hand

(T*F, T (M} ke (-, a)u)) sy = (VTg, D(Mp, ke (-, a)u))rs)
= <\/fg,M;1kg(-,a)U>2
=u* (Pl O] \/fg) (a’)
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On the other hand,
(T*F, T (M}, ke (-, a)u))yes) = (VTg, (Ks(-,a) — K(S(-,0)) u)ps)
= u*(VTg)(a) — VTg)(0))

Hence

O
Proposition 8.3. Let
=« (AB
po(42) s
where V is as in (8.4). Then, for f =377 Pufn € H(S)
fn=CA"f, n=01,... (8.7)
and
S(z) =D+ Pu(x)CA™'B. (8.8)
n=1

Proof. Let f(z) = >, Po(x)fn € H(S). We have

Ry f =Y Pufmin, m=0,1,...

n=0
and so CR'f = fm for m =0,1,.... To prove (8.8) we write
S =5(0)+ P ® RyS.

Writing S = Y77, P,S, we conclude by applying (8.7) to Ry Su for u € H*.
O

Remark 8.4. A deep difference with respect to the classical case is that the
kernel functions of H(€) are not eigenvectors for Ry.

Note that (8.8) is not equal to D + C ® (I — PLA)~® ® B. But, for
r1 = x9 = x3 = 0 we have

S(.’E()) =D + 3%00([ — 3$0A)_1B.

Remark 8.5. Following linear system theory (see [31,60,67,78]) we will call
the representation (8.8) a realization of S. The associated matrix V will be
called the realization matrix or the Rosenbrock matrix. The case where V*
is a matrix can be seen as the definition of rational functions. Unfortunately,
the C'K-product of two such functions will not be rational in this sense. The
next section deals with an important example of rational functions.
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8.3. Blaschke Functions

Equation (8.8) allows us to give a family of Schur multipliers, which we call
Blaschke functions, namely those corresponding to the operator-matrix (8.6)
to be a unitary matrix. The definition then extends the classical case, also
in the matrix-valued and possibly indefinite case; see [17] for the latter. In
general there will not be ®-multiplicative decompositions of such a Blaschke
“product” into elementary factors, hence the term function rather than prod-
uct.

Proposition 8.6. Let B be H"*"-valued Blaschke function, with correspond-
ing realization matrix V* e HNHIXWN+7) | The corresponding multiplication
operator Mp is an isometry from (Hy(E))" into itself and the corresponding
space H(B) is finite dimensional.

Proof. We first remark that the assumed unitarity is equivalent to the equa-
tions

A*A+C*C = Iy, (8.9)
B*B+D*D = I, (8.10)
D*C + B*A = 0. (8.11)

Let now ng, mg € Ny, and u,v € H". We have, with b,, given by (8.7),

b, = D, .1fn:0, (8.12)
CA"1B, if n > 0,

and so

<M3Pn0u, MBPmOU>2 = <Pn0 ® Bu, Pmo ® B’U>2

oo

= Z <Pn0+nbnu7 Pm0+mbmv>2
n,m=0
53
= Z v b, by

n,m=0
no+n=mo+m

We now compute

oo

> bhbn

n,m=0
no+n=mo+m
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taking into account that the matrix Vis unitary. When ng = mg we have

oo (o)
> bib, =D'D+ > B*A*"C*CA"B
n=0 n=0
=D*D+ ) B*A"(Iy — A"A)A"B
n=0
— D*D + Z B*(A*nAn o A*(n+1)An+1)B
n=0
=D*'D+B*B
= Ir7
where we first used (8.9) and then (8.10).

Assume now ng < mg (the case ng > mg is obtained by symmetry). We
can write:

) [
bm bn = bmbmo —ng+m
n,m=0 m=0

not+n=mo+m

=D CA™ B 4 " B*A*"C*CATA™ 0B

m=1

=D CA™ 0B 4+ " B*A*(Iy — A"A)AT AT
m=1

= D*CA™ "B 4 B*AA™0 "B

= (D*C + B*A)A™ " ™B

=0

in view of (8.11).

We thus have an isometry on the linear span of Fy, Pi,... and on the
whole of (H2(€))" by continuity.

To show the finite dimensionality of the space we restrict © = xg,y =
Yo € (—1/3,1/3). We then have

I, — S(x9)S *
Ks(3x0,3y0) = n _(9(201,?0)

It follows that the linear span of the functions g — Kg(32,3yo)h (h € H"
and yo € (—1/3,1.3) is finite dimensional. By the uniqueness of the axially
hyperholomorphic extension the linear span of the functions x — Kg(x, 3yo)h
is finite dimensional We claim that they span H(S). Indeed, a function
f € H(S) orthogonal to these functions would satisfy f(3yo) = 0 for yog €
(—1/3,1/3). Since f is of axial type we have that f = 0. O

= C(IN — 31‘0A)_1(IN — 3y0A)_1C*.

The above computations show equivalently that:

Corollary 8.7. Let v+ given by (8.6). Then the corresponding Toeplitz oper-
ator defined by the sequence (8.12) is unitary from €y (No,H") into itself.
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More generally, one can take V* to be CN+9)X(N+5)_yalued and co-

isometric. Then (8.9)—(8.11) still hold and the same proof as above leads
to:

Theorem 8.8. Let S(z) =D+ .2 | P,(x)CA" B, where the realization ma-
triz (8.6) is coisometric. Then the corresponding operator Mg is an isometry

from (Hz2(E))® into (Ho(E))".

Remark 8.9. Take Si,...,, Sy tobe N Schur multipliers (say, H-valued) with
associated finite dimensional H(S;) spaces, j = 1,..., N, and let t1,...,tn

to be real numbers such that 22;1 t2 = 1. The function
S(Z‘) = (tlSl(x) e tNSN(.’b))

is a Schur multiplier from (Hy (&))" into Hy(€), and the associated reproduc-
ing kernel space is finite dimensional, but will not be isometrically included
in Ho(€) when N > 1; see [16, p. 71] for the complex setting. The argument
is the same here.

Remark 8.10. In fact the results in the present section still hold when V* s
isometric, but not necessarily a matrix. Then the corresponding multiplier
is called inner. The study of these multipliers will be considered elsewhere.
Similarly, one could assume unitarity with respect to an indefinite metric.
This aspect of the theory will also be treated in a separate publication.

8.4. Rational Functions
We now define rational functions in the present setting. We first recall that
any C™*™-valued rational function, say M (z), with no pole at the origin can
be written in the form

M(z)=H+ 2G(I — 2T)"'F, (8.13)

where H, G, T, F are matrices of appropriate sizes. Expression (8.13) is called
a realization (centered at the origin). See Remark 8.5 above for references.
We also recall the formulas for the product and inverse of rational functions.
Note that, since we consider possibly non-square functions, the sum will be
a special case of the product since

(Mi(2) 1) ( J\é@)) = Mi(2) + My(2)

where M; and My are C"*™-valued.
Assuming in (8.13) that n = m and H invertible, one has the formula

M(z)"'=H'—zH'GUI - 2T*)"'"FH, (8.14)
where T* = T—GH'F, and with M;(z) = H;+2G,;(I—21;)"'F;, j = 1,2,
two rational functions of compatible sizes,
My(2)Ms(2) = H + 2G(I — 2T)"'F,
with H = H{H5 and

T GLT: G
T:(Ol %22>7 G:<H1é2>, F = (FiH; F3). (8.15)
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Definition 8.11. The H"**-valued function R(z) hyperholomorphic of axial
type is called rational if its restriction to the real axis is a rational function
of the real variable, with quaternionic coefficients.

Theorem 8.12. The H"**-valued function R(x) hyperholomorphic of axial
type, and defined at the origin, is rational if and only if xo — R(3xq) can be
written as

R(3z0) = D + 320C(I — 320A) " 'B (8.16)
where A, B, C, B are quaternionic matrices of appropriate sizes.

Equivalently:

Theorem 8.13. The H"**-valued function R(x) hyperholomorphic of axial
type, and defined at the origin, is rational if and only if it can be written
as

R(z) =D+ i P, (z)CA™'B (8.17)
n=0

where A, B, C,B are quaternionic matrices of appropriate sizes.

We will not give the proofs of the above results, which follow easily
from the previous analysis in the paper. One still has the formulas (8.14) and
(8.15) for a real variable xg, but not for the CK-product. So the product
of rational hyperholomorphic functions of axial type is not compatible with
the C'K product. To emphasize this point, we now make the connection with
rational functions of the Fueter variables, as studied in [10,20,23] (see also
[71], and see [18] for the split quaternionic case). There, rational functions
are characterized by the formula (we do not specify the sizes of the various
quaternionic matrices)

R(z) =D+ Co (I — (G1A1 + (As + (3A3) ™ @ ((1B1 + (2Ba + (3B3)
=D+CoI—-C¢A)®6(¢B),

(8.18)
with
Ay B
A=A and B=|Bs|,
As Bs;
and the variable here is
C=(¢¢G).
We look at the special case where
e o e A

A= |ey/ and B=|e#|,
egﬂ eg.@
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where o/ and % are matrices of appropriate sizes and with quaternionic
coefficients. Since Pj(z) = (1(x)e; + (2(z)es + (3(x)es we can then rewrite
(8.18) as

R(z)=D+Co (I - Pi(2)) ® © P (x)5B,

which will not be in general a series in the P, but is a series in the (*. We can
define such elements as the rational functions associated with the polynomials
P,,. Then, things make sense in terms of realizations, with the usual formulas,
but we do not get power series in P,, even when A is nilpotent.

8.5. A Structure Theorem

In the classical, and scalar-valued, setting, Beurling’s theorem asserts that a
closed subspace N of the Hardy space Hy(D) is invariant under multiplica-
tion by the complex variable if and only if it is of the form N = jHy(D),
where j is an inner function. The space M = Hy(D) © N is then isometri-
cally included in Hy (D), backward-shift invariant, and has reproducing kernel
equal to % One motivation for the theory of de Branges—Rovnyak
is to characterize reproducing kernel Hilbert spaces of functions which are
contractively included in Hy(D), and Rp-invariant. Rather than the latter,
one assumes that the inequality

[Rofll3e < 1154 = I£(0)? (8.19)
holds. This inequality implies contractive inclusion in the Hardy space,
feM = feHy(D) and |[[fllam) < I[Ifllm (8.20)

and that in particular the space is a reproducing kernel Hilbert space since

1 1
w)| < —/—— < — , weDb.

Theorem 8.14. Let M be a Hilbert space of functions analytic in the open
unit disk and such that (8.19) holds in M. Then, M is contractively included

inside Hy(D) and there is a (possibly lo-valued) analytic function s such that
the reproducing kernel of N is M
1—-zw

We refer to the notes in [11, p. 206] for some history on Theorem 8.14,
but mention the papers [72]. Guyker characterized the spaces for which the
inclusion is isometric; see [11, p. 187], [64,65]. For an illustration of the con-
tractive inclusion, see Remark 8.9 above.
A general version of Theorem 8.14, in the operator-valued and Pontryagin
space case, has been proved in [11, Theorem 3.1.2, p. 85]. We will present
in a subsequent paper the general version of the result, in the Pontryagin
and operator-valued function case. The purpose of this section is to illustrate
the power of the methods used here on a simple case. Note that (8.21) is a
weakening of (4.10).

Theorem 8.15. Let H be a Hilbert space of H" -valued functions azially hyper-
holomorphic in €, and Ry-invariant and satisfying

IRofl3 < ILf1IF — £(0)" f(0), feH. (8.21)
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Then there exist a right quaternionic Hilbert space C and a L(C,H")-valued
function S hyperholomorphic of axial type such that H = H(S).

Proof. Tt follows from (8.21) that H is contractively included in (Hs (&))",
and that the operator Ry is bounded (another argument, still valid in the
quaternionic Pontryagin space setting would be to prove that Ry is closed,
thanks to the reproducing kernel property, and use the closed graph theo-
rem; see [8, Theorem 5.1.16, p. 74] for the latter). The point evaluation at
the origin, which we will denote by C, is also bounded since the space is con-
tractively included in the Hardy space and its norm is larger than the Hardy
space norm. We can thus rewrite (8.21) as

RiRy+C*C < I.

Since the adjoint of a contraction between Hilbert space is still a contraction

we have
Ro\ [(Ro\"
- (&) (€) 20

and we can factorize the quaternionic positive operator via a right quater-
nionic Hilbert space C as

e (5) () - ()3

() v

with

The operator matrix

(RO B

CD) t HeC — HoOH

is co-isometric, and the L(C, H")-valued function S defined by
S(x) =D+ Y P°"(x)CR;B
n=1

is a Schur multiplier. To conclude we show that H = H(.S). From the defini-
tion of S we have for xg,yo € (—1/3,1/3)

KS(?)J)(), 3y0) = C(I - 3$0R0)_1(I - 3y0R0)_*C*.
We have

Ks(3x0,3y0) — 3x0Ks(370,3Y0)3y0 = I — S(320)S(3y0)"

and the result follows from axially hyperholomorphic extension on the left
with respect to  and on the right with respect to y. 0
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9. Spaces L(®P)

We now consider the counterpart of £(®) spaces, see (1.2), in the present set-
ting, and first briefly review the classical case. Functions analytic in the open
unit disk and with a positive real part there will be called here Herglotz func-
tions (they are called Carathéodory functions in Akhiezer’s book [5, p. 116]).
An Herglotz function, say ®, is characterized by an integral representation of
the form

e”—i—z

d(z) = im+/

0m] T Zdo(t) (9.1)
where m € R, o is an increasing function, and (9.1) is a Stieltjes integral.
They play an important role in the trigonometric moment problem, operators
models for isometric and unitary operators in Hilbert spaces and in the the-
ory of dissipative discrete systems, and have been extended to various more
general frameworks; see e.g. [1,27,29,30,68,69,73].

In a way similar to Theorem 2.21, consider a function ® defined in a real
neighborhood (—e¢, €) of the origin and such that the kernel

®(a) + @(b)
2(1 — ab)
is positive definite there. Then it is the restriction to (—e,€) of a uniquely
defined Herglotz function, and the corresponding kernel

D(z) + (w)

2(1 — zw)
is positive definite in the open unit disk. The factor 2 in the kernels is to get
nicer realization formulas (such as (9.2)) and follows basically from the Cayley

Lo(z,w) =

—z
s which maps Herglotz functions into Schur functions.
z

The corresponding reproducing kernel Hilbert space and its applications
to operator models was first characterized and studied by de Branges; see
[41,45]. Tt is important to note that a Herglotz function need not be bounded,
and hence need not be a multiplier of the Hardy space.

Using the reproducing kernel space L(®) associated with Lg (or directly
from (9.1)), one can characterize Herglotz functions in terms of a realization
of the form

transform z —

®(2) =ia+ C(I+2V)(I —2V)tC*, (9.2)

where V' is coisometric in some Hilbert space, and C* is a continuous map
from the coefficient space (the complex numbers when the functions are
scalar) into that Hilbert space. Note that (9.2) can be rewritten as

O(z) =ia+CC*+2) "CV"C*, zeD. (9.3)
n=1
In this section we study the counterpart of the kernel Lg in our setting,
and give the counterpart of the expansion (9.3), and study connections with
Toeplitz operators. In the following definition (and also in Sect. 12 below) we
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use the term multiplier although the operator of C'K-multiplication by the
given function need not be bounded in the Hardy space.

Definition 9.1. A H"*"-valued axially hyperholomorphic function ® is called
a Herglotz multiplier if the kernel

oo

Y (Pu©@)(@)Puly)” + Pala)(Pa @ ®)(y))"  (9:4)

n=0

Lfb(‘r7y) -

N | —

is positive definite in £.

When the operator of C'K-multiplication by @ is bounded in the Hardy
space (H2(&))", we can replace (9.4) by the condition (see Remark 4.18)

Mg + M;
p def % > 0. (9.5)
Proposition 9.2. We note the following property of I':
1
Mp, TMp, = 3 {Ms(I-C*C)+ (I —-C*C)M3}. (9.6)
Proof. Using the fundamental equality (4.10), we can write
s (532 1
1 * 1 * *
= 5 Mo Mp, Mp, + 5 Mp, Mj, M;,
1 1
= §M¢(I —C*C) + 5([ —C*C)M}.
O

We make now some remarks on the above kernel. It seems difficult to
find a direct counterpart of (9.2) [in view of (2.24)], let alone of (9.1). As for
the case of Schur multiplier, we look for a characterization of the coefficients
of ® in its expansion along the P,. When =z = zy and y = yg belong to
(—1/3,1/3) the kernel Lg becomes

®(370) + (3yo)*
1 —9z0y0 .

L (370, 3y0) = (9.7)

As for the case of Schur multipliers, this restriction is enough to get back the
kernel Lg in view of the axial symmetry of the functions.

Definition 9.3. We denote by £(®) the reproducing kernel Hilbert space of
axially hyperholomorphic functions with reproducing kernel (9.4).

The Hilbert space £(®) is the completion of the linear span of functions
of the form Lg(z,y)p, p € H", thus it consists of hyperholomorphic functions
of axial type.
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Theorem 9.4. Let ®(z) = " P, (x)®,, be an azially hyperholomophic func-
tion in E. Then ® is a Herglotz multiplier if and only if the coefficients ®,,
can be written as

ccr =0
= { ) = (9.8)

VIO, n=1,2,...

where V' is an isometry in a Hilbert space, say $, and C' is a continuous map
from $ into H".

Proof. We first prove the sufficiency. We have for a € (—1,1)

O(a) = CC* 423 a"CVICT = O+ aV*)(I — aV*) O™,
n=1
Thus, for a,b € (—1,1),
a(a) + 20"
2(1 — ab)

and thus the corresponding function (9.7) is positive definite in (—1/3,1/3),
and we get the result by hyperholomorphic extension on the left with respect
to x and on the right with respect to y since the functions are assumed axially
hyperholomorphic.

We now turn to the proof of the direct statement, and divide the proof in
a number of steps. We follow [25, Proof of Theorem 5.2, p. 708]. We write
Py (3yo) rather than 3yy to emphasize the axially symmetric hypercomplex
extension to be used. At the end of section alternative steps 1 and 2 are given
when Mg is bounded.

STEP 1: The linear relation (see Definition 3.1) of L(®) x L(®) defined by
the span of the functions

(L¢(~,3y0)P1(3y0)q7 (L¢(~,3y0) - L‘I’('7 0))Q) y Yo € (_1/37 1/3)’ g€ H",
(9.9)

=C(I —aV*) NI —bV*)*C*

is densely defined and isometric.
Let F be orthogonal to the domain of the relation, then Py (3yo)F (3yo) =
0 and so F' is identically equal to 0 by axially hypercomplex extension.
Next, we need to show that, for xg,yo, € (—1/3,1/3) and p,q € H", we
have:

(Lo (-, 3y0) P1(3Y0)q, La (-, 3x0) P1(370)p) £(a)
= ((La(3y0) — La(-,0))q, (La (-, 3x0)
— La(+,0))p) c(@)-
This amounts to check that

P1 (3%0)Lq>(3$0, 3y0)P1 (3y0) = Lq> (3&70, 3y0) — L<1> (3300, 0) — L<1> (07 Syo) + Lq> (0, O)
but this is a direct consequence of the definition of Lg since

®(320) + P(3yo)*

Ls (3$0, 0) + Lo (0, 3y0) — Lg (0, O) = 9
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and

——— ®(3z) + ®(3yo)*
Lq>(3-’150,3y0) _Pl(ng)Lq)(Q,xo,3y0)P1(3y0) = ( 0) 5 ( yO) .

There is thus an everywhere defined isometric operator such that, for ¢ € H"

14 (L<I>('73y0)me) = (Lo (-, 3y0) — Lo (-,0))g, yo € (=1/3,1/3).
STEP 2: We have
V* = Ry.
On the one hand
(V*F, (La(:,3y0) P1(390))9)) (@) = (F, (L(-,3y0) — L(-,0))q) £(a)
= ¢"(F(3yo) — F(0))
and on the other hand

(V*F, (La (-, 3y0) P1(3¥0)9)) (@) = (F (La (-, 3y0) P1(3Y0))q)) £(@)
=q"P1(3y0)(V*F)(3y0).
Hence,
P1(3y0)(V*F)(3yo) = F(3yo) — F(0),

and hence the result by axially hypercomplex extension.
STEP 3: Let C denote the evaluation at the origin in £(®). It holds that

(C7q)(x) = La(2,0)q = (®(x) + 2(0)")q, qeH"
We have, with p,q € H",

(C%q, Lo (- x)p) (o) = (a, L0, 2)p)u- = %((@(0) +®(z)")p)"q,

and hence the result.
STEP 4: We prove (9.8).
With ¢ € H" we write
®(z)q = (2(z) + 2(0)")g — 2(0)"q
=2(C"q)(z) — 2(0)"q

=2 CV*™"C*q—2(0)*q
n=0
=CC*+2) CV™C*q+CC* - 2(0)*q
n=1
ot oSN e 200) = 2(0)
=CC" +2) CV"Clq+ ————q

n=1
®(0) + ®(0)*
—
Corollary 9.5. Let ® be a Herglotz multiplier. The space L(®P) is Ry invariant.

since CC* = O

As for Schur multiplier one has:
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Theorem 9.6. A space L(®) is finite dimensional if and only if the operator
V' can be chosen to act in a finite dimensional space (and hence is unitary).

In terms of Toeplitz matrices we have:

Theorem 9.7. ® is a H"*"-valued bounded Herglotz multiplier if and only if
the infinite block matriz (®p_p), —o (With ®_,, = ®% ) defines a bounded
positive operator.

Proof. Let @ be such that the kernel Lg is positive definite in £ (at this stage
we do not assume yet that the associated operator Mg is bounded). Then,
setting x1 = x92 = x3 = 0 and applying the map y we see that the kernel

X(®)(3z0) + (x(®)(3y0))"
1 —9zoyo
is positive definite in (—1/3,1/3). Setting a = 3z¢ and b = 3y, and with
w(a) = x(P)(3zp) we see that the kernel
pla) + (b))
1—ab

is positive definite on (—1,1). Thus it extends to a positive definite function
to the open unit disk, and the extended ¢ has a positive real part there. The
block Toeplitz matrices

N
(X((I)n*m))n,mzo )
with &_,, = &=

»., are thus non-negative. If Mg is bounded, the infinite

Toeplitz matrix (X(q)n—m));l“im:o defines a bounded positive operator, and

so does (®,,_,,)>" _, by Proposition 2.2.

n,m=0

Conversely, if (®,,_,)>" defines a bounded positive operator, the function

n,m=0

I,

(I Pi(z) ) (@) I Py (y)

n,m=0

is positive definite. It can be rewritten as the kernel Lg. Indeed

(I Pe(@)Le ) (Rrem) o Irlg:(y) = i Po(2)® P (y)
: nom=0
while
Lo(z,y) = 2 (i)Pn+m(x)¢m> Po(y) + Pr(2) (i)@in,w>
=33 PP

with ®_,, = @), for m=0,1,.... 0
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We conclude with a computation of the linear relation associated to ®
when Mg is a bounded operator. The computations are longer, but avoid
axially symmetric extensions. The relation (9.9) becomes:

ZF(MEkS(',aj)qy%Zch(waj)Qj*L<1>('70) qu' , (9.10)

where u1,v1... € £ and p1,q1,... € H".

NEW STEP 1: The linear relation spanned by the elements (9.10) is iso-
metric and densely defined, and hence extends to the graph of an everywhere
defined isometry.

To prove this claim, we let f = > ke(-,u;)q; and g = >, ke (-, ve)pe.
Using (9.6) we can write:

(D(Mp, f),T(Mp,9)) (2) = (Mp, f,T(Mp, 9))2
= (f, Mp,T'(Mp, g))2

= S (Ma(I = C"C) + (I = C"C) M )ga
= (f,Tg) — 5 (CM3g)" Cf — 5 (Cg)* OM; f

= ;pz[’@(vauj)qj - % (; ‘P(W)*PZ) <ZJ: qy’)
- % (Zw) (Z @(uj)*qj>
¢ 7

J

There is thus an everywhere defined isometric operator such that
V(FMI*leE(vu)Q) = L@('au)quCP('aO)(b ue€ék.
NEW STEP 2: We have

V* = Ro.
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Indeed, let V*F = v/T'f. On the one hand,
(V*ENT (Mp ke (-u) @) ey = (VI f, Mp ke (-, u)q)2
= (Mp, V*F ke (-, u)q)2
=q"(PL © VF)(u).
On the other hand,
(V*F,VT (Mp, ke (- 0) ) oy = (F.V (VT (Mp, ke (1) q))ecay
= <Fa LCI’(" u)q - L@('a O)Q>C(<I>)
= q"(F(u) — F(0)).

Hence, using the formulas (7.4)—(7.5) for the operator range inner product,
we have

(P, © V*F)(u) = F(u) — F(0).

10. The Half-Space Case

We first recall that the classical Hardy space of the open right half-plane
C, is the reproducing kernel Hilbert space with reproducing kernel equal to

——— (the factor 27 appears because of Cauchy’s formula), and can be
27(z + W)
characterized as the space of power series of the form

b(z) = i (=2, (10.1)

n+1-M
n=0 (1 + Z)

where the complex numbers b, satisfy > - |b,|? < oo; see for instance
[66]. We will denote this space by Ha(C,). The purpose of this section is
to define and begin a study of the counterpart of the space Ho(C,.) in the
present setting. A more detailed analysis will be presented in a sequel to the
present work. We give three equivalent characterizations of the new space,
respectively in terms of a reproducing kernel, restriction to the positive real
axis and series expansion analogous to (10.1). We first define what will be
the counterpart of C,.. To that purpose, consider the function w(z) defined
n (1.3); it has for (unique) CK-extension

Wi) = (1— Pi(2)) © (1 + Pi(x))°. (10.2)

This function is intrinsic hyperholomorphic of axial type by Remark 2.14, in
fact in a neighborhood of the origin we can write it as

Wl( ) 1 — P1 Z = Z(_l)npl(x)Gn

+ Z n+1P ®n+1

=14+2) (-
n=1
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We define W, (z) = W"(z) and we set

Kw(z,y) =Y Wa(z)Wa(y).
n=0

Note that W,,(0) = 1 and also that W,,(x) is hyperholomorphic of axial type,
being a finite C K-product of intrinsic series in Pj(x). On the other hand for
r1 =x9 =23 =0 and zg > 0,

1-— 31’0
1+ 31‘0

Using the arguments in Lemma 2.3 we can prove the following:

W) = |

Lemma 10.1. The series

D W) (10.3)

n=0
converges in a neighborhood of x = 1/3.
Proof. The function Wi (z) is hyperholomorphic by its definition. Since we
have W;(1/3) = 0 we consider the variable & = z— 3 The composed function
Wi(1/3 + &) = Wy(&) is still hyperholomorphic, W;(0) = 0 and we can
consider its expansion at the origin

Wi(@) = > (#)" fa

aENg
a#(0,0,0)

By Lemma 2.3 we have that for any p > 0 there exists ¢ > 0 such that for
56%—&—53? <€, j=1,2,3, one has

\ (m@)”"

Since W) = Wo(1/342) = (Wi(1/3+z))®" = (W (£)©" we deduce that
(W (Z)| < p" for £+ 23 <€, j = 1,2,3. Thus, for any 0 < p < 1 there exists
e > 0 such that

< p", n=12....

Do IWa(@)? <) P

n=0 n=0
for (xg —1/3)* + 27 < ¢, j =1,2,3 and the statement follows. O
Definition 10.2. We denote by P the subset of H for which the series

oo
S (Wa(a)? (104
n=0
converges.
The set P is nonempty as the previous lemma shows, moreover we have:

Proposition 10.3. The P contains all the points of the positive real awis RT
and for any To € RY there ewists a neighborhood of To in which the series
converges.
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Proof. Let us consider a point Zg € R, then Wy (%) = w; € R with |wq| < 1.
Let & = x — 2o and set W1 (Z + Zo) = Wy (&). Since W1(0) = wy we write
Wl(x) = wy + Wy (z) with Wy (0) = 0. Let us set W, (&) = (W, (Z))®" then

W) = (11(0)°" = (o + (@) = 3 (1) (@),
so that

|<§j()ma )l

The proof of Lemma 10.1 shows that for any 0 < p < 1 there exists € > 0 such
that [W(Z)[* < pF for (x—Zo)? 423 <€, j = 1,2,3. Setting n = 1—|w;| > 0,
we take p =1/2 so that we have

(W (2)| < (lwi] +p)" = (1 —n/2)"
and |W,(z)|? < (1 —n/2)" in a neighborhood of #g. The assertion follows.
(]

As in Sect. 2, Ky (z,y) solves the Eq. (8.1), with W; replacing Py,
namely

Kw(z,y) = Wi(z) © Kw(z,y) ©r Wi(y) = 1. (10.5)
We set (note that we do not put a factor 27):
Kp(z,y) = (1+ Pi(2))”? © Kw(z,y) O (1+ Pi(y))"°". (10.6)

Theorem 10.4. The kernel Kp(x,y) is positive definite in P and is the unique
solution of the Lyapunov equation

2(Pi(z) © Kp(z,y) + Kp(z,y) ©Or P1(y) = 1. (10.7)
Proof. The first claim follows from the formula
Kp(z,y) =Y (1+ Pi(x))"© @ Wa(2) (1+ Pi(y)" ©p Waly))®
n=0

(10.8)

where we have used Proposition 2.20 relating the left and right C'K-products.
We have from (10.6)

Kw(w,y) = (1+ Pi(2) © Kp(w,0) 0, 0+ Bi@). (109)
Moreover, we have
(14 Pi() © (1 - Pi(2) © (1+ P(2))® = (1 - Py(x)).  (10.10)
Using these equations we rewrite (10.5) as
(14 Py(2)) ® Kp(x,y) ® (1 + Pi(y))
(- P() o Kp(my) o A+ P =1 (10.11)
from which we get (10.7). O
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We denote by Ha(P) the reproducing kernel Hilbert space with repro-
ducing kernel equal to Kp(z,y). We also note that (10.7) and (10.11) are
equivalent, but (10.11) is better adapted to use the lurking isometry method
or the linear relation method, when one considers multipliers (see Sect. 11).
The counterpart of the expansion (10.1) is presented in the following theorem.

Theorem 10.5. The reproducing kernel Hilbert space associated with the ker-
nel Kp(x,y) consists of the power series

Z (14 Pi(2))"© 0 Wy(z) fn, (10.12)

where the coefficients f, are in H and satisfy > oo |fol? < 0o. The latter is
then the square of the norm of f.

Proof. This follows from (10.8). O

We now turn to the characterization of Hy(P) in terms of restrictions
to the real positive axis.

Theorem 10.6. f € Hy(P) if and only if xo — x(f(3zg)) is the restriction
to xo > 0 of an element in (Hy(C,))>**. The map which to f € Hy(P)
associates the map xo — /7x(f(x0)) is then unitary.

Proof. Setting 1 = x5 = x5 = 0 we get

(oo}

(1 — 3p)"
f(xo) Z (1 + 3.’1:0)n+1 .fn
Applying the map x and comparing with (10.1) we get the statement. The
function is uniquely determined since (0, 00) is a zero set. The converse follows
(1 — 31‘0)“
(1 + 3{E0)n+1
phic extension the function (1 + Pi(z))~® ® W, (z) (which is evidently of
axial type), being the C'K-product of series in P (z). O

from the fact that zy — has as unique axially hyperholomor-

11. Schur Multipliers in the Half-Plane Setting

In the classical case of the complex numbers, a C"™*"-valued function is con-
tractive in C, if and only if the kernel

I, — s(z)s(w)*

z+w

is positive definite in C,.. More generally, if a function s is defined in a zero set,
say Z, of the open right half-plane and the kernel (11.1) is positive definite on
Z, then s is the restriction to Z of a uniquely defined function analytic and
contractive in C,. This can be seen from the disk case (see Theorem 2.21)
using a Cayley transform. In the present section we study the counterpart
of the Schur multipliers for the space Ho(P), and characterize them in three
equivalent ways:

(11.1)

(1) In terms of a positive definite kernel.
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(2) In terms of an appropriately defined multiplication operator.
(3) In terms of a realization.

Definition 11.1. A H"*"-valued S function is called a Schur multiplier if there
is a kernel Kg(z,y) positive definite in P, left-hyperholomophic in = and
right-hyperholomorphic in y, and such that

2(Pl(x) © Ks(a?,y)

+Kgs(z,y) ©r Pi(y)) = I, — S(x)S(y)*, =x,y€P. (11.2)

We will get a description of all such multipliers in terms of a realization,
but already mention a very easy example, namely S(z) = Wi (z). Then, with

Ks(z,y) = (1+ Pi(z) 91+ Pi(y)"©"

we have

2(P(z) ® Kg(x,y) + Ks(z,y) @ P1(y)) =1 —Wi(2)Wi(y), =x,y€P.

In view of the lurking isometry method, it is better to write (11.2) as

(1+ Pi(z) © Ks(z,y) ©r (1 + P1(y))
— (1= Pi(z)) © Ks(z,y) © (1 - P1(y)) (11.3)
=1, — S(z)S(y)"

or as

(14 A@) 0 Ks(p) ©, A+ PG +5@SW°
= (1 - Pi(2)) © Ks(a,y) @, (1 — Pi(y)) + L. :

Theorem 11.2. The H"**-valued function S is a Schur multiplier if and only
if there exist a Hilbert space H and a co-isometry

AC
(49) 119
such that
1— 3z 1—320 \ *
-D I— Al B ~1/3.1
S(300) =D+ om0 (1= 40 A) B a0 (-1/3.1/3)

(11.6)
with unique hyperholomorphic extension (of axial type) to P given by

S(x) = D—i—iWn(gﬂ)CA”B. (11.7)
n=0

Proof. Write
Ks(z,y) = X(x)X(y)*

where X is operator-valued and hyperholomorphic of axial type (for instance,
via the associated reproducing kernel Hilbert space; one takes X () to be the
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point evaluation at x). We get the isometric relation (the lurking isometry)
spanned by the pairs

((X(?)yo)*(l - P1(3yo))h> 7 (X(3yo)*(1 +Pl(3yo))h>>

h S(3yo)*h
with yo € (—1/3,1/3) and h € H*. Write the isometry as
(é g:) . (11.8)
We get
ﬂA*X(yo)*h‘F C*h = X(yo)*h

1 + 3y0 1 + 3y0
(1 —3yo)B*h + V2D*h = S(y0)*h

Hence,

—1
1—3y0 1—3y0
S(3y0)* = D* + B (1- A*)
(3%0) 1+ 3y0 ( 1+ 30 )

and hence the result, since W, (x) is the unique hyperholomorphic extension

of axial type. O

In the complex setting case, a function, say s, analytic and contractive
in C, does not need belong to H?(C,), but z ~— s(2)/(1 + z) does belong
to H2(C,). Here, at least in the present analysis, we need a supplementary
condition to get the counterpart of this result. We have (the notion of spectral
radius is defined for a quaternionic operator A as in the classical case by the
formula p(A) = limsup,, . ||A™[|*/™):

Corollary 11.3. In the notation of Theorem 11.2, assume p(A) < 1. Then,
the entries of the function (1 + Pi(x))~® @ S(x) belong to Hay(P).
Proof. This follows from the fact that

[CA"B| < [[Cll- Bl - A",

o0

and the series ) ", ||A"™]| converges since p(A) < 1. O

Theorem 11.4. S is a Schur multiplier if and only if the operator defined by
Msf =2 (14 Pi(z)) (Wn© 9)(@)fn
n=0

is a contraction from Ha(P) into itself, and Kg is given by

Ks(z,y) = (1+ Pi(z)) 0

® (Z Wa(2)Waly) = D (Wy © 8) (@) (W, & 5)(y)>
n=0

n=0

O (14 Pi(y))"r.
(11.9)



IEOT Polyanalytic approach to de Branges—Rovnyak spaces Page 55 of 63 38

Proof. We consider the scalar case to ease the notation and first remark that,
if S is a Schur multiplier we have

1 — 5(320)S(3y0)

3(zo + vo)
with axially hyperholomorphic extension (11.9), and the positivity of (11.9)
expresses that the operator Mg is a contraction. The converse is proved by

defining a contractive relation from the positivity of the kernel, and show
that the relation extends to the graph of Mg. O

Ks(3z0,3y0) =

As in the & setting, the case where the isometry in the above realizations
is unitary in a finite dimensional space corresponds to finite dimensional H(.S)
spaces isometrically included in the Hardy space (H2(P))". When the space
has dimension 1 the function S is the counterpart of a Blaschke factor of the
half-plane.

Theorem 11.5. The space H(S) is finite dimensional if and only if the space $)
can be chosen finite dimensional. When r = s, the space H(S) is isometrically

included inside (Ha(P))".
AB
CD

the matrix of the underlying unitary map. We have:
Mg ((1+ Py(z)”% © Wy (z)h)

Proof. We set

=1+ Py(2))"© © Wi(2)Dh + > (1 + Py(2))"© © Wpypn () CA"Bh.
n=0
The same computations as in the proof of Proposition 8.6 show that
(Ms (1+ Pi(2))"® © Wi h(x)) , Ms (1+ Pi(2))~° © Wy (a)k))
= Y Kk*'B*A*"AC*C"Bh

n,m=0
nit+n=nz+m

=0pmk™h, h,keH’
and this allows to end the proof. O

12. Carathéodory Multipliers in the Half-Plane Setting

A function ® analytic and with a positive real part in the open right-half plane
is called a Carathéodory function, and is characterized by the positivity of
the kernel

D(z) + O(w)
zZ+w
in C,.. As for Herglotz functions, a Carathéodory function need not be a
multiplier of the Hardy space Hy(C,). We now introduce the counterpart
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of this class of functions in the present setting. As in Sect. 9 we use the
term multiplier (rather than, for instance pseudo-multiplier) although the
C K-multiplication by the function ® is not assumed bounded.

Definition 12.1. An H"*"-valued function ® is called a Carathéodory pseudo-
multiplier if there is a kernel Kg(z,y) positive definite in P, left-hyper-
holomophic in z and right-hyperholomorphic in y, and such that

2(Pi(z) © Ko (z,y) + Ko (z,y) Or P1(y)) = ®(2) + 2(y)".  (12.1)

A first example is given by ®(z) = aP;(z) with @ > 0 and Kg(z,y) =
a/2. It follows from the definition that a sum of Carathéodory multipliers is
a Carathéodory multiplier, and so is ®~© and a® with a > 0. Therefore, any
sum of the form

N
O(x) = apPr(x) + D bu(an + Pi(x)) "
n=1
is a Carathéodory multiplier for every choice of ag > 0, ay,...,ay > 0 and

by, ... by > 0.
It is more convenient to rewrite (12.1) as

(14 Pi(x)) © Ka(z,y) ©r (1+ Pi(y)) — (1 = Pi(2)) © Ka(z,y) © (1 — Pi(y)
= (I + (@) (Ir + ®(y)") — (Ir — @(x))(Ir — D(y)").
(12.2)

Theorem 12.2. ® is a Carathéodory multiplier if and only if it can be written
as

®(3y0) = (I, — S(3y0)) (I + S(3y0)) ™ (12.3)
with S as in (11.6).
Proof. Write
Ko(z,y) = X(2)X (y)*

where X (z) is the point evaluation in the reproducing kernel Hilbert space
with reproducing kernel K. We get the isometric relation (the lurking isom-
etry) defined by the right linear span of the pairs

((X(Syo)*(l — P1(3yo))h> (X(3yo)*(1 + P1(3yo))h))
(Ir +@Byo))h )7\ (I — (3yo)")h ’
with yo € (—=1/3,1/3) and h € H". Furthermore, with the same notation as
(11.8),
1-— 3y0
1+ 3yo 1+ 3yo
(1 = 3yo)B* X" (3y0)h + D* (I, + ©(3y0)")h = (I — ®(3y0)")h,

and hence

A*X(3y0)*h +

C*(Ir + q)(?)y())*)h = X*(?)yo)h,

-1
1—3yo 1—3yo

I, — ®3y0)" )h — D* (I, + ®(3 *h= B*|I—- A*

( (3y0)") (£ + ©(3y0)) 15 300 ( 15 300 )

x C*(I, + ®(3yo))"h,
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so that, with S(3yo) as in the previous theorem,
» = P®(3y0)" = S(3y0)"(Lr + 2(3y0)")
and hence the result. O

Here too, the space £(®) will be finite dimensional if and only if the
space $) can be chosen finite dimensional.

13. A Table

We conclude this paper with a table comparing the slice hyperholomorphic
case, the case of Fueter variables and the present setting.

Slice setting

Appell setting

General CK-setting

(but does not hold in @,, setting)

variable peH Pi(z) = CK(z1€1 + z2es + x3e3) | ((z) =
= Gi(z)er + G(x)er + (3(x)es = ((1(95) Go() C:x(JC))
“unit disk” 2} +at+ad+ai<l 923+t +ad+a23<1 3ad+at+ad+ai<1
product *-product C K-product C K-product
properties stays inside the space outside the space stays inside the space
Not a power series in P,
(I-pA)—™= (I-PA)—® (I—cA)©=
inverse
=3 AT outside the space = ZaeNo ‘Z:‘CO‘A“
Not a power series in P,
Hardy or k’y(a:) =
n—1 o) 7 N 1
Drury-Arveson | k(p,q) = 3,2, p"q" Sonto Pal@) Pa(y) =Y oens S @) W)
reproducing kernel
structural identity I — MyM; = c*C I— Mp My = c*C I— ]W(MZ =C*C

multiplication Cauchy product on Mg (Zn o Prin) = &-multiplication
operator coefficients =3 (P, © S)u,
adjoint of
multiplication Mik(p,q) = Mg (Zj’f o PP (a)u) = Mgk, (z) =
P = () al! (&3
operator =¥, pS(e)g" =Yoo Pu(Pu 0 S)(a)u = Taeny ¢ (@)-
(8o )

backward shift
operator

kernel eigenvector

kernel not eigenvector

kernel common
eigenvector of the shifts

rational functions

ring

group

ring
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Remark 13.1. For the formulas for the adjoint operator, see e.g. [7, (3.9), p. 160]
for the slice hyperholomorphic case and [24, Proposition 2.2. p. 34] for the
Fueter series setting.
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