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Abstract

This work is concerned with fundamental aspects of functions of several
non-commutative (NC) variables, where the inputs are d-tuples of square matrices
of the same but arbitrary sizes. We provide an introduction to NC function theory
and discuss analytic properties of these functions in Chapters 1 and 2, following the
work of Kaliuzhnyi-Verbovetskyi and Vinnikov [11]. In particular, we present the Tay-
lor-Taylor formula, named after Brook Taylor, who established the classical Taylor se-
ries for commutative variables, and Joseph L. Taylor, who extended it to functions of
several NC variables, thereby laying the foundation of NC function theory [23]. These
Taylor-Taylor (TT) series take the form of power series in multilinear maps, captur-
ing the analytic structure of NC functions. As shown by K.-Verbovetskyi and Vinnikov,
one can find sufficient conditions (known as the Lost-Abbey conditions) under which a

power series of multilinear maps defines an NC function.

Building on this foundation, we focus on the realization theory of more general NC
functions. As shown in [1], analytic NC functions whose domains include the origin
(that is, the zero d-tuple (0,...,0) of matrices), have operator realizations, meaning
that they can be entirely described by a simple rational expression involving finitely
many operators acting between Hilbert spaces. Moreover, the realization is unique up
to a type of isomorphism, provided that certain minimality conditions are satisfied.
Even if the realization is not minimal, one can apply the Kalman decomposition, which
constructs a minimal realization for a given NC function from any realization by com-

pressing the original realizations to a certain semi-invariant subspace.

A question that naturally arises is whether it would be feasible to extend the results
explained above to the case where the realizations are “centred” around a non-zero
d-tuple of matrices, Y, as was done by Porat and Vinnikov in [18, 19], for NC rational
functions. Their result showed that matrix-centre realization of NC rational functions
are necessarily finite dimensional. By considering general, infinite-dimensional matrix-

centre realizations we extend the matrix-centre realization theory to a much broader
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class of analytic NC functions. In addition to this, we prove that if a minimal realiza-
tion around any matrix centre, Y, is translated to another realization about a different

matrix-centre, X, then the minimality property is preserved by this operation.

Together, these results provide a better understanding of analytic NC functions and
further extend realization theory. In particular, we prove that any uniformly analytic NC

function admits a matrix-centre realization about an arbitrary point in its domain [13].
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Chapter 1

Introduction to Non-commutative

Function Theory

In this chapter, we introduce some basic definitions, terminology and notations. First,
we review the classical notion of realization and briefly explain how non-commutative
systems motivate the study of realizations in the non-commutative case. Then, in
Sections (1.1) and (1.2) we provide the formal definition of non-commutative sets,
non-commutative functions and their properties. The rest of the chapter explains the
difference-differential operators and studies analytic properties of non-commutative

functions.

Let us first consider the classical discrete-time, i/0/s (input/ output/ state) linear

system ¥ of the following form:

v xz(n+1) = Az(n) + Bu(n)

y(n) = Cz(n)+ Du(n)

Here, z(n) is the state of the system, which takes values in H. The input u(n) takes
the values in input space U, and y(n) is the output at time n taking values in output

space Y. All of the spaces H, U and Y are complex finite-dimensional vector spaces.



The connection matrix (or impulse-response matrix) of the system X is defined as:

A B H H
U= : — ,
C D u u

such A € B(H), B € B(U,H), C € B(H,U) and D € B(U) (they are bounded linear
operators from one vector space to another). If we start at an initial value x(0) at time
0 and feed this to the linear system 3, we can construct the following formulas for the

input and output of the system at time n:

n—1
(n) = A"z(0) + Y A" Bu(k)
k=0
n—1
y(n) = CA"z(0) + > CA" 1 Bu(k) + Du(n) (1.1)
k=0

Next, we need to briefly define the Z-transform. This the main tool to convert a
discrete-time signal into a frequency-domain. In other words, instead of time, we want
to see how the input and output is distributed within different frequency bands. The

unilateral Z-transform is defined by:

0
Ty E T2,
n=0

in which {z,,},7 is the underlying sequence (typically a discrete-time signal) and z is
a complex variable. Applying the unilateral Z-transform to the Equations (1.1) we get

the frequency-domain formulas:

#(z) = (I — zA)712(0) + 2(I — zA) "1 Ba(2),

§(z) = C(I — 2zA) " 12(0) + Ty (2)a(2), (1.2)



where,

Ts(z) =D+ 20(I — zA)"'B (1.3)

is a rational function. For each z in a ball of radius ||A||~! around the origin (|z| <
|A||~1), the geometric series (I — 2A)~! = 37%°,(2A)" converges in matrix norm,
for each value of z € C such that (I — zA)~! exists and Tx(z) € B(U,Y) is a finite-
dimensional transformation with rational entries in z. We call this function a transfer

function of the system 3.

Given the linear system above one can ask a natural question of whether an arbitrary
state h € HH is achievable if we initialize the system with the state 2(0) = 0 and feed the

system with a series of inputs {u(k)}évzo (for N > 0).

As noticed above, Ty, can encode the necessary information about an input-output
system. It can reveal the relation between the input and output of the system and
also reveals the internal state of that system. One example, which is of particular
interest, is when the input-state-output spaces are vector spaces consisting of matrices
and instead of the variable z, we have multiple variables. We note that 7%(z) is a
rational function in z. Here, by rational function in single-variable z, we mean a

p(2)

function of the form r(z) = o)’ for univariate polynomials p,q € C[z]. Later, we
q(z

will prove that any such function has a finite-dimensional realization (A, B,C, D) €

C*" x C" x C1*™ x C. Conversely, one can prove that 7% (z) in Equation (1.3), is

rational by computing (I — zA)~! via Schur complements.

To obtain a rational function in d variables, we replace » with commuting variables
21,...,2q4 and replace A € C"*™ with Ay, ..., A, a d-tuple of matrices in C"*" and B

with By,..., B; € C"™. More accurately, we apply the following maps to the system:

2Ar— 21A1 + -+ 244,

2B v 21B1 + -+ 248y



There exist some occasions in system theory where the evolution of the underlying
system is along a free monoid (defined in the following sections) rather than N U {0}.

In this case, the non-commutativity of variables becomes a necessity. To get a non-

commutative rational expression we replace zy, ..., z; with d formal non-commutative
(NC) variables 31, ..., 34- In this case, we have:
d . d
Ts(315---534) :D—FC(I—Z")]’A]’) Zngj. (1.4)
j=1 j=1

Choosing U = C, we obtain A € C"*" @ C1*4 B e C?®C" C e C*"and D € C.
We can also view this as a function on d-tuple Z = (71, ..., Z4) such that Z; € C"™*™

and m € N by replacing:

5]Bj >—>Zj®B',

so that the transfer function (1.4) turns into:

d ,.d

Te(Z1,. ... Zg) = Dl + Im @ C(Jm -3 7@ Aj> N Zj@B;, (1.5
cCmxm j=1 j=1

for (Z1,....%Z;) € Cmxm)d that are chosen such that the inverse

<[m ® Iy — Z;Z:l Z; ® Aj) exists. This is an example of a non-commutative (NC)
rational function which means roughly, that it is obtained by applying the operations,
+, —, %, and (-)~! to the free algebra of all complex polynomials in d NC variables
31, ,34- The technical definition and the proof of why this is in fact an NC rational
function can be found in Chapter 3. In particular, Equations (1.4) is an NC rational

function if and only if

(A,B,C,D) € (C(mxm) ® clxd) x ((Cm ® Cd> x C1¥m 5
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in which m € N is finite. The quadruple (A, B, C, D) is called the Fornasini-Marchesini

(FM) realization. In this thesis, we consider more general realizations,
(A,B,C,D) € B(H)*? x HoC? x ! xC.

where H is a separable, complex, infinite dimensional Hilbert space and KT is the dual

of the Hilbert space J.

As pointed out earlier, in system theory, when we want to move from one dimen-
sional to multidimensional systems, we replace the evolution along Ny = N U {0} by
the evolution along Ngl (which is a monoid with respect to the operation “ + 7). In
order to move from the multidimensional commutative case to the multidimensional
non-commutative case we replace Ng by the free monoid IF:{ (defined below). More-
over, if we have a non-commutative rational expression (defined in section 2) which is
defined at zero, then choosing appropriate matrices A, B, C and D, we can write that

non-commutative rational function in the form of Equation (1.4).

The function 7% defined above is called a transfer function in the context of
(classical) control theory. For a non-commutative rational function t, such a repre-

sentation is called realization of v (centred at zero).

The theory of realizations was first developed by R.E. Kalman in [12]. The central
question in that paper of Kalman was that if we are given a impulse response matrix
of an experimentally observed system, how can we identify the linear dynamical sys-
tem (in this case, an input-output system) that generated that matrix? Kalman proved
that one can uniquely determine the input/ state/ output system by a finite realiza-
tion (A, B,C, D) if and only if the realization is minimal, meaning that the state space

dimension is minimum. We will define these terms formally in Chapter 3.
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1.1 Noncommutative Sets

We start by defining the non-commutative universe, which contains all the non-commutative

(NC) sets. These NC sets serve as the domain of NC functions.

Definition 1.1. 1. Let C be the set of complex numbers and d € N. We define the

d-dimensional complex NC universe as:

C(NxN)-d — Iil C(nxn)-d’ (C(nxn)-d = O g clxd
n=1

Here, | | denotes the disjoint union, and & is the tensor product of vector spaces,

which in this context identifies
Ixd ~ d
CTLXTL ® C X ~~ (Cnxn) 7

the space of d-tuples of n x n complex matrices. An element X of C"*" @ C1*4 is g

row d-tuple of matrices:

(X1,...,Xg) e C”"" o with each X; € C™*".

2. A subset () of the NC universe, is called an NC set if it is closed under direct sums

in the sense that for all X € QN C*M)d gnd Yy € Qn Cm*m)d ¢ m e N are

arbitrary), we have :

XY .- X 0 c 0 Cltnrm)x(n+m))-d
0 Y

We usually denote Q,, = QN C"*")d and call it the level n of the NC set (.

The formal definition of NC universe stated above is defined over C¢, however, it
is a special case of the NC universe defined in [11], in which it is defined by using

modules over unital commutative rings instead of C%. The definition of d-dimensional
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NC universe, where we consider d-tuples of matrices, is taken from [1]. Throughout
this thesis, unless stated otherwise, we work with this d-dimensional NC universe and

simply call it the NC universe.

Example 1.1. Consider the set Q = Nilp(C) € CN*N which consists of nilpotent matrices
over C. In this particular case since C is a field, this means that for X € €, there exists a
T such that TXT ™1 is strictly upper-triangular (i.e. 0’s on and below the diagonal). This
Q is an NC set.

In this thesis, we equip the NC universe and NC sets, as defined above, with various
natural topologies. All results in the theory of NC functions, including our original con-
tributions, are presented using the uniform topology, defined below. When applicable,

we explicitly note where results extend to other topologies.

Definition 1.2. Considering the Banach space B(C" @ C% C"), we define the row norm

of Z € B(C" @ C,C") as:

1 Z]|row = H(Zlv'"7Zd)”B(CTL®(Cd,(Cn):

Likewise, for the Banach space B(H, H @ C%), we define the column norm as :

Aq
HA”col = =
Ag

B(H,HRC)

Consider a point in the NC universe at level s, namely, Y € C(5*5)4, We define:

oo

reBIg(Y) = | | r B, (V) =

m=1

(X ectmsm)d | 1X [, @Y]lrow <7} (1.6)
1

A

Here, [,, ®Y is Kronecker product of matrices, meaning that /,, ® Y is a diagonal block

matrix with the matrix ¥ on the each block entry of the diagonal. We call r - ]B%gN(Y)
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the uniform row-ball of radius » > 0, centred at Y. By Proposition (7.12) of [11],
forany Z € r - IEB‘SiN(Y) there exist a v > 0 such that v - IB%?N(Z) Cr- IEB‘SiN(Y). As a
consequence, these NC balls form a basis for a topology on CN*N)d which is known as

(NxN)

the uniform topology on C ‘d_ The open sets in the uniform topology are called

uniformly open NC sets.

The uniform topology is not Hausdorff, since two points /,,, ® Y and [, ® Y cannot
be separated by the NC balls we defined above if m # m/. However, if we define an

equivalence relation ~ as follows:

X ~X' ifandonlyif X=I,®YandX'=1,®Y forsomey e CN*N)d

(NxN

then the quotient space C )-d / ~, equipped with the quotient topology is Hausdorff.

For a set 2 C C(NXN)'d, the radical of ) is the set:
rad € := {Y c cMNxN)d'. 3., « N such that In®Y € Q} )
We will say that 2 C C(NxN)-d js 3 radical set if rad Q = .

Remark 1.1. rad Q2 is not necessarily an NC set, even if 2 is an NC set. Indeed, suppose
Q C C(NxN)d j5 gn NC set which contains the matrices O(2x2) and I(gy9) € g and all
their direct sums, in any possible order. Then the 1 x 1 matrices 0 and 1 belong to rad ()

while their direct sum does not.

NxN)

There is another topology that we can consider on C! ‘d_ Suppose we have a

pseudo-metric defined as follows:
Nrow(Z> W) = ||[t1 ® Z — [tg ® W”TOUM

in which Z € C"*")'d and W e C(m>*m)d with n,m € N such that lem(n, m) =

nt; = mto . Here, lem(n, m) denotes the least common divisor of both n and m. The
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corresponding topology on CN*N)d js induced by the NC balls of the form
By, (Y;0) := {X e CONd (X, V) <6},

where § > 0 and the NC ball is centred around a matrix point Y € CIN*N)-d_ These NC

balls form a basis for the pseudo-metric row topology on the NC universe C(N*N)-d,

We can obtain easily that the open balls in the pseudo-metric row topology are

radical, therefore the open sets in this topology are radical as well. We shall call the
(NxN)-

Hrow

open sets in this topology to be ji,,-0pen sets and denote by B ? the open balls

in the pseudo-metric row topology.

We would like to compare the uniform topology and pseudo-metric topology.

Proposition 1.1 (See [11] for a proof). 1. For every s € N and every fixed matrix

point Y € C*5)d and § > 0 we have :

5 BE(Y) = By, (Y. 8) 0 | | Cclomxsm)d

¢

1

2. IfQ € C(NxN)d 45 g uniformly open set, then rad () is the smallest piro,-0pen set

containing ().

3. The NC set O C CIN*N)d js q i, —open set if and only if 2 is uniformly open and

radical.

Considering the -0,y —equivalence relationship X ~
(NxN)-

Xl e Mrow(X, X/) - 0,

Hrow
we can prove that the quotient space of C @ with respect to this equivalence class

NxN)-

is equal to the quotient space of olt 4 with respect to the equivalence class ~, as

sets.

NxN)-d s to consider the in-

One other natural way of defining a topology on C(
tersection of NC sets with the Euclidean open sets in each level. We call the NC set

O c c(NxN)d finitely open if for every n € N the set 2,, C cnxn)-d g open in the

15



d

row matrix-norm, i.e. the intersection of Q with any C("*™) @ is open in the Euclidean

topology of the C("*") 4. The topology induced by these open sets is called the finitely
open topology on CN>xN)-d,
Definition 1.3. An NC set Q@ C CIN*N)'d i right admissible if for every X € Q,

Y € Qp, and Z € C"*™ there exists an non-gero r € C such that

X rZ
0 Y
Remark 1.2. If there is no risk of confusion, we will simply say that for every X € ),

Y € Q,, and every appropriate Z € C"*™, we have

X Z
0 Y

What we mean by this is that there exists a nonzero r € C as in the definition above, but

we choose to write Z instead of rZ in order to avoid repetition.

Example 1.2. Any uniformly open NC set §) is right admissible: if we take X € ), and

Y € Q,, then:
X 0
0 Y
There is an r > 0 such that r - B?ner)-N ()0( }9) C Q. If 6 > 0 is small then
X oz
d X0
0y ET‘]Bg(ner)(O Y)
for small enough § > 0, because
X oz X 0 0 oZ
— = = HéZHrovv:(SHZHYOW'
0 Y 0 Y 0 0
row row

16



Suppose that we have an NC set §2. We say that (2 is invariant under similarities
if for every square invertible matrix S € C"*", of appropriate size (n can vary and be

arbitrary), SX S~ is also in (.

Definition 1.4. We can construct an NC set from a given NC set in the NC universe that is
invariant under similarities, and yet, preserves the essential properties of the original NC

set. Suppose that @ € CINXN)"d is an NC set. Then
Q:={SXS571: X €Qy, S € C™" invertible,n € N}

is an NC set. (Note that we define SXS™1 := (SX;S7!,...,5X;571) € Q,.)

Clearly, 1 is the smallest NC set that contains 2 and that is invariant under similarities.

We shall call €2 the similarity invariant envelope of the NC set ).

Now let X € Q,, Y € Q, and let S € C"*", T € C"™*™ be invertible, n,m € N.

Then S & T € Ctm)x(n+m) is invertible, X &Y € Qypm, and
SXSteryT '=(Sen(XaY)(SaT) e Qim.

Hence, () is closed under direct sums.

Proposition 1.2 ( [11], Proposition A.2). If @ € CN*N)d js g right admissible NC set,
then so is its similarity invariant envelope Q. Moreover, for any X e, Y € Q and
Z € C"*™ one has

X z| -

| € Qn—l—ma

0 Y
and, respectively, for any X €O Y €Q, and Z € C™*" one has

X 0| -~

ZY

Proof. Let X € Qn, Y € ﬁm, and Z € C™"*™, Then there exist X € Q,,, Y € Q,,, and

17



invertible S € C"*" T € C™*™ and r € C such that X = SXS~L, Y =TYT!, and

X rS~lzr
0 Y
Then .
X Z r=1s ol | X rs7lzT| [r~1S 0 _
0 Y 0 T| 10 Y 0o T

1.2 NC functions and their Differentials

The definition of an NC function is as follows:

Definition 1.5. Let @ C C*N)d pe an NC set. A mapping f : Q — CNXN)-d' " for
d,d € Nwith f(Q,) C Cxn)d' o c N (f respects grading), is called an NC function if

f satisfies the following two conditions:

f X 0 f(X) 0
0 Y 0 f)|
o f respects similarities: if X € Q, and S € C™" is invertible with SXS~1 =

(SXx15871,...,8X,;571) € Qp, then

* f respects direct sums:

FSXS™H = sf(x)s7 L

We can combine the two conditions here into a single condition which is originally

due to J. L. Taylor in [23] .

18



Proposition 1.3. A mapping f : Q — CN<N)-d' " yieh 0 ¢ cNxN)-d gpg f(Qy) C
clrxn)d n e NU {0} respects direct sums and similarities if and only if it respects inter-

twinings: for any X € Q,,Y € Qp,, and T € C"*™, one has
XT=TY = f(X)T =Tf(Y),
For XT = (XiT, ..., X,T) and TY = (TY4, ..., TYy).

Proof. Proposition 2.1 of [11]. O

Proposition 1.4 (Canonical extension of NC functions). Let 2 C C(NxN)-d pe qn NC
set, and let f : QQ — C(NxN)-d" o qn NC function. Then there exists a unique NC function

Q- CNXN)-d' qych that flo = 1.

Proof. For any n € N and X € Q,, there exist X € Q, and an invertible § € C"*"
such that X = SXS5~ !, and we set f(X) = Sf(X)S~!. This definition is correct,
since SXS~! = TYT~! for X,Y € Q, and for invertible S,7 € C™*" implies that
Y = (I 19X (T 1S)71, hence f(Y) = (I7'S)f(X)(T~1S)"! and Tf(Y)T! =
Sf(X)S~L It is straightforward to check that f . Q0 — cWxN)-d' s an NC function
and that ﬂQ =f.Ifg: Q — CWxN)-@' is another NC function such that Jdlao = f, then

for any X € Q,, and invertible S € C"*" we have

G(sxSs™h = Sg(x)s7 = 5f(x)S7! = f(SxSTh),

i.e., we have necessarily g = f. O

We will call the NC function f: Q — CONXN)-d’ from Proposition (1.4) the canonical
!

extension of the NC function f : Q — CNxN)-d

Example 1.3. For an arbitrary holomorphic function defined on an open domain in the

complex plane, we can naturally construct an NC function: If f is holomorphic function in
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an open Q C C, define O C CN*N .= L0 C™*™ by
Qp = {X € C™": g(X) C O},

where o(X) denotes the spectrum of X. It follows immediately that Qisan NCset. f is an
NC function on by Riesz-Dunford holomorphic functional calculus (see [15], Chapter 9
for the precise definition), which is defined by:

FX) = %/Wf(z)(zz _X) gz,

where ~ is a piecewise smooth (C1), simple counter-clockwise contour such that Ran~y C Q

and o(X) is contained in the interior of ~.

We can simply prove that f satisfies the conditions of an NC function: Let X € C(nxn)-d
and Y € C"*™)_ We have:

X 0 1 Zl(nxn) 0 X 0
:—/f(z) — dz
0 Y/ 2mi/y 0 L) 0 Y
-1
1 - X 0
o [r@ [ (T dz
2mi Y 0 Z](mxm)_y
1
_ % ffy f(Z>(ZI(n><n) - X)_ldz X 0
0 57 Sy T E ) = Y)~ldz
_[(fX) 0
0 f(Y)

Similarly, it is easy to show that f respects joint similarities and the grading sizes (meaning

that f takes n x n matrices to n x n matrices). Hence f is an NC function.

Example 1.4. The NC unit ball Q = 1 - IB%%\](lel) (in one variable) is an NC set. Its
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similarity invariant envelope is
Q = {Z € (C(NXN) . Tspec(Z) < 1}

where rspec(Z) is the spectral radius of the matrix Z € C"*". We need to show that
Z = SXS™! for some X € C"*" with || X|| < 1 and some invertible S € C"*". It suffices

to show this for Z a Jordan cell, i.e., for

Al

1
A

with |\| < 1. Let € > 0 be such that 0 < ¢ < 1 — ||, ensuring that || X|| < 1, where

A €

Then Z = SX S~ with S = diag(e ™!, ..., e 1).
H—/
n times

Clearly the NC function f : Q — CNXN)d defined by f(Z) = (I — Z)~! can be

canonically extended to an NC function on O using the same formula.

1.2.1 The NC Difference-Differential Operator

The direct-sum property in Definition (1.5) is applied to block-diagonal 2 x 2 ma-
trices, where all off-diagonal (in particular, upper-right) blocks are zero. The main
idea in this section is to to show the following : if one evaluates an NC function,

f:Qc CWNxN)d _y cNxN_on g block upper triangular matrix, (¥ &), with X € Q,
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Y € Qp and Z € C"*™ @ C1%4, one can show that:

A3

where Z — Af(X,Y)(Z) is a C-linear operator from C™*™ @ C!*¢ to C"*™. The

(1.7)

F(X) AF(X, Y)(Z)}
0 (V)

formal definition of Af(X,Y")(Z) will be given in Definition (1.6). We follow [11] to
show the properties of this map and prove the it acts as a “right NC difference operator”

when Y # X, and as a “right NC differential operator” when Y = X.

Analogously, one can define the left NC differential operator by considering the
lower triangular matrices. We will only focus on the right NC differential operator and
we will simply call it the NC differential operator. The definition and properties of the
left NC differential operator can derived by symmetric arguments from the right NC

differential operators.

To see that the matrix on the right side of the Equation (1.7) is actually upper

(7))

triangular, denote

C D

A Af(X, Y)(Z)]

We have

By Proposition (1.3),

o)~ (DL
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This implies that A = f(X) and C' = 0. We have also

X Z

‘o=l u)|* 7

By Proposition (1.3),

F) [0 1] = o Im]fq)o( j])

which implies that D = f(Y') and that again C' = 0. Thus, (1.7) holds ( [11], Proposi-
tion 2.2).

Given an NC set (2, the assumption that

X 7

€ Qpym forall X € O,
0 Y

and Y € Q,,, and Z € C"™*" would be too strong. We can put weaker assumptions on

the NC set Q). The key observation is the following property of Af(X,Y)(-):

Let f be an NC function on an NC set Q. Let X € Q,,, Y € Q,,, and Z ¢ c(nxm)-d

be such that

X 7

0 Y

Then (1.7) holds, where the off-diagonal block entry A f(X,Y)(Z) is determined uniquely
by (1.7) and has the following property. If » € C is such that

X rZ
[ ] € Untm, (1.8)
0 Y
then
Af(X,Y)(rZ) =rAf(X,Y)(Z); (1.9)
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for every X € Q,,Y € Q, and Z € C"*™  (See [11]. Proposition (2.2) for the proof
of this homogeneity property).

Using this homogeneity property, Equation (1.9), we can define Af(X,Y)(-) : cnxm)d _y
C"*™ forany X € Q, and Y € Q,,, if Q is any right-admissible NC set:

Definition 1.6. Let 2 be right admissible NC set, and let f be an NC function on €). Then

forevery X € Q,, Y € Q,, and Z € C"*"™ and for non-zero r € C such that
X rz
0 Y

we define first Af(X,Y)(rZ) as the (1,2) block of the matrix f ( [

€ Qn—i—m

X rZz

and then
0 Y

define the NC difference-differential operator Af(X,Y)(:) : C"*" g C1xd — cnxm

by:
AF(X,YVNZ)=r TAF(X,Y)(rZ). (1.10)

Using the homogeneity property (1.9), and the fact that Af(X,Y)(Z) is uniquely de-
termined by Equation (1.7), the right-hand side of (1.10) is defined unambiguously for
dl 7 e C(nxm)d — CnXm g clxd,

The NC -difference-differential operators has the following basic properties:

1. Let f be an NC function defined on an NC set @ € CN*N)d_ The mapping Z

Af(X,Y)(Z) is a C-linear mapping, meaning that:
Af(X,Y)(sZ1 4 Z) = s Af(X,Y)(Z1) + Af(X,Y)(Z2),

for s € C and every X € Q,, Y € Q,, and 71,75 € cnxm)d (See Proposition (2.4)
of [11]).

2. If f: CNxN)-d _y cNxN g 5 constant NC function, i.e., there is a ¢ € C such that
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f(X) = cly, (=diag]c,...,c]) forall n € Nand all X € C"*", then

Af(X,Y)Z)=0 for all XY, Z of appropriate sizes.

3. If f,g : © — CO*N) are NC functions on a right admissible NC set ¢ C(NxN)-d

and a,b € C, then
Aaf +bg)(X,Y)()) = aAf(X,Y)(-) + bAg(X,Y)(),

for every X and Y of appropriate sizes.

4. Let [ : C — C be an C-linear mapping. We extend [ to a linear mapping from C"*""
to C"™, n,m € N by I([11;]) = [I(u;;)]. Then [ is an NC function from CN*N)-4 to

Cc(NxN) ‘and

Al(X,Y)(Z)=1(Z) forall X,Y,Z of appropriate sizes.
In particular, if /; : CNxN)-d _y c(NxN) jg the j-th coordinate NC function, i.e.,
LX) =1i(X,..., Xg) = X,

then

AL(X,Y)(Z) = Z;,

for all d-tuples X, Y, Z of complex matrices of appropriate sizes.

5.(Product Rule) Let f : @ — CA*N) and ¢ : © — C™*N) be NC functions on a right
admissible NC set @ € CI*N)-d We extend the multiplication operation in complex
numbers to matrices over C of appropriate sizes. It is easy to check that f-g :  — CN*N

is an NC function.
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Then
A(f-9)(X,Y)(Z) = f(X) - Ag(X,Y)(Z) + Af(X,Y)(Z) - g(Y)

foralln,m e N, X € Qp, Y € Qp, and Z € Cnxm)-d

Proof 5. Without loss of generality, we can assume that ) is similarity invariant, i.e.,
Q = Q; see Remark 2.5 of [11]. Then by Proposition (1.4), for arbitrary X € ,,

Y € Q,, and appropriate Z € C™*™ one has

X Z

0 Y

Therefore we have:

(f-g)<

On the other hand,

A 2)

_ [f(X) 9(X) f(X)- Ag(X.Y)(Z) + AF(X.Y)(2) -gm] |

(1.11)

X z]) ) [(f-g)(X) A(f-g)(X,Y)(Z)]_
0 Y 0 (f-9)(Y)

X Z|\ _|IX) AfX YD)
0 Y 0 fY)

- 0 fY) - g(Y)

Comparing the (1, 2) blocks on the right-hand sides of (1.11) and (1.12), we obtain
the required formula for A(f - g)(X,Y)(Z). O

6. (Chain Rule) Let f : Q — c(NxN) and g: AN — C(NxN) be NC functions on right
admissible NC sets 2, A C CIN*N)_ such that f(Q) C A. Then the composition g o f :
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0 — C(N%N) js an NC function, and

Ag o )X Y)(Z) = Ag(f(X), FY)DAF(X,Y)(Z))

foralln,meN, X € Q,,Y € Q, and Z € C"*"™,

Proof 6. Without loss of generality, that (2 is similarity invariant, i.e., @ = € see

Remark 2.5 of [11]. Then, for arbitrary n,m € N, X € Q,, Y € Q,, and Z € C"*"™

one has
o]
EQn+m.
0 Y
Therefore,
e f)( X 7 ) {(QOf)(X) Algo f)(X.Y)(2) 113)
0 Y 0 (go )Y)
On the other hand,
) (f( X ZD) g( FX) AFXY)Z) ) 114
0 Y 0 f(Y)

Comparing the (1,2) blocks on the right-hand sides of (1.13) and (1.14), we obtain
the required formula for A(g o f)(X,Y)(Z). O

Definition 1.7 (Invertibility domain of an NC function). Let f : Q — CN*N) pe an NC

nction on a right admissible NC set €) C C(NxN)-d_ [op
fu g

o0
O = | |{X € Qp : f(X) is invertible in C"*"}.
n=1

Then QM is a right admissible NC set and we call it the invertibility domain of f for
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which f=1: Qv — CN*N)d defined by f~1(X) := f(X)~L is an NC function.

If Dom f =  is uniformly open, so is Dom f~! = Q" and if f is uniformly contin-

uous on ) then f~! is also uniformly continuous on Q™.

6. Let f be the NC function as in the definition above and let f~1 be its inverse. We
have:

AFHXYNZ) = —f(X) A Y)(2) F (V)

foralln,m e N, X € QIV ¥ € QI and Z € C"*™ .

Proof. Note that Q'™ is an NC set since f respects direct sums. We show next that if (2
is right admissible, then so is QIV: Let X € QY C 0, Y € QIV C O,  and Z € C"¥™,

Then there exists an invertible r € C such that

X rZ
€ Qn—i—m-
0 Y

f( )

Since f(X) and f(Y) are invertible, so is the right-hand side. Therefore,

X rz .
e iy,
0 Y

We have
X rZ

FIX) Af(X. Y><rZ>] |

0 Y 0 F(Y)

and Q' is right admissible.

Since we have:

1 X rz\ _ FXO)™Y —fXOTIALXY)(r2) f(Y)
0 v 0 F(v)-! ’
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we conclude that:
AfHXY)(rZ) = —f(X)TIAFXY)(r2) f(Y) 7,

which implies the required formula for Af~1(X,Y)(Z) by linearity. O

1.2.2 Finite difference-differential formulas

Theorem 1.1 ( [11], Section 1.2). Let f : Q — CN*N pe an NC function on a right
admissible NC set Q C C(NxN)-d, Then for all n,m € N, and arbitrary X € Q,, Y € Q,
and S € C"*" |

SFX)— f(Y)S = Af(Y, X)(SX — YS). (1.15)

Proof. We may assume, without loss of generality, that () is similarity invariant, i.e.,

Q = ; see Remark 2.5 of [11]. For arbitrary n,m € N, X € Qp, Y € Q,,, and

appropriate S € C"*"™ (in the sense of Remark (1.2)), since 2 is an NC set, one has:

Y SX-YS

0 X
Y SX-YS| |S S
= X
0 X In Iy

Therefore, by the result of Proposition (1.3), we have:

(DB
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i.e., by Equation (1.7):

FY) Af(Y,X)(SX—YS)] [S] ) [s] .
0 f(X) Iy, Ip,

Comparing the (1, 1) block entries in the matrix products in the right-hand side and in

the left-hand side, we obtain
FV)S + AF(Y. X)(SX = YS) = SF(X),

which yields (1.15). So far, the Equation (1.15) is obtained for appropriate S € C™*",
For arbitrary S € C™*", one can multiply both sides of Equation (1.15) by » € C and
the desired result of the theorem can be obtained by considering linearity of difference-

differential operator. [

Naturally, one can define the Gateaux derivative of an NC function f at the point
X € Q, in the direction of H € C"*" as follows: Given the equality (1.15), one can

specifically write it as

fX+tH)— f(X)=Af(X+tH, X)tH)=t-A f(X +tH, X)(H).
If for every n € N, and every X € Q, and H € C"*", there exists a ¢ > 0 such that
f(X +tH) is bounded for || < ¢, then, by dividing both sides by ¢, we have:

f(X +1H) — f(X)

. = Af(X +tH, X)(H). (1.16)

For the right-hand side the this equation, by definition, we can write:

; (X+tH H) _ (f(XHH) Af(X“H’X)(H)) . (1.17)

0 X 0 F(X)

If f ‘Dom( ) is (row) matrix-norm continuous at each level (equivalently, if f is con-
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tinuous in the finitely open topology), then the left-hand side of Equation (1.17) is a

continuous function of ¢. This proves that :
tlir%Af(X +tH, X)(H) =Af(X,X)(H).
%

Taking the limit from the left-hand side of Equation (1.16), gives us the Gateaux
derivative (G-derivative) of the NC function f at the matrix point X in the direction

of H:
f(X +tH) - f(X)
t

O f(X) = liny — A f(X, X)(H).

Here, we can prove a surprising proposition. We can prove that if an NC function is
continuous, then it is holomorphic, meaning that the directional derivatives of the NC

function exist.

Proposition 1.5. Suppose f : Dom(f) C cMNxN)d _y cNxN s qn NC function with
a uniformly open NC domain Dom(f) (it can just be open in the finitely open topology
i.e. each Domy,(f) := Dom(f) N c(xn)d s an open set in the Euclidean topology of
C(”X”)'d), and assume that f ‘Dom( ) is (row) matrix-norm continuous at each level, i.e.
f is continuous in the finitely open topology. Then all the directional derivatives of f exist

at any point X € Dom f.

Remark 1.3. Any uniformly open set is finitely open (open in finitely open topology).
Hence, if f is continuous with respect to the uniformly open topology, it is continuous in

the finitely open topology.

Proof of Proposition (1.5). Choose X € Dom,(f) and any direction H € C("*")d_ con-

sider
X +tH tH

0 X

with ¢ € C, small enough so that (X T ) € Domy,(f) is in the domain of f (this is
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possible because Dom( f) is assumed to be a uniformly open NC set). We also consider

-1 -1
Since f is an NC function, the equality f(S: XS, =g f(x )Sy ! must be true. Because

of continuity, we know that

So, we have

f(X +tH) ;
0 f(X)
Therefore, we conclude that :
X+tH)—- f(X
o o ey LX)~ 1K)
-1 7
0 X -
0 f(X)
which means that the limit
X+tH) —
g JOCHHD =)
t—0 t
exists. Since this is true for all directions H, we conclude that f is holomorphic. Il
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With a bit more work, one can show that “local boundedness” implies holomorphic for

an NC function.

Definition 1.8. Let f : Dom f C C(NxN)-d _ CNxN)-d' pe g NC function. We say that
f is uniformly locally bounded if given any Y € Dom f, there exist a uniformly open

neighbourhood of Y, say A, on which f is uniformly bounded in matrix-norm.

Lemma 1.1. (See for example [11], Theorem 7.23) Let f : Dom(f) C CNxN)-d _,
CN*N pe an NC function on the uniformly open NC set, Dom(f). Then, if f is uniformly
locally bounded, it is holomorphic, meaning that for any X € Dom,(f) and any H €
cnxn)d the derivative O f(X) exists and is equal to A f(X, X)(H).

An NC function f has nice properties when we take its NC difference-differential
with direct sums, similarities, and intertwinings in the arguments of the derivative.
These next propositions show how Af(X,Y)(Z) behaves with respect to direct sums

and joint similarities.

Proposition 1.6. (See [11], Proposition 2.15) Let f : Q@ — CN*N pe an NC function on

a right admissible NC set Q) C C(NxN)-d_ Then:

/ / /
Af(X @ X")Y) 21 2| AT : (1X)
Z// Af(X”,Y)(Z”)

for /0" meN, X' € Qu, X" € Qu, Y € Qpy, 2/ € CVX¥™, 2 e CVFmy
AFXY @Y")(|20 2]) = [apx vz apcyryzn),  an

forn,m/;m” €N, X € Qp, Y' € Q, Y € Qu, 2" € C, 2" € C
Af(TXT L Y)NTZ) =TAF(X,Y)(2), (2X)

fornmeN, X € QY € Qp, Z € C"™™ and an invertible T € C"*" such that
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TXT e Qy;
Af(X,8YS V) (zs 1 = Af(X,Y)(2)57 L, 2Y)

formm e N, X € Qp, Y € Qn, Z € C"™™ and an invertible S € C"™*™ such that
SYS—1 e Qs
IfTX = XT, then
TAf(X,Y)(Z) = Af(X,Y)(TZ), (3X)
fornimeN, X e€Q X €, Y €Oy, Z € CY™™, and T € C¥7;
IfYS = SY, then

AF(X,Y)(2)S = AF(X,TV)(ZS), 3Y)

forn,m,meN, X €, Y €Qp, Y €Qp, Z € C™M and S € C¥™,

Combining the formulation in the proposition above, we get the following:

Proposition 1.7. [11] Let f : Q — CN*N be an NC function on a right admissible NC
set 0 C CINXN)d for 4 € N. Then:

Af(X1,Y1)(Z1) Af(X71,Y2)(Z2)
Af(Xo,Y1)(Z3) Af(X2,Y2)(Z4)

21,249
23,24

Af(X1 @ X9,Y1 @Y2)

. (1.18)

for ny,mg,ng,mg €N, X1 € Qpy, Xo € Qpy, Y1 € Oy, Yo € Qpy, and

Z1 2y

Z3 2y

] c ¢((ni+n2)x(mi+my))-d

with block entries of appropriate sizes. If either ng or mso is 0, the corresponding block

entry is void. Furthermore,
AF(TXT™ Y SYS™Y)WTZ5™1) = TAf(X,Y)(Z2)5™ !, (1.19)

formmeN, X € Q,, Y € Q, Z € C"" and invertible T € C"*", S € C"™*"™ such
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that TXT 1 € Q, and SYS™1 € Q,,.

IfFTX =X and YS =Y, then
TAf(X,Y)(2)S = Af(X,Y)TZS). (1.20)

Proposition 1.8 ( [11], Proposition 3.1). Let f : Q — CN*N be an NC function on a
right admissible NC set @ C CN*N)d for g e N. If ny,ng € N, X! € Qp,,, X2 € Qp,, and

71 e clmxn2)d then:

(1) IfTX' = XT, then:
TAFXY, X?)(ZY) = Af(XY, X121

forn; eN, X! e Qs and T € Crmxn,

(2) If X2T = TX?, then:
AF(XEXP)(ZNT = Af(XY XP)(Z'T)

forng €N, X? € Qipy and T' € CnaXiiz,

Example 1.5. Given the NC function h(X1, Xo) = (X1 Xo—X2X1) ™1, we want to compute
Ah(X,Y)(Z). Note that if we take g(X) = X! and f(X1,Xs) = X1 Xy — X5X], then

using the chain rule in subsection (1.2.1), we can write:

Algo X, Y)(Z) = Ag(f(X), FY))(AF(X,Y)(Z))

in which X = (X1,Xs) and Y = (Y1,Y2) and also Z = (Zy,Z3). We can compute
Ag(X,Y)(Z) as follows:



so it follows that Ag(X,Y)(Z) = —X 1 ZY ~1. We can also compute the first-order deriva-
tive, Af(X,Y)(Z) as follows:

f X 7 B X1 7 Xo Zo Xo Zo X1 7
0 Y 0 N 0 Yo 0 Yo 0 Y

X1Xo — Xo X1 XyZo+ Z1Yy — XoZ| — ZoY]

1Yo — Yoh;

Therefore, we get the following as the first-order derivative of h:

AW(X,Y)(Z) = —h(X) (X120 + Z1Ys — XoZ1 — Z3Y1) h(Y) =: s(X,Y)(Z).

We can check that s(X,Y)(Z) satisfies the property of Proposition (1.7). First we want

to show that:
YA X, YZ
S(X@X/,Y) _ 8( )( )
A s(X’,Y)(Z’)

The left hand side is equal to :

() GG () ()G
—h(X & X') + Yo — - Vi | h(Y)
o x1)\z) \z 0 x,) \z Z

and after computation, it will easily follow that the equality above holds true. The same is

true for the second argument, namely:
s(X,Y®Y')(2,Z)) = (s(X,Y)(2),s(X,Y')(Z)).
For testing the condition related to the similarities, it suffices to prove that :

s(TXT~ L, TYyT = YTZzr—Y =T(s(X,Y)(2)) T .
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This holds because h is an NC function, which by definition respects similarities. Fur-
thermore, each term in the expression X171 + Z1Ys — XoZ1 — Z3Y] is an NC func-
tion in the sense that each respects direct sums and similarities in its arguments. Since
s(X,Y)Z) = —h(X)(X1Z1 + Z1Ye — XoZ1 — ZoY1)h(Y) is linear in Z and composed
of NC functions, it follows that s(X,Y)(Z) is an NC function, as it satisfies linearity in Z

and preserves direct sums and similarities in all arguments.

1.3 Higher order NC difference-differential operators

In this section, we study the notion of higher-order difference-differential operators for
NC functions. These higher-order difference-differential operators also have natural
invariance properties with respect to ¢ and joint similarity. We also present finite

difference formulas related to these higher-order difference-differential operators.

While this section is based on Chapter 3 of [11], our approach differs slightly.
In [11], the theory of higher-order NC functions is developed first, followed by the
introduction of the corresponding difference-differential operators. Here, we begin
with the /-th order difference-differential operator of an NC function, and state the fi-
nite difference-differential formulas of higher order (related to higher order derivation
of NC functions). This will provide a minimal and sufficient foundation to introduce

“Taylor-Taylor series” of NC functions in the next chapter.

Definition 1.9. Let f : @ C cMNd . cONxN-d' pe gn NC function, with

Q c Cc(NxN)-d 4 right admissible NC set.
Let ¢ € N. For every XY e Qngs -+ s Xt e Qs A= (C(”Oxnl)'d, ., 2t e
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C(ne-1xn¢)-d gych that:

XO
0
0
i 0
one has:
[x0 71
0 Xx1
f
0
| 0
(X9
0
0

0 0
AR
0 Xf—l Zf
0o Xt
0
Xﬁ—l Zf
0 Xf_
ALF(XY,
0

€ Qn0+...+n€,

F(XY

(1.21)

in which AL f(XY, ..., XY)(.) is a mapping from Clroxm)dy clmxn)dy  Clre-1xne)-d
to Cnoxne)d’ We call A F(XO, ... XY(), the (-th order difference-differential oper-

ator of the NC function f.

A similar argument can be made, as in Definition (1.6), about why we are consider-

ing right admissible NC set as our domain of definition.

The definition above gives us the /-th order difference-differential operator as the

upper-right corner entry of the right-hand side matrix of Equation (1.21). The remain-

ing block entries of the right-hand side of Equation (1.21) can be completed as follows:
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Lemma 1.2. With the same conditions as in the Definition (1.9), the matrix on the right-

hand side of Equation (1.21) is:

Outline of the Proof. Suppose we are given the following matrix:

X G 0
D=0 Y H
0 0 Z

and we are asked to find f(D) for an NC function f. We break this 3 x 3 matrix into a

smaller block matrices as follows:

(03 ()
X' = L H =
0 Y "
(X (e sr
0 Z 0 £(2) ‘

fox) = (f(X) AS(X. Y)[GJ) |
0o )

so that:
We know that

so to find Af(X’, Z)[H'], we consider:

A
AF(X', Z)[H) = ( ) -
B
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Note that:

0 Ip) =Y (0 Ip),
0 Y

and using (1) in Proposition (1.8), we have:

0 L)AfX'2) [0
H

A
= (0 In)< ) = Af(Y, Z)[H].
B

On the other hand, we can take:

, (YH) ,
Y = . G =[G 0
0 7

using Proposition (1.6), we have:
A (B ENE 0= [AfX V)6 A]

in which A = A%f (X,Y, Z)|G, H] is the second order derivative of f. In conclusion we

have:
X G 0 f(X) Af(X,Y)[G] A?f(X,Y,2)|G, H]
floy H|=] 0 f(Y) Af(Y, Z)[H]
0 0 Z 0 0 f(2)

The key take-away from the preceding calculation is this: for an ¢ x ¢ block upper-
triangular matrix D, the super-diagonal block entries (those above the main diagonal)
of f (5) are precisely the (first-order ) difference-differential operators of f, provided
that they exist. This can be computed systematically by sliding a 2 x 2 window along

the diagonal blocks of D and applying the first derivative formula at each position.

This observation naturally extends to higher derivatives. Consider now sliding a 3x3
window along the diagonal of D and evaluating f on each such block. The calculations

illustrated above reveal that the entries on the second super-diagonal (two positions
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above the main diagonal) encode the second-order difference-differential operators of

f.

More generally, this pattern continues: the k-th super-diagonal of f (l~)) contains the
k-th order directional derivatives of f, which can be extracted by examining (k + 1) x
(k + 1) diagonal blocks. This process will ultimately give us the matrix that contains all

the derivatives of f up until the order /. O

In the proposition below, we figure out how the ¢-th difference-deferential is uniquely
determined and also it reveals that A’f is calculated iteratively by evaluating NC func-

tions of increasing orders on 2 x 2 block upper triangular matrices at each step.

Proposition 1.9. Let @ C CN*N)d pe qn NC set. Let f: Q — CN*N and fora k € N, let
X0 c Qno, cee, Xk_1 S Q”kfp Xk7Xk‘, c an’ 71 c (Cnoxnl, o, Zk:—l c (an—2><”k—1’

Vi
7k € C—1X"k and 7k € C—1X"w | Let Z € C™ X" be such that

x¥  z
0o xV € St
Then
k 0 k-1 x¥ z 1 k=1 ok k"
A pl x0 . xR y VAN VAEVAS) (1.22)
0 X

AFf(xO xR XKy (2L ZR L 7K

ARFLE(XO o xk=1 xK xRzl zk=t K )
FAR (X0, xR XK (2t Lz 7R

Here AF1f(x0 . Xxk=1 XK x*'z1 ... zK-1 ZK 7) is determined uniquely by
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(1.22), is independent of Z k//, and has the following property. If r € C is such that
P

x¥ oz

7 k k!
0 Xx* ]

then

ARFLp(xO xR X xR 2R 2K e (1.23)

AR A)

= rARLp(XO L xR XK X E 2t

For k = 1, the matrices Z*, ..., Zk=1 do not show up in (1.22) and (1.23).

Theorem 1.2 (Multi-linearity property of difference-differential operator A). Let f :
Q ¢ C(NxN)-d _y cNN po qn NC function, with Q@ € CIN*N)d peing q right admissible

NC set. For every XY ¢ Qng, - - - Xk e an,XkH € (., ,, the mapping
(ZY, ...z s AR (X0 xR (2 2R

where each 7' = (Z{, - Z(Zi) is a d-tuple with Zj- e Ci—1*" fori=1,...,k+ 1, from
Clroxm)d y ... x Clwxnri1)d go CrOXM+1 s (K + 1)-linear over C. That is, for every

XV € Q.. XF €, XFFL € Q Zy, Zyp € Clnoxna)d o s clexngt1)-d gnd

Ny 12

¢ € G, the following holds:

AR X0 xR Y ezp + Z4p)

= AR P(XO XYz + AP RO, XY ().

1.4 Finite difference formulas of Higher Order

We present an analogue of Equations (1.15) for higher order NC functions. Theorems

(1.3) and (1.4), are special cases of Theorems 3.19 and 3.20 of [11]:
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Theorem 1.3. Let [ : Q@ — CNN where O ¢ N4 i q right admissible NC
set. Then for all ngy,...,n; € Nand k € N, and arbitrary X° e Qno,...,Xk_1 €

Q X, Y e,z ecroxm  ZF e C-1%"k we have:

MNp_—1>

AFF(XO xR Xzt 2R = AFp(xO L xR vy 2L 2 (1.24)

= AL X0 XLy X2 2 X - ),
and,

AFF(XO xR Xzt 2Ry = AR p(xO L xR vy 2L 2 (1.25)

SYNGEN {0 GRS Gl ¢ 4 [/LNNN/LID gl

Theorem (1.3) is a consequence of the following more general result.

Theorem 1.4. Let f : Q — CNN where O € CN*N)d i5 q right admissible NC set.
Then for all ng, ... ,n; € Nand k € N, and arbitrary XY ¢ Qg - - - Xkl e Q. ,, X €

On, Y € Q, 21 e Croxmi zk ¢ Ck-1Xm_§ € CMXN e have:

AFF(XO xR X2t 2R — AR pxD L X 2t ZFs) (1.26)

=AML xO xRy x) (2 2R SX Y S).

Remark 1.4. Setting X =Y + tZ (with t € C) in Theorem (1.3), we obtain:

AFFXO xRy ey 2t 2R - AR a0 X 2t 2R
(1.27)

=AML (X0 XLy y w2y (2. 2R 7).
Using an argument similar to the one before Proposition (1.5), it follows that:

AL X0 xRy vy 2t 2R )
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is the directional derivative of

AFF(XO

at Y in the direction Z, i.e.,
AR r(XO

is the G-derivative of

AFF(xO0

at Y.
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Chapter 2

Analytic Properties of

Non-commutative Functions

In this chapter, we aim to present and review the basics of analytical properties of NC
functions as stated in the textbook of Vinnikov and Kaliuzhnyi-Verbovetskyi (Chapters
4,7, and 8 of [11]). We begin with the definition and properties of Taylor-Taylor for-
mulas and continue to prove theorems on how local boundedness and analyticity are
related in this setting. We then discuss the “radius of convergence” of Taylor-Taylor

series of NC functions.

2.1 Basics of Taylor-Taylor Expansion of NC Functions

First, we would like to present the way the Taylor-Taylor (TT) expansion of an NC

function is constructed and discuss the basic properties.

Theorem 2.1. Let f be an NC function defined on the right admissible NC set ). Let
n €N, and Y € Q. Then for each N € N and arbitrary X € Qy,
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N
1
FO0 =3 2@y ) + AN (Y Y X)X -V X -Y) (D)

=

N+1 times N+1 times

The notation for derivatives in the Theorem above is defined in (2.3).

Proof. Using Equation (1.15) and Theorem (1.3), we obtain
F(X) = f(V) + AW F(v, X) (X - V)

— )+ OF A ) + AR Fy Y, X)(X - ¥, X - Y)

= SO O DY) o O (Y Y )+

N-+1 times

AN ey, Y X)X -Y,-, X —Y).
N—_—— \ ~
N+1 times N+1 times

which is the same as the series above. O]

The following corollary can be derived directly from Theorem (2.1), concerning the

case where X and Y in the series expansion, need not to be of the same size.

Corollary 2.1. Suppose f : Q — CN*N is an NC function with Q@ € CIN*N)"d g right
admissible NC set, and Y € Qg (level s of the NC set §2). Then for each N € N and

arbitrary m € Nand X € Q,

N
1
1) =3 5 (0% fovf)Im &Y, In &) 2.2)
(=0

{+1 times

_|_(AN+1f>(!m®Y,---,Im®Y;7X)(:)(_[m®K"‘7X_Im®Y:)

N+1 times N-+1 times
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Theorem 2.2 (Theorem 7.2 of [11]). Let an NC function f : Q C C(NxN)-d _, cNxN
be locally bounded in the finitely-open topology, where €2 = Dom f is finitely-open NC set.
Then

1. f is G-differentiable.

2. ForeveryneN, Y € Q,, Z € (C("x”)'d, and each N € N,

1 ay N
mdt_Nf(Y-|-tZ) t:O_A fY,....Y)Z,...,2),

where Y appears N + 1 times and Z appears N times.

We also use the following notation more frequently, as it is more consistent with our previ-
ous difference-differential operator notation:

%a(me(Y) =ANFY,. Y2, D). (2.3)

2.2 Operator Spaces

In this section, we investigate the convergence of the Taylor-Taylor (TT) expansion of
an NC function around a matrix centre. Our goal is to determine when the remainder
term in the finite expansion vanishes in norm, ensuring the existence of an infinite

series representation.

In other words, we are interested in conditions under which

H(AN“]">(gm®Y,...,]m®Y,X)(g(—]m®Y,...,X—Im®Y/)

~ ~

N+1 times N+1 times

‘—>0 as N — oo,

so that

o 1
FX) =350 oy FIm @ Y) 2.4)
(=0

holds as a norm-convergent series.
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Each coefficient in (2.4) can be viewed as an ¢-linear map

O, HO) =00 fInY),  J @ e,

By identifying f} with the corresponding linear map

fr: C(nxn)d Q- ® C(nxn)-d Nt

¢—fold tensor product

we may, by Paulsen’s Theorem [16], interpret f, as a completely bounded multilinear
map in the sense of operator space theory. This observation naturally leads to an NC
analogue of the Cauchy—-Hadamard formula, where the radius of convergence of the TT
series (2.4) is expressed in terms of the completely bounded norms of the coefficient

maps f(g).

Definition 2.1 (Concrete operator space, cf. [4, 15]). Let H be a complex Hilbert space
and let B(H) denote the bounded linear operators on H with the operator norm. A linear
subspace

€ C B(H)

that is closed in the operator norm is called a concrete operator space. For each n € N we

equip the matrix space My (€) with the norm inherited from B(H®") by the identification

Ma(€) 3 [oig] — (6@ @ & = D w465 ) € BEHE™),
j=1

Definition 2.2 (Abstract operator space, Ruan’s axioms [4, Section 2.1]). An abstract

operator space is a complex vector space E together with a family of norms

{I Iz, () = Mn(E) — [0,00)}32,

satisfying the following axioms (Ruan’s axioms):
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(R1) (Matrix direct sum) For all m,n € Nand all z € M,(E), y € My (E),
12 ® Yl s, (z) = max{llzllar, @), 19llar, ()}

(R2) (Compatibility with scalar multiplication) For every n,m € N, x € M,,(FE), and
a € Mym(C), B € My n(C),

lawBllyg, ) < Nellngm 2, () 18100

Definition 2.3 (Ampliations, cf. [15]). If ¢ : E — F'is a linear map between operator
spaces, then for each n € N the n-th ampliation p, : M,(E) — My,(F) is defined
entrywise by

en(lis]) = le(zij)].

Definition 2.4 (Completely bounded maps and cb-norm [15], and [4, Section 2.2]). A
linear map ¢ : E — F is called completely bounded (CB) if

[ellep = sup [[onll < oc.
neN

Here ||y, || denotes the operator norm of vy, between the Banach spaces My, (E) and My, (F).

If |¢llep < 1, then ¢ is called completely contractive.

Definition 2.5 (Completely isometric maps). A linear map ¢ : E — F is a complete

isometry if for every n > 1 and all x € M, (F),
len (@) ar,(r) = lllas, (E)-

The notion of complete boundedness generalizes boundedness in the category of
operator spaces: instead of just controlling the norm of ¢, one requires uniform control
over all matrix ampliations. This reflects the fact that the correct morphisms in operator

space theory are completely bounded maps (rather than merely bounded ones).
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The following theorem below shows that the abstract axioms faithfully capture the
concrete setting. In practice, this guarantees that one may always work concretely

inside B(J) without loss of generality.

Theorem 2.3 (Ruan’s theorem [4, Thm. 2.3.5]). Every abstract operator space is com-
pletely isometrically isomorphic to a concrete operator space. More precisely: if E is an

abstract operator space, then there exist a Hilbert space H and a linear complete isometry
J: E— B(H),

so that J(E) is a concrete operator space and the matrix norms on E coincide with those

inherited from J.

2.2.1 Complete Boundedness for /-linear maps

Let F and F be an operator spaces. Given P € M; ;(E) and Q € M;;(F), their

Haagerup tensor product is

j
PoOQ:= ZPM®Q75 € M; (E®E),
! 152k

and for C' € M; ;.(F ® E), its Haagerup tensor norm is

IClp, == inf {|P|lg - |QIr | PeM;(E), Qe M;(E), PoQ=C}.

The algebraic tensor product £ ® E equipped with || - ||;, will then be an opera-

tor space, which is usually denoted by E ®;, E. More generally, E* = E®---@ E
————

{ times
equipped with the Haagerup tensor norm is an operator space. Here, given C €
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M; (E®Y), setting m := i and my = k,

l
|C|}, = inf H ||A(S)HE A(S) € EMs—1XMs A(l) ® A(Z) @0 A(f) —C
s=1

Suppose we are given a multilinear map:

g:Ex.---xE—F.
———

¢ times

Next, consider the linear map:

g(g):E®h"'®hE—>F,
—_————

¢ times

which is given by

g(f)(H(l) 9oHY 2...0 H(f)) — g(Hm,H(Q), o H(ﬁ)), HO ¢ B

We then say that ¢ is a completely bounded (-linear map if ¢(¥) is completely
bounded, and one sets ||g||cp = ||¢\?)||cp. More generally, in this way one gets a one-
to-one correspondence between completely bounded multi-linear maps and completely
bounded linear maps on tensor products of operator spaces, where corresponding maps
are often treated as one and the same. In particular, whenever H (1), .. H () ¢ My, (E),
we can extend the definition of the multi-linear map ¢ to such tuples of matrices over

F via

In our case, gy : Q(SXS)'d X o X C(st)"f — C**% is a (-linear. Viewing C(8*)d ~

{- times
B(C ® ce, C?%), and so we can view gy as a completely bounded linear map on the

operator space C(5%5)'d @ ... @ C(5%5)d (¢ times), equipped with the Haagerup tensor

norm, taking values in C5*%.
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It is convenient to introduce the Haagerup tensor product adapted to our setting,

where E = C5%% and M,,(E) = (C5*8)™*M as follows: If P = [Pij]1<ij<m €
(Csxsym=m and Q = [Q;5] 1<ij<m € (Cs*s)ym>m then we use the notation
m
PosQ = Z P ® ij in which P® @ = [PijQ]lgi,jSm
k=1

1<e,5<m
for the Haagerup tensor product of P and @, viewed as m x m matrices over the

tensor algebra of C**% .

This notation requires an explanation: Suppose that we are given a ¢-linear map,

/g\(f) : C(nxn)-d 5¢ (C(nxn)-d % oo X C(nxn)-d _,onxn

(As an example of such map that we can consider is:

{ times 7 times

where f is a uniformly analytic NC function in a uniformly open row ball around Y €

c(nxn)d_see Definition (2.6) for a definition of uniformly analytic NC function).

One can identify §¢ with the linear map:

G(é) : C(nxn)-d ® C(nxn)d Q.. ‘C(nxn)d __,nxn

?

defined by:
a0 (X(l) Q--- ®X(£)) — ’g\(f) (X(l)’... 7)((4))_

The question that arises naturally is: how does G(¥) act on X)) @ ... ©® X(©), where

each X ) ¢ ¢(mnxmn)-dy

Here we take ¢ = 2 and m = 2 to illuminate the situation: Given X ® Z where X, 7 €
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C(2nx2n)d gnd we consider X ® Z with C("*")d denoted as E, so that X, Z € E2%2,

x (L) x(1.2) N
X = . with each X(©7) ¢ c(nxn)d
X(Q,l) X(2,2)

The Haagerup product is therefore:
X(lvl) X(LQ) Z(171) Z(1,2)
XOZ= O]
X(2,1) X(2,2) Z(2’1) Z(2’2)
X1 o Zz(L1) 4 x(1,2) g 7(2,1) XL o 7(1,2) 4 x(1.2) o 7(2,2)

X(271) X Z(Ll) + X(272) ® Z(271) X(271) ® Z(172) + X(2ﬂ2) X Z(272)

In this case, let §(2) be defined as follows:

§(2) : C(nxn)d 5 C(nxn)d _, onxn

for f being a uniformly analytic NC function and for X, Z € C(27x2n)d_then §(2) (X, Z)

can be computed, by what has been said above, in the following way:

19(x,2) = (idy 20%) F(¥)) 0 (X © 2)

X(l,l) ® Z(l’l) + X(1,2) ® Z(2,1)

88()(1,1),2(171)) FY)+ 8((?(172),Z(2,1)) f(Y)

and the rest of the matrix is computed in the same way. In the equation above, X ® Z

(2)

is a 2 x 2 block matrix, and idy ® 8( ) f(Y) is the second ampliation, meaning that we
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apply the mapping 8((??) f(Y) to each block of the 2 x 2 block matrix X ® Z.

By Proposition (3.3) in [11], we use the following notations, all of which have the

same meaning:

(ag?_lmcwf) (Im®Y) = (idm ®8(<?f(y)> o (X — I ®Y)®s (2.5)

— OAYF(Y,. YY) (X — In @ Y)Y eclxo)d
——
/41 times

As a final result to this section, we would like to state a result from Paulsen, as

in [16].

Theorem 2.4. Let E be an operator space and let ¢ : C"*" — E be a linear map. Then:
lellep < nv/nlloll.

This theorem shows that if the domain of the linear map is finite dimensional, then
boundedness of the linear map ¢, automatically gives us the complete boundedness of

the .

2.3 Taylor-Taylor Series

The Taylor-Taylor formula (2.2), gives rise to analytic properties of NC functions. To
extend the summation above to an infinite sum, it is required to discuss particular

subsets in the NC universe.

Let  C C(NxN)-d be an open NC set. Recall that an NC function f : © — CN*N jg
called uniformly locally bounded if for every n € N the function f|, is locally bounded
on a uniformly open neighbourhood of Y, i.e., for every Y € Q,, there exists § > 0 such

that f is bounded on uniform ball § - IB%ZN(Y).

Remark 2.1. Clearly, a uniformly locally bounded NC function is locally bounded in the
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finitely-open topology.

Definition 2.6. Let Q C CN*N)d pe qn open NC set. An NC function f : Q — CN*N jg
called Fréchet (F-) differentiable if for every n € N the function f|q,  is F-differentiable,
Le., flo, is G-differentiable and for any X € )y, the linear operator § f(X) : clnxn)d _,
C"*", defined as 0 f(X) = Af(X, X) is bounded. In this case

(X +2) - f(X) = f(X) (D)

lim =0
1Z]|—0 ||Z||row
forall X € Q, and || - ||n—row being the matrix norm of level n € N for a d-tuple of

matrices Z. An NC function f : Q € CNxN)-d _, cNxN i cqlled analytic if for every
n € N the function flq  is analytic, i.e., f|q, is locally bounded and G-differentiable.

The NC function is called uniformly analytic if it is uniformly locally bounded and G-

differentiable.

By [7], Theorem 3.17.1, if the NC function f : Q C C(NxN)-d _, cNxN jq uniformly
locally bounded, then f|q, is also uniformly continuous and F-differentiable. It follows
that the NC function f : Q — CN*N is continuous in the finitely-open topology (i.e., all

its restrictions f\Qn are continuous) and F-differentiable.

Proposition 2.1. Let 2 C CNxN)-d pe g uniformly open NC set. If an NC function
f:Q — CNXN s continuous with respect to the uniform topologies on CINxN)-d gnq
CNXN_then f is uniformly locally bounded.

Proof. Given s € Nand Y € (), it follows from continuity that there exists an NC ball
r-Ba(Y) C Qsuch that || f(X)— f(Im®Y)|lsm < Lforallm € Nand X € r-BL (V).
Then

LA (X sm <N I @ Y) gy + 1= Im @ F(Y) g + 1 <S5 + 1.
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Proposition 2.2. Suppose that we are given a uniformly analytic NC function:
£ Dom(f) € c(NxN)y-d __, cNxN,

Let Y € Domg(f). Then there exists a radius r > 0 such that for every X € r - IB%?N(Y) C

CINXN)-d e haye:

1
Z; X—tor f(Y); (2.6)
=0

Proof. By definition of f being a uniformly analytic NC function, there exists » > 1 such

that for every X € r - IB%?N(Y), the map
t— f(Y +1(X —Y))

is analytic in the complex variable ¢ on r - D(0), with D(0) being the open unit disk
around the origin D(0) := {s € C : |s| < 1}. This analyticity follows from the existence

of all Gateaux derivatives of f.

Hence, for such X, the matrix-valued function:
FO) = fUn @Y + (X — [, ®Y))

admits the usual Taylor expansion at ¢t = 0:

1

dt
g Um ®Y +HX = [n ©Y)) £t

(9]
fUn®Y +t(X —In®Y)) =) o
/=0 -

By Theorem (2.2), each derivative term can be expressed as

d )
Sl Im @Y X —In@Y))|_ =05 p oy V),

so that

1
FIn®Y +t(X = Ln®Y)) ZE lemf( )t
/=0
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Finally, setting ¢t = 1 gives

1
ZZ X— Im®Yf< );
(=0

and the series converges absolutely on the uniformly open row ball r - IB%‘SZN(Y), as de-

sired. O]

Theorem 2.5. ( [11], Theorem 7.21) Let an NC function [ : Q C C(NxN)-d _, cNxN
be uniformly locally bounded on a uniformly open NC set, ). Let s € N, Y € (), and let
r-IB%‘siN(Y) be an NC ball about Y such that r ~IB%§N(Y) C Qand f is bounded on r-]B%fN(Y).

Then, forevery0 <1’ <r,meN, and X €' -B%  (Y), we have:

1) =35 (001 oy ) ), 27)
(=0 "

where the series converges absolutely and uniformly on r’ - IB%ZN(Y). in the sense that:

agflfm®yf) v,...,V)| <o (2.8)

{/+1 times

i
sup —

/. Rd 14
r—omeN,Xer' BS,, (V)

sm

Proof. By assumption, we have || X —V|[;on < 7' < 7. Let X(\) =Y +A(X —Y). Then:
1XN) = Yllrow = Al [IX = Y llrow < [A] - 7.

So X(\) er- BgN(Y) for all |\| < ﬁ, such that i, > 1. In particular, there exist a ¢ > 0
r r
such that:

X(\) er-Biy(Y) : VA <1+e

Now, for any Z € r - ]B%gN(O), the function f(Y + tZ) is matrix-valued analytic function

of tin {t € C: |t| < 1}, bounded above in the row norm by a constant A/ > 0. Using
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the Cauchy estimate, we have :

sl <m
So, taking Z = X(14+¢)—-Y €r- IB%?N(O), then:
[y, < e
Note that X(14+¢€) —Y = (1+¢)(X =Y.
By (-linearity, agﬁﬁ) )/ ) = (1+ 0 D% _y f(¥) and therefore,
a0y ro]| < i fe)g.

Therefore, Equation (2.8) holds and the Taylor-Taylor series (2.7) converges absolutely

an uniformly on r - BY (V). O

Corollary 2.2. ( [11], Corollary 7.28) Let Q C C(NxN)-d po q uniformly open NC set.
Then an NC function f : Q@ — CN*N s uniformly locally bounded if and only if f is
continuous with respect to the uniformly-open topologies on CN*N)-d gnd CN*N if qnd

only if f is uniformly analytic.

Theorem 2.6. (See [11], Theorem (7.9)) Suppose that Y € Qg C CNxN)d gnd o .
IB%?N(Y), a uniform open ball of radius r > 0, which is the largest so that r - IB%?N(Y) c Q.

Let f : Q — CN*N pe q uniformly analytic NC function, and suppose that:

FX)=Y fi| X=IneY,. .  X-I,0Y], (2.9)

(=0 /— Ei,mes

d . (sxs)-d ¢ SXS§ z : :
for X € r B¢, (Y), and f, : <C ) - C is a (-linear mapping.
Then

l
0 fo(H) = (9 r) (v),
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for every ¢ € NU {0}

Before the proof of the this theorem, we provide an explanation about how the

theorem holds for term ¢ = 2 and when d = 2:

Let X be defined as:
y z1 0
X=|0 v Zz?

0O 0 Y
so that:
0z o
X-LeY=]|0 o 22|,
0 0 O
then:

> 07t o\
=2 ({7 4) -

1 2
0z 0 \® 0z 0 \? 0zt o\ .
fooloo 22 + fio 00 ZO2 + foo 00 ZO2 + higher order terms.

00 O
Note that : o0
0z o I; 0 0
0 0 Zz2 =10 I3 0],
0 0 0 0 0 I3
0 zL o0 0 zL o0 00 zlez?
0 0 Z2|l®lo o0 Z2|=100 0 :
0 0 0 0 0 0 0 0 0
and
00 Z'ez? 0 0 fo(z', 2%
idg®f2 [0 0 0 =(0 0 0
00 0 0 0 0
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so that the series can be written as:

00 1 of
0 =310 (0% 22)
=0 0

00
fo 00 0f1(Zzh) 0 00 fo(24,22)
=100 )+lo o A +{o0 o :
00 fo 0 0 0 00

The 4th term in the series,

®3
0 7z o 0 0 Zlgz2 0 7z o0
fsolo 0 Zz2 =fzo|l]0 0 0 ©lo o0 Zz2 =0
0 0 0 00 0 0 0 0

Comparing the (1, 3)-entry of the matrix :

fo A(ZY) fo(2Y, 2%
0 fo f(Z?)
0 0 fo

with Equation (1.21), we can deduce that fo(Z!, Z2) = Af(Y)(Z', Z2). Moreover, we
can use Lemma (1.2), and find fo = f(Y), f1(Z7) = Af(Y)(Z7) for j = 1,2.

Given the series (2.9), with f;, being defined as ¢-linear mapping from ¢ copies of
Clsmxsm)d yo C5%5 | the problem is that the input of f; may be a (C3*%)™*™ matrix.
Then, just like what we have done in Section (2.2.1), we amplify the mapping f, to all

the entries of the m x m matrix. Namely, we take:

y z1 o0 0
Zé
0 Y
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and would like to compute:

020 0\
FX) =Y filX —IneY)? =" fo -1 g
(=0 (=0 S
0 - - . 0
the first term fy = f(Y') would be
Y 0 0 0 fo 0 0 0
0
idgy1®fo Y 0 0= fo 0 0
0 0
0 -+ oo . VYV 0 -+« - - fo
Similarly, for f1(X — I, ® Y') we can compute:
oz o - 0 0 f1(zYH o 0
idpy1 ®f1 oozl o | = A5 hH 0
7t 11(2°)
0 0 0 0
Using
0 0 Zlez? 0
0z 0 0 0z 0 0

Zg— 1 0 ® Zg— 1 0 —
A A
0 0 0
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we have for the second order term:

0 0 Zlgz2

0 0

idp11 ®f2

0

72973

0
0
0 z-lgzt
0 0
0

0 0 fo(zl, 2% 0 0

Continuing this process, one can compute as a standard linear algebra fact, that we

have:
so that

0 0
idpy1 ®fy

0

(X —I;m@Y)st =

0 0
0
® Z¢

Z'®.--@zt

0 0
0
0

0 0 0 fiZ'®---® 7%
0 0 ,

0
0 0

and again by direct computation, one can deduce that (X — I,;, ® Y)®s" will be a zero
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matrix for any n > ¢. In short, we can write:

y z' 0 0 o A(ZY) R(2.2%) - 2., 20
0 fo AP - f(ZP 20
f Z5 0| | =
7 : PR f1(2")
0 o e Y _0 0 fo |

This will be in particular useful to us in the following proof:

Proof of Theorem (2.6). Using the explanation prior to this proof, for every Z!, ..., Z¢ e

C(sxs)-d there exists a real ¢ > 0 such that

vy tz8 0 .. 0 - ) ) ]
fo A®ZY) - oo foltZ5,. . tZ")
" 0 Jo
tL 0
F _
tz¢ .
fo ftZ%)
0 Y
N - _ |0 0 fo ]
::X(t)

Using the properties of NC functions and given that f; is multi-linear mapping, we see

that fo(t 2%, ...t ZY) = t' f,(Z1,--- | Z%), and thus
VAN A (VAN )

is uniquely determined by f(X(¢)). On the other hand, if ¢ > 0 is sufficiently small, we
have X(t) € r - Byy(Y) and the series (2.9) converges—see Theorem (2.5). Then we
have by Equation (1.21) that:

L5

2t 2 = AL Y2 2 = 5 (0] )
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]

Remark 2.2. The Equation (2.9) above, is an infinite power series expansion around a
matrix centre Y € (s. We can consider this as a uniqueness theorem for convergent NC

power series expansions of an NC function, about the matrix centre Y € C(s%)d.

In what follows, we will expand the Taylor-Taylor series even further, using “partial
difference-differential operators” to obtain a power series of multi-linear maps indexed

by the free monoid-the set of all words in d letters:

Definition 2.7. The free monoid, FT, consists of the words, w = iy ...i,, composed of
letters i;, chosen from the alphabet, {1,...,d}. The product on the free monoid is given
by concatenation of words with the empty word () being the unit of the monoid. The length

of the word is also denoted by |w|, which is equal to n in our case here.

The free monomial 3*, is defined in the obvious way: if w = iy . . .4, then 3* = 311372 .. 3in
and 50) = 1. The free algebra of all NC polynomials in the variable 3 is denoted as C(3),
and the ring of all formal power series (FPS) with complex coefficients will be denoted by

C{(3)). Moreover, if w = iyiy ..., then w' is defined as w' =i, ...i7.

Similar to the definition above, if X = (X1,...,X,) € (C>*sm)d and w = i; - - - iy,
then

X@sw e Xi1 s+ Oy XZ.[

With the definition above, we can extend the result of this chapter further to the

case of power series of multi-linear maps indexed by the free monoid.

Definition 2.8 (See [11, Section 3.5 & Corollary 4.4]). Let {ei}le, the standard
orthonormal basis for C' and let A = (Al,...  AY) e (C(NXN)'d){ meaning that each
Al is an element of CN*N)'d for s = 1,... 0. So, for example, Aleil is the i1-element of
the (-tuple of matrices A. Consider a word w = iyig - --iy. In Equation (1.21), if we put
zl = Aleil, A ,» we get the partial difference-differential operator of order

+1
|w|, of an NC function f at (Y?,--. ,Y?) e <C(NXN)'d> . In other words, we have:
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(V0 Ale; 0 0 |
0o vl
f 0
vyl ale;
0 - 0 yf_ (2.10)
FOY0) AfYO YY) (Ale;) o AFYO, L YO (Aley,,. . Aley)]
o Fh :
: AFYL Y (Aley,)
|0 0 fY9) _

41
and the partial difference-differential operator of f atY = (YV,-.. [ Y!) e (C(NXN)'d>

of order |w|is Af(Y?,... ,YE)(Aleil, . ,Afeiz) denoted by A‘E{;f(Y):

AW

O anf () = ALY Y (Al Aley)

where the notation w' is defined in Definition (2.7). For any n € N, A%’; o (.)f(Y) =
A‘(’; (). (.)f((Y;B, v s cln)d @ clol 5 s g multi-linear map from |w|

copies of C("*1)d ingo €1,

We have written AL)"; f(Y) as a short-form notation for A&t xf(Y,...,Y), where

X e C(n*n)d s repeated |w| times and Y € C("*")? js repeated |w| + 1 times. That is,
A“j Al |f (V) is multilinear in the ‘directional arguments’, A% € C("xn)d 1 < j <
.., A"

jwl.
Recall the Taylor-Taylor series of an NC function f : Q2 C CNxN)-d _y cNxN ground
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a matrix centre Y € (s

1) =3 (0, ol ) X er Bl

)

Also, recall from notation that we set right after Theorem (2.2), that we defined,
1

E&%)_Im@,f = A(g)f(Y, e VX —IpeY, - X — I, ®Y). Let us for a moment
denote Z = X — I, ® Y. Here Z is a d-tuple of s x s complex matrices. Therefore, we
have

d
7 = Z Zej: {ej};lzlis the basis of C*.
j=1
So we can write :

1
Ea%lfm®yf = A(é)f()/,... YVNZ,-, Z)

d d
= AOFE - Y Zej Y Zey,)

ji=1 Je=1
d d d
_ Z Z ZA(K)f(y’,.. Y)NZ ejy,, Zej,)
j1:1j2:1 ]@zl
oétf(y> (2.11)

— Z A
|w|=¢

This observation guides us to write the another form of the Taylor-Taylor series of an
NC function f, around matrix-centre Y € C**%, indexed by the free monoid Fe, given

that the NC function satisfies the assumptions of Theorem (2.5):

oo

FE) =SS A L avfV) = 3 AL ey AY) (2.12)

(=0 |w|=¢ weFd

For this case, the convergence formulas similar to Theorem (2.5), can be obtain
similarly as above by the relation in (2.11). Moreover, similar to the Remark (2.2), if

f is uniformly analytic in a uniformly open neighbourhood of 0 = (0, --- ,0) € C1*4,

66



given any w € FZ, one can compute that [1]
t -~ ~
oj)(f(o) :waw7 fw €C7

so that this gives a free power series expansion of f(X), and any such fcan be identified

with a free formal power series ( [11], Corollary 4.4). Meaning that at Y = 0 we have:

fx)= Y Fux.

+
wGIFd

So, the conclusion is that using the convergence theorems stated so far, the free
formal power series converges absolutely and uniformly in r - IB%IC(I fora0 <r < Ry,

where R can be computed using by Popescu’s generalization of the Hadamard formula

[1],
1 ) ~
R_f = h&sogp 21;/ Z | fwl?. (2.13)
lw|=n

which is similar to radius of convergence defined in ( [11]), and |ﬁ,| is the modulus of

the coefficient of the free power series above.

Example 2.1. We would like to present an example of the partial difference-differential of
a simple NC function. Consider f(Y7,Ys) = Y1Ys — Y5Y]. We aim to compute the partial

difference-differential operator Agl) fY,Y,Y)inwhichY = (Y1, Yo) and H = (Hy, Ho).

First, to compute Ag) f(Y,Y), we do as follows:

Y Hey v, Hy\ (V> 0 Yo 0\ (Vi Hy
0 Y 0 i1/ \0 v 0 Y5/ \0 v
1
YiVs — VoY1 HYs — YaH; vy AWy
0 Y1Ys — Yo 0 fY)

Therefore, we get A(I}[) fY,Y) = H1Ys — Yo Hy, which is compatible with the limit defini-
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tion of the derivative in the direction of (H1,0):

f(Y1 +tHq,Ys) — f(Y1,Y0)

lim = H\Yy — Yo Hy.
t—0 t
For the partial difference-differential operator Agl) fY, YY), we carry a similar compu-
tation:
Y He Y, H 0\ (Y, 0 0 Y 0 0\ (Y3 H O
fl0 Y He|=|0 Y3 0 0 Yo Ho|—| 0 Yo Hy 0 Y1 0
0 O Y 0 0 7 0 0 Yo 0 0 Yo 0 0 T

fY) = HiHj
= 0 f(Y) * , inwhichY = (Y1,Y3).

Hence, this shows that Agl) fY,Y,Y) = H{Ho. Wewould also like to show here how this

partial differentiation of f is different from G-differentiation of f. For example, we can

compute Of¢, 0, f(Y) as:

Ote, f(Y) = H1Yo — Yo Hj.

Considering the limit definition of the G-derivative, if we take the NC function

g(Yg)[Hl] = H1Y2 - Y2H1, we would have:

Ot eyOHe, f(Y) = lim g(Ya + tHy) — g(Y2)

— HyHy — Hoty £ APV v vy,
lim ; 1Hy — HoHy # A " f(Y, YY)

2.4 Lost-Abbey Conditions

So far, we have assumed that the function f is an NC function, and then we asked the

question of whether we can expand this NC function to a Taylor-Taylor series. Here we

68



ask the converse question: Given a series

o0
ng(g(—lm®K...,X—Im®Y), (2.14)
(=0 ét?r?les

with Y € C5%8)d and f, . (Cs*s)dyl 5 ¢N*N_ for ¢ ¢ NU {0}, being ¢-linear maps
and X € Clsmxsm)d wwhat conditions makes this series an NC function? The following

conditions are called Lost- Abbey conditions for NC functions [11]:

Proposition 2.3. (See [11], Remark 4.3) The infinite series (2.14) is an NC function if

and only if the following conditions holds true:
Sfo— foS = f1(SY =Y59), (2.15)
and for ¢ € NU {0},

Stz 2 — fu(szY, 22, 2N = frq(SY =Y S,z Zh, (2.16)

VAT A/ NN A B U1 S0/ /¢ L N A
‘ _ (2.17)
= fo(ZY, . 20 sy —y s, ZI L 2h),

fo(Zb 7N 208y — (2 208 = f (2. 28 SY —YS),  (2.18)

for every S € C5*5,

Here is a brief calculation as an evidence why the proposition is true: We want to
prove that f(X) = >"72, fr (X — I, ®Y), is an NC function. For the invariance under

direct sum, we have

X 0 > F(X)
o =£§:(j)fg<(f§§,)—zm®y,...,(§§,)—zm®y>= R

for X e C(msxms)-d ang X/ e Clsm'xsm')-d mainly because each f¢ is an NC function

itself.
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Next, we need to show that if X’ = SXS~1, we have Sf(X) = f(X')S. First, using

Equation (2.15), we have:

Sfo = foS+ f1(SY =YS9),
SHX =Y) = fi(S(X =Y))+ fo(SY =Y S, X —Y)

and therefore,

Sfo+SH(X=Y) = foS+ f1(SY) = 1Y S) + [1(SX) = [1(SY) + f2(SY =YV 5, X —Y)

SX
~
=X'S

by Equation (2.18):

AX'S) = (XS + fo( X', Y S — SY)

f1YS)=f1Y)S + fo(Y,YS - SY)
and therefore:
Sfo+SAX =Y) = foS+ (X' =Y)S+ fo(SY =Y S, X = Y) + fo(X' =Y, 5Y =Y S).

We can take one more step: if we add Equation (2.16), to both sides of the last equation

above, we get:

Sfo+SA(X —Y)+SfH(X -V, X —Y)
= foS+ [iX = Y)S+ fo(SY =Y S, X —Y) + fo(X' —Y,8Y —YS)+
(f2(S(X=Y), X —-Y)+ f3(SY - Y5, X -Y,X -Y))
= oS+ [1IX =Y)S+ fo(X' =V, SY —YS) + fo(X'S—YVS5, X —Y)

+ f3(X' =Y, 8Y - Y5, X -Y)
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Now, using Equation (2.17) on the term fo(X'S — Y S, X —Y), we get:

= Sfo+SfIX =Y)+Sfo(X -Y, X -Y)
=foS+ AX =YV)S+ fo(X' -V, X - Y)S
+f3(8Y —YS, X -V, X -Y)+ f3(X' -Y,8Y —YS X -Y)

+ f3(X' -V, X' —Y,8Y —Y8S).

Continuing this process, if one can show that this iterative process converges, it would

follow that Sf(X) = f(X')S is indeed true.

2.5 Convergence theorems for NC Power Series

An interesting question that can arise within the context of power series defined up
until here, is that when does a power series converge to an NC function on its domain of

definition? More accurately, given that following power series satisfies the Lost-Abbey

conditions around a matrix centre Y e C(s%8)-d,
0
F(X) ;:ng(g(—fm@@Y,,...,X—fm@}j) (2.19)
(=0 14 t;rrnes

we want to see if it actually converges to an NC function (or when does it have a radius

of convergence), given the (-linear mappings
fo: (C(SXS)'d)E — C5%5, ¢ =0,1,... and X € Clsmxsm)d p, — 1 . ; the power
series centred around the matrix point Y € Clsxs)d,

Furthermore, let

pep = limsup Nielews  peb = tigg,- (2.20)
— 00

The next theorem shows that pg, acts as the radius of convergence for the series (2.2).

Theorem 2.7. ( [11], Theorem 8.11) 1. The series (2.19) converges absolutely and uni-
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formly on every NC ball 6 - IB%?N(Y) with § < p.y, in the following sense:

(0.¢]

Z sup || fy (W = Iy @Y)|| ... < 00, Y e clsx9)d, (2.21)
1=0 WesBl (V) W

Here myy is the size of a block matrix W with s x s blocks. Furthermore, the series fails to

converge uniformly on any 0 - IBgN with 6 > pep,.

2. For any uniformly-open NC set I' C py, - IB%‘SlN(Y), flr is a uniformly analytic NC

function.

Proof of part 1. When 0 < 4§ < p,,, then we have:

fich = limsup \/é [ fellen < o0
{—00

and by choosing ¢ > 0 such that ¢ < 6~ — y,, there exist a C' > 0 (see [11, page.
1371):

follep < Cluey +€)f,  for £ € NU{0},

and therefore, for W € ¢ - IBS?N(Y) with 0 < pop:

0 00
¢ ¢
=0 (=0 WesB(Y) smyy
3 14
= Z sup er (W_ImW®Y)®
/=0 HW—ImW®Y||smW:§ smyy
0o
= Z st sup er (W — Iy ® Y)@E (2.22)
/=0 HW_ImW@YHsmwzl smyy

in which myy is chosen so that W and I;;,;, ® Y are of the same size. We know that:

ol ol
| £ W = B )| < 1 felles 11OV = Ly @ ) 1 < Wfellets W = gy @ Y11
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So, knowing that §(pq, + €) < 1, we have:

0.9}

3o sup | £ (W = Ly @)

=0 W =Tny, @Y |[smy,=1 smw
o0 oo

<D il <C Y 6 (e + ) < oo (2.23)
=0 =0

Now suppose § > p.p,. Then for any e : 0 < € < p, — 6 ' and L > 0 there exists
¢ > L such that || fy||c, > (e, — €)¢. For any such ¢ there exists W € ¢ - IB%ZIN(Y) with

W = Iy, @ Y| = (pher, — ¢)~! < ¢ such that

074
1o (W = Iy @ V)N > (e, — W = Iy, @ YF = 1.

Hence the sequence || fy (W — Ipy, ® Y)Qg |, ¢ € NU {0}, does not converge to 0

and the series does not converge uniformly on ¢ - IB%?N(Y). O

Proof of part 2. Note that we assumed at the beginning of this section that the general
term in the series (2.19), obeys the Lost- Abbey condition. It follows from Part 1, that

f is uniformly locally bounded: For W € ¢ - IEB‘SiN(Y) with § < pep:

0 0
FI = IS fe (W = Ly @) <3 sup Hfg (W—ImW®Y)®ZH<oo.
/=0 /=0 WE&IB%?N

(2.24)
So the series at right-hand side of Inequality (2.24), converges and this shows that
f(W) is uniformly bounded in ¢ - B?N(Y) for any 6 < p.},. Therefore, by Lemma (1.1)

and Definition (2.6), f is uniformly analytic in pj, - IB%?N(Y).

In conclusion, f|r is uniformly analytic NC function. O
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Chapter 3

Realization Theory of Noncommutative

Functions

In this section, we present some basic theorems for the “realization” of NC functions,
also known as the linearization trick in the free probability literature. (See for exam-
ple, [6].) First, we discuss basic definitions and properties of realizations and their
corresponding NC functions and characterize them. In particular, we review the re-
sults which prove that an NC function has a finite-dimensional realization if and only
if it is a noncommutative rational NC function centred around 0. We set the necessary
preliminaries and present the conditions for minimality of the realization and Kalman

decomposition around the origin.

Next, in the second section, based on [1], we build a realization of an NC function
around a matrix centre given the assumption that the NC function has a realization
around 0. Also, we present the analytical properties (e.g. the existence and explicit
form of the associated power series) of the realization corresponding to a function and
present conditions on the realization itself to make it a realization corresponding to an

NC function.

We aim to set the stage here in the first two sections to provide some results in

the last section regarding the realization of an NC function around an arbitrary matrix
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point.

This chapter is closely aligned with the papers [18, 19] as well as the paper [1] for

results regarding infinite-dimensional operator realizations.

3.1 Introduction to Realizations: Definitions and Basic

Properties

A one-dimensional realization is a triple, (A, b, ¢) € B(H) x H x H where H is a complex,
separable or finite-dimensional Hilbert space and B(H) denotes the Banach space of
bounded linear operators on H. Any realization defines an analytic function in an open

neighbourhood of 0 by the realization formula,

h(z) = b*(I — zA) "¢,

and we write h ~ (A,b,c) if h is defined by the realization in this way. Here, if
|z| < ||A||~!, then the inverse of the linear pencil, L4(z)~! := (I — zA)~! can be

expanded as a convergent geometric series so that

0
hz) =) (bFA") 2", |2 < |l AI7Y,

n=0

is an absolutely convergent Taylor series. Conversely, we present an argument from
( [1]) in this chapter, that shows a one-variable formal power series, h € C|[z]], is
the Taylor series of an analytic function in an open neighbourhood of 0 then it has a

realization, h ~ (A, b, ¢), in which case we say that h is familiar ( [1], Lemma 3.1).

Definition 3.1. Let A € B(J—C)d. The linear pencil L 4 is defined as an affine linear
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function on CIN*N)-d.
d
LA(Z) =In®@Iy—Y Z;@Aj= 1,01 -Z®A;  ZeChmmd,

J=1

Definition 3.2. A descriptor realization is a triple, (A, b, ¢), with A € B(H)? := B(H)®

CY, b, c € H. Here, note that A € B(ﬁ{)d is viewed as a column d-tuple,

Ar
A=| | e B3O
Aqg

The transfer function, h, of the descriptor realization, (A, b, c), can be defined as the

NC function with the domain of invertibility of L 4(Z), given as:

oo
Dom h := |_| Domy h; Domyh :={Z € cnxn)-d | Ly(Z) is invertible},
n=1
via the formula:

WMZ) =1, b La(2) ' I, ®c.

We will write h ~ (A, b, ¢) to denote that h is the transfer—function of this realization.

Definition 3.3. The invertibility domain of the realization (A, b, c) defined as:

D(A) = {7 e CVN4 . 1 (7Y is invertible}.

The following results on the inversion map on B(H) are well known:

Lemma 3.1. Let T' € B(H), in which H is a Hilbert space and T is in the space of bounded
linear operators on H. Suppose that ||T|| < 1. Then the series Y ;> T" converges in

operator norm to (I — T)~ ™.
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Using this theorem it follows that the inverse operation, sending each operator to

its inverse, is in fact continuous:

Proposition 3.1. Let T € B(H) for a Hilbert space H. The map T — T~ is continuous.

Proof. Let S € B(H) satisfy:

1
IS =T < -
|71

Set E =T — S, so that |[E|| < ||T~1||~!. Then

rls=1-17'E, T7'E|<|T7Y - |E| <1

Since |T~'E| < 1, the operator I — T~ !E is invertible by the Neumann series

lemma, and

1_1 - _11 |
TE| = 1= [T7H - [l =T

=17 <

As S = T(I — T~'E), we obtain
sTt=(q-7rtp)~tr1

and therefore
T
[T - [|S =T

1571 < —
Now consider the difference:
sTtor gl s—m)r-t=s-1pr-1t
Taking norms yields

IS =T < ST IS =Tl - 1T
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Substituting the upper bound for || S~!||, we see that as ||S — T — 0, the right-hand

side tends to 0. Hence S~! — 7! in the operator norm.

This shows that the inversion map is continuous at every invertible operator 7". [

Corollary 3.1. The set of all invertible elements in B(H) is open in the operator norm

topology. In particular, if A € B(XH) is invertible, then B € B(H) is invertible if

1
14 =Bl < ey (3.1)

Lemma 3.2. The invertibility domain of the realization (A,b,c) is a joint similarity in-

variant uniformly open NC set.

Proof. It is straightforward to check that

Z 0 LA(Z) 0
Ly =
0o w 0 LA(W)

so that D(A) is indeed an NC set. One can also check that

d
La(SZS™ Y =T@lyx—Y SZ;5 ' A;
j=1

d
=SS @Iy —> 8Z;S @ A
j=1

d
=S(Ielyx—Y Z;®Aj)S!
j=1

= (S® Iy)LA(Z)(S™ © I).

so L4(SZS™1) is invertible if and only if L 4(Z) is invertible. That is Z € D(A) if and
only if SZS~! € D(A). Therefore, D(A) is joint similarity invariant.

It remains to show that D(A) is uniformly open: We show that given Z € D(A), we

can find a uniformly open ball containing Z which is inside D(A).
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Let us denote by D4(A), the level s of the NC set D(A), defined as

Dy(A) :={Z e C*5)d . [ ,(Z) is invertible}.

Given Z € Dy(A), we consider |[Z®™ — W|| o Where W e C5m*sm)d and we
know that L4(Z) is invertible. We can determine when the inverse of L 4(W) exist.

Observe that:

1LA(ZO™) = LaW)I[ = [I(Z®™ = W) @ Allrow < [I(ZO = W)]lrow [|Allcol-

1 1
We can take || ZP™ — W||row < , then we will have:
AL a(ZEm) 7|

1

124(Z) = LA < ey

so the condition (3.1) is satisfied. By Corollary (3.1), we conclude that L 4(W) is
also invertible. This proves that a uniform open NC ball of sufficiently small radius, is

contained entirely in D(A). O

We want to show that in a uniformly open neighbourhood of 0 € C(NxN)-d/ any
realization defines a holomorphic NC function and vice versa. Here, we consider the

multi-variable case. First, note that for Z € C("*") we have:

1Z® Al = (Z @ Is)(In® A, Note: | (A ® B)(C ® D) = AC @ BD
d
= Z Zj & Aj
Jj=1 g(}c)®cnxn
Ay
<|(Zi @Iy, Zg@ Ig)| ||| = [ Zlrow|| Allco1-
€B(Cr@HRCLxd CroH) Ay
——
B(H,HoC)
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So if || Z|lrow < ||A]|} then || Z ® A|| < 1. Therefore,

col

o0
WZ) =T, @b Y (Z@ A, @c= Y (b*A)Z%. (3.2)
J=0 weFi

Note that as an operator on H & C",

d
D Zj® A < 12 lkow | Allec
g=1 B(H)@Cn*n
so that the operator L,4(Z) is invertible in HAH;}I : ]B%dN(O). Therefore,
~1
1Al oo -IB%dN(O) C Dom h, and
1ol - flell . d -1
Ih(Z)] < . 1AL VZ er-By(0) for 0 <r <|[A]_;-
-r col

As a consequence, h will be uniformly bounded on any NC row-ball of radius
||A||c_01l > r > 0, hence, using Corollary (2.2), uniformly analytic on this uniformly

open NC row ball HAH(;ll : IB%IC{I(O) . Since D(A) is uniformly open, we conclude that A is

uniformly analytic on all of D(A).
By evaluating h on jointly nilpotent points 7 in r- IB%IC{I(O) (See for example [11], Chapter
5), we see that any A that admits a realization (A, b, ¢) can be identified with the formal

power series, h € C{(3),

h(3) = Z ho3”, where hy, =b*AY.
wEFI

Indeed, this also follows readily from expansion of L 4(Z)~! as a convergent geometric

-1

series for any Z in r - ]BIG\ZI(O)’ r= (Al

as in Equation (3.2).

In the case of one variable functions defined in a unit disk in the complex plane C,

the Hardy space is defined as the Hilbert space of square-summable Taylor series in
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the complex unit disk, denoted by:
o0 o0 )
H*D):= {f€0(D) : Y _|ff <ooif f(z) =) f;z} (3.3)
j=0 §=0

in which O(DD) is the set of holomorphic functions defined on the unit disk in the com-

plex plane.

Equip H?(D) with the inner product and norm given by the ¢?>~norm of Taylor coeffi-

cients:

b =3 anbn Wl = (3 Jenl?)”,
n=0

n=0
where f(z) = > ,>gan2" and g(z) = > bn2". Under this inner product H%(D) is
isometrically isomorphic to ¢?(Ny) via the map f — (ag,aq,...) [1,20]. One can easily

check that (2")7° , is an orthonormal basis of I 2(D).

There are three common and equivalent viewpoints for H%(D): 1) the coefficient
viewpoint (Taylor coefficients in 82); 2) the disk viewpoint (holomorphic functions on
D whose Taylor coefficients are square summable); 3) the boundary viewpoint (See [8]):
the radial limits f(e'!) = lim, o (re') exist for a.e. t, and the boundary function lies
in L?(0D). Moreover, the map V : H(D) — L(9D) which identifies every h € H?(DD)

with its radial boundary limits is an isometry [8].

These viewpoints can be summarized into the identities below:

0
12 = 3 Janl2 = L [ 12
H2 — n - 2 0 .
n=0

T

This identity (coefficient /2 norm = boundary L? norm) is the Parseval (or Plancherel)

identity for H2(ID), for a certain choice of the orthonormal basis of H?(D).

Also consider the Hardy algebra, which consists of all bounded holomorphic func-
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tion in D, explicitly defined as:

H>*D) ={f € 0D) : |[flloc = Slelg)lf(?«“)l < F00}. (3.4)

Lemma 3.3. We have H>(D) C H?(D).

Proof. (See [8]) Let f € H*®(D), so || f|locc = sup,ep |f(2)] = M < oo. For each fixed
r € [0,1), apply the maximum modulus principle to f on the closed disk D, = {z € C :
|z| < r}. This yields

sup [f(z)] = max [f(2)] < M.

|z|=r z€Dy

Thus, |f(re')| < M for all t € [0, 2x], and

1 2w ) 1 2w
> |fre™)? dt < o M?dt = M?.
m™Jo ™Jo
It follows that
1 2T X
Oiuglﬁ ; |fre™) 2 dt < M? < .
sr

which implies that f € H?(D) by definition.

Moreover, the means % fo% | f(re')|? dt are nondecreasing in r (as |f|? is subhar-

monic), so the limit

) 1 2m )
Hf||%[2= lim —/0 |Fre™) 2 dt < M? < oo

r—1- 27

exists and is finite. By the boundary viewpoint (and Fatou’s radial theorem [21] for
bounded holomorphic functions), the radial limits f(e!) = lim, ,;— f(re') exist for

a.e. t € [0, 2], and the Parseval identity gives

1 2 )
1£1I52 = %/0 1f(e™)]?dt < M? < oo,
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so f lies in L?(OD) as required. Therefore, H>°(D) C H?(DD). O

Let i be holomorphic map defined on an open neighbourhood of the origin so that
there exists a real number » > 0 such that h(rz) € H>®(D) C H?*(D). In H*(D) we
denote by :

S:H*D) = H*D),  (Sf)(2) == 2f(2),

the unilateral shift operator, and by
1 € H*(D)

the constant function 1, i.e. the basis element 2. Considering the orthonormal basis

(2™)py we can write the following expansion for h:
m A~
he(2) == h(rz) = Z hyp 2" ONB expansion
n=0

so that one can obtain the coefficients by ﬁnn = (2" hy) = (S"1,hy) = (1,5 hy).
Therefore, we deduce that (S*, 1, h,) is a realization for h,. Thus, for the function h

with the expansion

which is not necessarily in the Hardy space, we can write

(.¢]

h(rz) = Z ™ 2"
n=0
—~ ~ ~ 1
so that hp, = hyr"™ = (1,5h;), meaning that h, = <1,(;S*)”hr)H2.

Hence, (r—1S*,1, h,) is a realization for  around the origin.

In conclusion, we have proven the following one-variable case of the following result
from [1]:
Lemma 3.4. An NC function, h, is uniformly analytic in a uniformly open neighbourhood
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of 0 € CN*N)d i and only if it is familiar; i.e. if and only if it has an operator realization.

It will also be convenient to consider Fornasini—-Marchesini (FM) realizations.

Definition 3.4. An Fornaisni-Marchesini (FM ) realization is a quadruple (A, B, C, D),

where

Aq By
A= | eB@)d, B=|:|exwc? CeH*, and DeC.

Ag By

An FM realization is often written in the block operator—colligation form:

A1 B
A B s K H ® C4
= : —
C D Ay By C C
C D

As before, we then define the transfer function, h, of the FM realization (A, B,C, D) as

a function with domain
Domh =| |Domy h;  Domyh={Z € C™W | L4 (2)" exists},

via the formula:

S

WZ)=DIy+1,® CLs(Z)"Y (Zj®@B;) =D+ 1, ® CLA(Z2)"'Z® B.
7=1

In particular, as discussed above, there is an » > 0 so that r - IB%%(O) C Dom h, and
h will be uniformly bounded on any NC row-ball of radius ||AHC_011 > r > 0, hence it is
uniformly analytic on this NC domain. We will write h ~ (A, B, C, D) to denote that h

is the transfer function of this FM realization.
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Minimal Realizations

The other notion that we consider in this chapter is minimality. In a finite-dimensional
realization (H being a finite-dimensional Hilbert space), we say that a realization A €
c(nxn)-d is minimal if n is as small as possible. In [1], it is shown how we can generalize

this notion to infinite-dimensional Hilbert spaces, as follows:
Definition 3.5. Suppose (A, b, c) is a realization. We define the controllable subspace as

Cpe = \/ A%c,  (closed linear span) (3.5)

d
w€F+

and the observable subspace as:

Opep=\/ A™D, (3.6)
wGFi

and the realization is said to be controllable if €4 . = H and observable if 0 g« , = 3. We

say that a realization (A, b, ¢) is minimal if it is both controllable and observable.

The definition of minimality above, matches with the finite-dimensional case where
it is a theorem that a finite—-dimensional realization is minimal if and only if it is both
observable and controllable. Minimal realizations are unique up to a natural notion of

isomorphism [6], as shall be discussed in the following sections.

We can also define minimality for FM realizations as follows:

Definition 3.6. As before, we will say that the FM realization, (A, B,C, D), for h, is
minimal, if
H = \/ AYB; = %up, (3.7)
wEFI,
1<j<d

and

86



H =\ A¥C" = 04 c. (3.8)

wGFI
The subspaces €4 g and O g« ¢ of H defined above are called the controllable subspace
and the observable subspace of the FM realization and we say the FM realization is con-
trollable if H = ¢4 p and observable if H = 0 4« ¢. As before, (A, B,C, D) is said to be

minimal if it is both controllable and observable.

3.1.1 From Descriptor Realizations to FM Realization and vice versa

Remark 3.1. If we have an NC function that admits an FM realization, one can show
that it also admits a descriptor realization and vice versa. If h has descriptor realization

(A, b, c) then one can define

H = \/ A%, A=Ay, Bj:=Ajc, C:=(Pyb)*, and D :=h(0),
W
where Py is the projection onto H'. It follows that (A, B, C, D) is an FM realization of
h. Moreover, it is readily checked that if (A, b, c) is a minimal descriptor realization then

(A", B,C, D) is a minimal FM realization.

Conversely, if (A, B, C, D) is an FM realization of h on H, one can construct a descrip-
tor realization, (A,b,c) on H := H & C by setting ﬁj]}( := A; and defining Ejo o1 :=

Bj € H. That is, with respect to the direct sum decomposition H=Hao C,

~ AJ Bj<0@1,->j:c

j:
0 0

Next, one defines b := C* @& D1 and ¢ := 0 ® 1. It is easy to verify that (A, b,c) is then
a descriptor realization of h. If (A, B,C, D) is a minimal FM realization, then (ﬁ, b, c)

is controllable, but it may not be observable. However, even if it is not observable, its
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observable subspace has codimension at most one in H.

Proof of Remark 3.1. Suppose that we are given an NC function h and its descriptor

realization h ~ (A, b, ¢). So, by definition and Equation (3.2), we have:

MZ)=In@b* | D (Zo A | Lhoe= Y (FA%) 2.
weF] weFy

We notice that 4,3’ C %', because for w # (), we have 4;(A%c) = Al¥c € 3.

Moreover, for every w € IE‘CJ{:
bV AYc = (A¥c,b) = (A'%c, Plgub).

and for w = (), we get the first term in the series expansion which is 2 (0) = I, ® b*c. so

that we can write the series expansion above as :

Z) = h(0)+ Y (A'“c, Plagb) = h(0)+ 3 (A'“Bj, Plaeb) 2 = h(0)+ > CA'“B; 2.

w#0 wEFj wGFI
]:17 7d

=DIy+ Y 1,9C(Z®A2/@Bj=Dl,+1,2C Y (Z0A) Y Z;B;
wEFj wGFI J=1d
JEN

d
=D+ 1, ®C(I® 13— Z20A)7 'Y ZeB
j=1
We can also prove easily that the realization (A’, B, C, D) is both controllable and ob-

servable, given that the initial realization (A, b, c) is controllable and observable. For

the controllability we have:

\/ A¥Bj= \/ A¥djc=\/ A=
weFy weF} weF}
jzl’...’d j:L...’d
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And for the observability condition, we have:

\/ A*ect = \/ (A%3)® Pyob = Pyg \J A*“b =3
weﬁg wEF; wGFI

This shows that if (A, b, ¢) is minimal, then (A’, B, C, D) is also minimal.

Conversely, suppose h ~ (A, B,C, D) is an FM realization, and for x & o € H we

have ﬁj(x ®a)=Ajz+ Bja®0=(Ajz + B;ja,0) and c = 0 @ 1. We observe that:

Thus, for w = i - - i, € F}, we can write:
A¥e= Al AR 0eHaC.
Moreover, for w # (), we have:

CAYB; = C AN . ..Ain—lBZ.n = (A" "Ai"_le'mC*M{

= (Al A-1B; ©0,C% ® Dl)gy = (A%, b).
Considering the first term D = h(0) = b*c corresponding to w = (), we can write:

Wz)= Y bA% z¥=b"Ly(Z) e

+
wEFd

Now, with the assumption that (A, B, C, D) is controllable and observable, we can

prove that (ﬁ, b, c) is controllable, because:

\/ A= \/ (Ai1-~-Ailw|—lBi‘w‘@O)@(O@C)zﬁf@@sz.
wEF; weF;
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However, the observability may not happen because:

\/ AWy — \/ Ail...Ai|w|(C*@ﬁl),

wEF; wEFI
and the span on the right-hand side may not contain the subspace 0 ¢ C. Il
As stated in [6, 18] and also in a more general setting, in [1], we can build realiza-

tions of NC functions by synthesis, meaning that we can start with simple realizations
and construct other realizations of sums, products and inverses of NC functions. The

algorithm is similar to the one stated in references mentioned above.

3.1.2 How to construct Realizations of Sums, Products and Inverses?

Given two realizations (A, b,c) ~ g and (A", ¥, ') ~ h with A € B(H) and A" € B(H'),
there is an algorithm for constructing descriptor realizations of sums, products and

inverses as follows [1]. A descriptor realization for g+ h is given by (A1, b, ¢*) where,

b c
A;’ = Aj fas A;, bt = , and ct = ) (3.9)

b d
A descriptor realization for g - h is given by (A*, 0™, ¢*), where

A: Asch™ b 0
ij = I . b= , and ¢~ = . (3.10)
0 Al c*v/ d

And a descriptor realization for g~!, assuming that g(0) = b*c # 0, on the Hilbert

space H:=HaC,is given by (A(*l), b(*l),c(*l)), where Ag_l) € B(ff{), 1<j<d,

90



b(_l), =1 € ¥ and,

_ A — At L Ac0dl 1
Alg 1) — J b*c* ) b*c ) ( (C) : b(—l) — %(_b@l), and C(_l) = D1,
0 0

(3.11)

We can also use the same argument to obtain the sum, product and inverse of a
Fornasini-Marchesini realization. Let (A, B,C,D) ~ g and (A’, B’,C’, D) ~ h be FM
operator realizations on separable, complex Hilbert spaces H and H’, respectively. An
FM operator realization for g + h is given by (A", BT, ", D) where,

B .

+ . + . J + . + .
Al =Aje A, Bf = Mk CHi=(C;,C)), and DY =D+D. (3.9
j

An FM realization for g - h is given by (A*, B*,C*, D*), where

A; B.C! B;D'

AY = AN B} = J , C*:=(C,DC"), and D*:=D-D
/ /
0 A B

(3.10)

An FM operator realization for ¢!

(ACD, Y =1 p(=1) where

, assuming that ¢(0) = D # 0, is given by

-0 _ o, _1n -y ._ 15 —1y._ 1 -1y ._ 1
Aj = Aj B;C, Bj = B;, C =—C, and D = —.
(3.11)

It is well known that these formulas give realizations for sums, products and inverses
in the case of finite-dimensional realizations. Here we calculate the inverse realization
of the realization of g ~ (A, B, C, D). The fact that Equation (3.11) above gives an FM
realization for ¢!, for example, can be checked using the Woodbury identity [24], for

FM realization:
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Woodbury matrix identity: (A +UCV)™t = A~ —a7ly(c~! + ‘/frlU)_l‘/fr1

given that A~1, ¢!, and (O™ + VA_lU)*1 exist.

Applying this to the FM realization:

9(2) ( +CLA2) 20 B)
D™

-1
D 1C<L (Z)+Z®BD*10> Z® BD™!

—1
_p1l_ D_10<[ _Z0A+Z® BD_16’> 7@ BD™!

which, by comparison gives us the Equations (3.11).

Remark 3.2. If (A, B,C, D) is a minimal FM realization so that D # 0, then it is easy to
check that (A(_l), B(_l), C(_l), D(_1>) is also minimal, as in [18], section 5.2. Indeed,

assuming (A, B, C, D) is minimal, we have:

\/ A(_l)wB](-_l) > \/Aij =X, and \/ A( *wC * \/A*WC* — I
weFd weFd

1<j<d
Definition 3.7. An NC rational expression t, is any expression by applying +, —, - and
()71 to the elements of C(3), the ring of free polynomials. The domains of valid NC
rational expression is Domt = {X : t©(X) is defined }. We consider the equivalence re-
lation defined by t| ~ vo if t1(X) = to(X) for all X € Dom(ry) N Dom(re) (v is valid
if Dom(r) # (). An NC rational function is an equivalence class of valid NC rational

expressions with respect to this relation.

We can prove here, as an example, that a finite-dimensional realization (A, b, c)
(meaning that A is being finite-dimensional), always corresponds to a rational NC func-

tion, the equivalence classes of rational expressions with common domain. If f(Z) is an
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NC rational function, it means that it is in fact a rational expression applied to d-tuple
of matrices Z. By using the either of the algorithms above, we can easily show that any
NC rational function has a finite-dimensional realization. This is mainly because of how
we construct the realization of sums, products and inverses, as represented in at the be-
ginning of this section and it is known as synthesis which is introduced in [18]. We
know that the FM realization for 1 is given by (1,0,0,0) and the FM realization for Z;,
is given by (0, d;, ;,1,0) (or equivalently, the descriptor realization is given by (0, Z, e;,),
inwhich Z = (71, ..., Z,;) and ¢, is the k-th element of the standard orthonormal basis
of (Cd). This shows us that these realizations are finite dimensional. Moreover, we saw
earlier in this section, how we can construct the realizations of sums, products and in-
verses. Note that if start with 1 or a monomial Z;,, for a rational expression, we should
only apply a finite number of these rules to these monomials and therefore, we can
conclude that the final result, namely a realization for a rational expression, will be

finite dimensional.

Conversely, if (A, b, c) is a finite-dimensional realization of size m € N, for an NC

function f it means that:
f2)=b" U@ Ln—ZoA) e

for such realization with A € C("*")'d, We can sketch a proof of why this is in fact an NC
rational function. As a sketch, we take n = 2 and also d = 2. Given Z ¢ c(mxm)-d , we

assume that the equality above holds. Note that here in this case (because n = d = 2),

we have:
Ay
A=
Ay
in which
/ /
aj] ai9 a a
A1 = , and AQ = 1 12
/ /
az21 a22 Q91 Q99
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sothat LA(Z) = I, ® Io — Z1 ® A1 — Z ® Ao, which is equal to

c mem R (C2X2.

/ /

Now, using the following Schur complement formula, we want to compute the inverse
of the block matrix of L 4(Z):
A B (M/D)~! —(M/D)"1BD™!

M = — M=
C D -p~'cwm/p)~! D=1+ D lc(m/D)"1BD!

in which we assume that the inverse of D and M/D := A — BD™1(C exist. Here,
we observe that the entries of inverse of the block matrix of L 4(Z) will be a rational
functions of Z; and Zs. By calculating the inverse formula for the other values of n
and d, although with more calculations, we see that just similar to this case here, the

realizations in the form of bV* (I ® I}, — Z ® A)_1 ¢, fit into the definition of NC rational

functions.

Example 3.1. We would like to provide an example here, to demonstrate that if the real-

ization is finite dimensional, then the corresponding NC function is indeed rational.

We can take for example:

11 01
Al - ) A2 -
01 10
1 0
b= , c=
0 1
So the linear pencil would be:
I, 0 7y 73 0 Z
La(Z) = - -
0 I, 0 7 Zy 0
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In—21 —(Z1+ Z3)
A

Now using the Schur complement formula, we have:

La(2)™' =

(M/D)~! —(M/D) =21 — Zo)(In — Z1)
—(In — Z1)(—=Z2)(M/D)! *

in which (M /D) is defined as:

-1
(M/D) = (I — Z1) — (Z1 + Zz)<fn - Z1> Zs.
Therefore, the NC function corresponding to the realization would be:

WZ) = In® (L0)La(Z)"! [O — _(M/D) N2 — Zo) (I — 21)

This clearly demonstrates that the NC function h is a rational NC function.

3.1.3 Uniqueness of Minimal Realizations

With respect to specific transformations, minimal realizations can be considered to be

unique.

Definition 3.8 (Closed and closeable operators). Recall that a linear map L : Dom L C
H — J, with dense linear domain, Dom L, in a Hilbert space, H, and range in a Hilbert
space, J, is said to be closed if its graph is a closed subspace of H & J. Such a linear map

is closeable if it has a closed extension, f, i.e. Dom L C Dom L C K and Z] Dom L = L-

If L is closeable, its closure, L, is defined as its minimal closed extension, which can be

obtained by taking the closure of the graph of L in H & J.
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A subset, ¥ C Dom L of the domain of a closed linear operator, L, is called a core for
Lif (2,L92) is dense in the graph of L. In particular, if L is closeable with closure L, then
Dom L is a core for L (See [20], Section VI.2).

Remark 3.3. In the definition above, we write L C L and say that L is a restriction of L.
In particular, L is closeable if and only if the closure of its graph in H & J does not contain
any vectors of the form, 0@y for y # 0. Equivalently, L is closeable if and only if whenever
xn € Dom L, z,, — 0 and y, = Lz, — y € J, then necessarily y = 0. One can prove that
L* is densely-defined if and only if L is closeable, in which case L = L**, i.e. the bi-adjoint

is the minimal closed extension of L.

Definition 3.9. Let X : H — J be a closed, densely-defined linear map on Dom X C K.
We say that X is a pseudo-affinity, if X is injective and has a dense range. Suppose that
A € B(H) and B € B(J) are bounded linear maps such that ADom X C Dom X and

XA C BX, then we say that A and B are pseudo-similar.

The following uniqueness theorem is stated in [1] and we refer to that paper for the

proof. A similar statement can be proved for FM realizations.

Theorem 3.1 (Uniqueness of minimal realizations). Minimal realizations are unique up
to unique pseudo-similarity. That is, if (A, b,c) and (A', b, ¢') are two minimal realizations
defined on H and H', respectively, for the same NC function, h, then there is a closed,
injective and densely—defined linear transformation, S : Dom S C H — H', with dense

range so that for all p,q € C(3),

(i) The non-closed linear span of (C(A)c,SC(A)c) is dense in the graph of S
and S(p(A)c) = p(A)e.

(ii) The non-closed linear span of (C{A™*)c, SC(A™*)c) is dense in the graph of S* and
S*q(A™) = q(A")b.

Given an arbitrary realization (A, b,c) of an NC function / defined on H, we can
always find the minimal realization associated to 4 by compressing to a certain “semi-

invariant subspace” [1].

96



Suppose J is a Hilbert space and X is a semigroup of operators on J. If H is a sub-
space of J and () is the orthogonal projection onto H, then K is called semi-invariant
under Y provided QW1 QWoQ = QW1 Ws(Q for all W and W5 in X. When this happens,
the family of operators {QW|q; : W € X} is a semigroup— called the projection of ¥

onto H—and the natural map of ¥ onto its projection is a homomorphism [22].

Let (A,b,c) ~ h be any descriptor realization of 4 on H. Define the minimal space

of (A,b,c) as the subspace
Mape =CacO Oty N Ca

Then, .# . is the direct difference of the nested, A-invariant subspaces, ¢4 . and
ﬁj*,b N4, and is hence semi-invariant for A. That is, if Qo : 5 — .#y ;, . denotes the

orthogonal projection, then

QoA%Qo = (QAQy)”, weFy,

so that the compression to .# 4 . is a surjective, unital homomorphism of the unital
algebra generated by A, Alg{I, Ay,...,A,}, onto Alg{/, Ago), . ,AEZO)} where A(0) .=
QoAl

Theorem 3.2 (Kalman decomposition). Let (A, b, c) be any descriptor realization of h
on H, and define the minimal space, .# 5, ., as in Equation (3.8) above, with projector
Qo. Then setting A0) .= Q0A|%A,b,c’ by := Qob and ¢ := Qqc, (A(O), by, co) is a minimal

realization of h .
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Chapter 4

Operator Realization around a

matrix-centre

We have seen before that an NC function f is uniformly analytic in a uniformly open
neighbourhood of 0 := (0,...,0) € C*? if and only if it has a realization f ~ (A,b, c).
For an NC function f, with the realization f ~ (A4, b, ¢), the moments of the realization
are b*A¥c = f,, with f, being the Taylor-Taylor coefficients of f at 0. Hence, our
motivation in this section is the question of whether an analytic NC function f about a
matrix centre Y € C(mxm)’d, has a realization centred at Y, which somehow determines

the Taylor-Taylor series coefficients of f at Y.

In the case of functions with one variable, we can see that if f is holomorphic in an
open neighbourhood of y € C, it has a “realization centred at y”, f ~y (4,b,c) in the

sense that
flz)=b"(I—(2— y)A)_l c
w . .
= Z bV Ale(z —y)
=0
in which, the term f] := b*AJc is the Taylor coefficient of the function f at the point
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y. We can prove this as follows: let g(z) := f(z + y) so that g would be a holomorphic
function in a disk centred at the origin of a given non-zero radius. Therefore, by the
results of the previous section, g has a realization, lets say ¢ ~ (A,b,¢). So, we can

write:

= 0 (La@)(I — 2La(y) " A) e, [Laly)=1-yA

= b* (I — ZLA(y)_lA)_l LA(y)_lc.

Therefore, we can consider the realization of f at y, a translation of the realization of

g ~ (A,b, c) explicitly written as f ~y (La(y) LA, b, Ls(y) o).

Similar to the case of one complex variable above, if an NC function f ~ (A,b,c),
with A € B(H)? and Y € Cm*m)d 'y ¢ D, (A), we can construct a matrix centre

realization of f about y, f ~y (K, b, ¢) using a similar “translation process”.

Definition 4.1 (Completely bounded norm for column d-tuples). For a d-tuple of com-

pletely bounded linear maps:

Ay
. (mem ® Clxd — B(g_c)
Ag
ie.
Ay p
o (Z1,-+ Zg) =Y Aj(Zj) = A(Z)
j=1
Ag

We denote by ||(Ay, ..., Ag)T||cp, the column ch-norm of this linear map, which is defined
as in Definition (2.4).

Definition 4.2. Let Y € C(mxm)d A descriptor matrix-centre realization of Y, is a
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triple (A, b, c)y, where A = (Ay,...,A,) is a d-tuple of linear maps,
Aj € B(C™™M B(H)),

with 3 being a complex, separable Hilbert space and b,c € B(C™ H). We define the

linear pencil as a function L 4(X) given as:

The invertibility domain of the realization is defined as:
oo
DY (A) == | | DY (A).
n=1

such that
DY (4) = {X e Clmnxmn)d ‘ La(X — I, @Y) L exists }

Definition 4.3. If for any X € DY (A),
FX) = Lot Ly X —L,oY) ;e

We say that f is a quantized transfer function of (A, b, c)y and write f ~y (A, b, c).

Remark 4.1. Note that the quantized transfer function may not be an NC function as it
may not obey the joint similarity condition [13]. It is however; always graded and respects
the direct sum. However, quantized transfer function is uniformly bounded, as it is a

convergent geometric series with a positive radius of convergence.

Remark 4.2. It is a result of Paulsen that for operators Ej : C" — B(H), from a
finite-dimensional vector space to B(H), boundedness implies complete boundedness [See

Theorem (2.4)].

Our emphasis on complete boundedness here, stems from the need to analyze the Tay-

lor-Taylor expansion of the realization and, in particular; to control its Hadamard radius
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of convergence (2.13). When studying realizations of the NC functions, each coefficient in
the corresponding Taylor-Taylor series involves multilinear maps acting on matrix tuples
of the form b* A¥c. Ensuring that these maps are completely bounded guarantees uniform

control of their norms at all matrix levels as discussed following Definition (2.5).

Remark 4.3. Since each A; € B(C"*" B(XH)) is a linear map on a finite-dimensional
operator space C"*", each A; is completely bounded [16]. Therefore, one can consider A
as a completely bounded linear map from the column operator space (with d components)

over C" ™ into B(H), A € CB(C"*")d B(K)) and define :

Al = (A1, -+, Ag)) |-

Proposition 4.1. The set DY (A) is a uniformly open NC set.

Proof. First, it is clear that DY (A) is closed under ‘@’ and therefore by definition it is
an NC set. Suppose that Z € DY (A), which means that L 4(Z — I, ® V)~ ! exists. If W

is in an open uniform ball of radius § > 0 around Z, we have :
(Z-1,0Y)=(W—I,8Y)|lkow = ||Z = W|lrow < 6.
Furthermore, this means that :
1La(Z = 1n®@Y) = La(W = I @ Y)|| <6 -[[AllcB

= [ =La(Z -1, @Y) ' LaW - L, oY) <5 | Allcg - [|1La(Z - h @ Y) ™!

If 6 > 0 is taken to be sufficiently small, i.e. § < ! then

1AllcB - 1La(Z = In@ Y) M|’

we have:

[ —La(Z -1, @Y) \LyW—-I,@Y)| < 1.
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This implies that:
[—(I—Lg(Z—In@Y) ILaW -1, @Y)) = Lg(Z -1, @Y) 1La(W — I, ®Y)

is invertible. Therefore L 4(W — I, ® V) is invertible (See Lemma (3.1)), and therefore
W € DY (A). This shows that any uniformly open NC row ball of sufficiently small

radius around any point in DY (A), is contained in DY (A). O

Theorem 4.1. For every X in the NC open row ball centred at Y, of radius of ||(A1, ..., Ag) Y| |6113
(or in other words, for any X with || X — ;@ Y|| < ||(Aq4,... ,Ad)T||6]§):

(0.¢]
LaX-LeYy) ' =Y AX-LoY)
(=0

= Z A(w)<X_[s®Y)7

+
wE]Fd

where AW)(X —[,@Y) = A (Xj, — [s®Y;)) ... Ay (X;, — [s®Y;,) ifw =iy ...iq € T,
ij € {1,...,d}.

Proof. Expanding the linear pencil L 4(X — I; ® Y'), we have:
d
La(X —Is@Y) =1 @Iy — AX - I,@Y) = I, @ I = Y _A;(X; - I ®Y)).

J=0

The convergence criteria of the series

oo
LaX-Ley) =Y AX-Loy)
=0

is that

[AX - @Y)|| < ||(A17--~,Ad)THCB [ X = Is @ Y]low < 1.
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1
(A1, ..., Ag)T|cB

clxdjg(g{)),

for A = (Al,...,Ad) S CB(mem X

the series above converges and therefore the inverse of the linear pencil exists.

It is readily checked that:

AX-LeY) =) AYX-LeY) such that w € F¢ |
jw|=¢

where if w = ijio .. .7
AW(X —Is® Y) = Ail(Xil —Is® }/;1) . Alk(Xlk —Is® Y;k)
we can write the expanded geometric series of the linear pencil as :

LyX -LeYy) ! = > AYX-LeY)
weFi

The same criteria is also sufficient for the existence of the inverse of L (X — I; ® Y)

and the convergence of the expanded geometric series above. O

Given the theorem above, we can now connect the terms of the Taylor-Taylor series

of an NC function at a given point in its domain of definition, Y € C™*"™. Note that:

FX) = In@b La(X)  [n®e = > PFAYX -L®Y)c, (4.1)
wEFi

and that b* A¥(X —I3;®Y) c are |w|-linear maps actingon (X — s ®Y,...,. X — [, ®Y).

d—girmes
By the uniqueness theorem in Chapter 2, Theorem (2.6) and its version for series in-

dexed by free monoid (See page 64), and Equation (2.12), we have that the series
(4.1), is equal to the Taylor - Taylor expansion of f at a matrix centre Y. In other

words, we obtained the following:
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Lemma 4.1. Let Y € Domy, f, where f is an NC function. If f ~y (A,b,c), then the
Taylor-Taylor series of f at Y is given by the multilinear partial difference-differential
maps,

t
A 1oy fY) = Lot AYX — LoY);ec 4.2)
where w =iy -1y, € Ffli- and X — I, @Y € C(smxsm)-d

That is, if the Taylor-Taylor series of f ~y (A, b, c) centred at Y € Dom,, f converges

at X € Clsmxsm)d thep

= > A% ey f(Y),

wEIFd

where the terms of this series are given by Equation (4.2).

In the next theorem, we consider the relation between Lost-Abbey conditions and
realizations. Note that in all of the results presented so far, the assumption is that
the NC function f is defined at the origin, and then we build realization with this
assumption. Recall that the quantized transfer function of a matrix-centre realization
at Y need not to be an NC function. It will be an NC function if and only if it obeys the

Lost-Abbey conditions:

Theorem 4.2. Consider the series:

ngx In®Y,... . X —IQY), (4.3)
=0

/ tlmes

with Y € C*s)d qnd f, . (Clsxs)d)l —y CNXN| for ¢ € N U {0}, being (-linear maps
and X € Clsm*sm)d  Thep f ~y (A,b,c) is a uniformly analytic NC function on the

uniformly open NC set DY (A), if and only if the |w|-linear maps:

= ) b*AY(,....)e LeNU{0}
|w|=¢

obey the Lost-Abbey conditions.
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Proof. If we assume that f is a uniformly analytic NC function, using the facts that the
linear maps b* A“(-,...,-)c, are the terms of the Taylor-Taylor series expansion of the
NC function f around Y (because of Lemma (4.1)), we can deduce from Proposition

(2.3), that the |w|-linear maps f, obeys the Lost-Abbey conditions.

If f ~y (A,b,c) obey Lost-Abbey conditions at matrix point Y, then it is uniformly
bounded on a r-IB%gN(Y) for any r < ||A||cg. Hence, since uniform boundedness implies
uniform analytic property, it follows that all the partial derivatives of f exists and hence

the series > 72 f(X — I, ®Y,..., X — I, ®Y) defines a unique NC function f which

¢ times
is uniformly analytic on its domain.

4.0.1 Minimality of Descriptor Realizations around a Matrix Centre

For a realization around a matrix centre, controllability and observability can be defined
in a similar way to the definitions presented in the first section of this Chapter, both for
descriptor and FM realizations. Moreover, the translation of realizations here is derived
from the arguments in [1] for the finite-dimensional matrix-centred realizations of NC

rational functions, in which the same propositions are stated for FM realizations.

Notation: If w =iy - let A¥ : Cm*m @ CL¥wl 5 B(H) be the |w|-multilinear map

defined as:

Z‘w"

A(Gr, - Gly)) = Ay (G1)Aip(G2) -+ Ay (Gy,)) € B(KH), G e C

|

Also define the |w|-linear map, A“T as:
= - * =
A¥TIG] = (AW[G*]) . G:=(G1, ,Gyy): Gy e C™N,

where G* denotes component-wise adjoint.
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Definition 4.4. [13] Given any realization, (A,b,c)y, around a matrix centre Y €

C(xn)d e define the controllable subspace,

Cpe = \/ Ran A%c,

+
weFd

where, if w = iy ---i|,, then AY : C"" Cxlwl — B(H) is the |w|-multilinear com-

pletely bounded map defined as before:

Aw(Gl,--‘ 7G|w|) = Ail(Gl)Aig(G2>"'A (le‘) € B(j{), G; € cnxm,

ol
The realization, (A, b, ¢)y, is said to be controllable if 7%’ = € 4 .. Similarly, we define

the observable subspace,

O gt p = \/ Ran A“Tb,

J’_
we]Fd

where, if w =iy -+ iy, and G; € C"*" then

AN G, Gly) = Aig (Gl Ay (Gl )t A (G € B30,

As before, (A, b, c)y is said to be observable, if 0 ,; , = I

Note that here, we define A“ as a |w|-linear map on |w|-tuples of n x n matrices,
whereas earlier in our discussion of Taylor-Taylor series of a function with a matrix-
centre realization, we defined a similar |w|-linear map on |w|~tuples of elements /()
of C(nxn)-d 4w which is related to A% by

AW[H(l)’... ’H(w)] — A(.u[[{(l)7 ’H(|w|)]

1

Hence,

RanA%c=\/ 4, (G1)--- A (Gl elv).

G;eCh=n,
veC"™
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Definition 4.5 (Minimal realization around a matrix centre). A realization (A, b, c)y is

said to be minimal, if it is both controllable and observable.

4.1 New Results on Realization theory around a matrix

centre

In this section, we present several results that extend the realization theory of NC
functions and allow us to build matrix-centre realizations of more general NC func-
tions. Namely, we can build realizations of an NC rational function v in m NC vari-
ables composed with m-tuples of NC functions ¢y, ..., g, that have realizations at 0.
Our results in this section provides a way of building realizations for such functions,
f:=rto(g1,...,9m), even if f is not defined at 0. Recall from Definition (2.7) that the
set of all NC polynomials in d non-commuting variables 3 = (31,--- ,34) is called free

algebra and is denoted by C(3).

Definition 4.6 ( [1, 13]). Given any p € C(3),

b= Z ﬁw5w7

wl<N

we can view p(A) as a multi-affine linear map in n, := Z|w|< N:po£0 || — arguments

in C"*™ into B(H).

Namely, given two words, a,w € IF:{ and c € C, we define:
A% 4 cAY . P g e llelHwl) s p(gq),
in the obvious way:

(Aa + CwaGl, ce ,G|a‘,Hl, ce ’lel) = AQ<G) + CAW(H),
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fOT G = (Gl, ce >G|a|) and H = (Hl,...,H|w|), GiaHj e Cnxn,

For simplicity of notation, when we view p(A) for p € C(3) as a multi-affine linear map

in ny, copies of C"*", we will often simply write
p(A)[C]

for the image of G := (G1, . .. ,Gp,) €CVT® C*"p under p(A).

Definition 4.7. Suppose we have an NC polynomial of the form:

p(A) = > puA,

lw|<N

The conjugate of this NC polynomial is defined as:

pA) = 3 oA,

w|<N

where p,, is the complex conjugate of the complex number p,.

Similar to the theorems stated in the previous section of this chapter, we aim to ex-
tend Theorems (3.2) and (3.1) to matrix-centre realizations. We start with an analogue

of Theorem (3.1) for this case.

Definition 4.8 (Analytic equivalence realizations around matrix point Y'; See [1]). Let
A€ (A, Ayt and A" € (A],---, AT be two column d-tuples of linear maps
Aj o €V — B(H) and A} : CVM — B(H'). We say that A and A’ are ana-
lytically equivalent around Y and denote it by (A,b,c)y ~ (A", V. )y, if there exist
b,c € B(C",H) and V', € B(C", H') so that the realizations (A,b,c)y and (A, b, )y
are both minimal and define the same quantized transfer function in a uniformly open

neighbourhood of Y € C"™*"™, That is, A and A’ are analytically equivalent if there exists
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an r > 0 so that
VLA(Z —Is@Y) le=t"Ly(Z - I,@Y) Y, VZer BEENd
or equivalently (See [13], Lemma (2.7) for a proof),
PAYe =AM Yw e FY
If (A,b,c)y ~ (A" ¥, )y, where A’ € CB(C™", B(H'))?, we observe that :
DY (4) N DY (4) 2 - B,y (¥), where r = min { | AIgh oo 14 G |-

1Al cB.col = (A1, -+, Ag) Ml cB.

Recall that the definitions for the following theorem are stated at the beginning of
Section (3.1.1):

Theorem 4.3. Suppose that (A,b,c)y ~ (A", ¥, )y are minimal analytically equivalent

realizations at Y. Then there is a unique pseudo-similarity, S : Dom S C H — H’ so that
forall p,q € C(3):
(i) RanC(A)c is a core for S and Sp(A)[Gle(v) = p(A)[G') (v) for dll G € C™™"
Clxmp gqnd v € C™.

(i) RanC(A'M)Y isa core for S* and S*q(A)T[GI (v) = ¢(A)Tb(u) forall G = (Gy, -+ ,G,),G; €

C™ " and u € C".

Proof. We need to first check that S is a well-defined linear map. Namely, if p(A)[G]c(v) =
0 € H, we need to show that p(A)[G]¢(v) = 0 € H'. For any ¢ € C(z), and any

H=(Hy,.. ., Hy,),H;j € C™*™ and u € C™, since (A,b,c)y ~ (A", V/,)y, we have :

-

0 = b(u)*q(A)[H*p(A)[Gle(v) = (a(A)[H]b(w), p(A)[Gle(v))gc
= b/ (u)*g(A)[H*p(A)[G)e (v) = (g(A) [HY (u), p(A")[G] (0)) 9.
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However, since (A’ 1/, )y is assumed to be minimal,

H = O gty = \/ Ran q(A/)Tb/,
q€C(z)

and we conclude that p(A")[G]¢ (v) = 0, as required.

We want to prove that S is closeable. We need to show that p,,(A)[G]c(v) 2= 0

and Sp,,(A)[Gle(v) 2=22 o/ imply ¢/ = 0.

Since the linear transformation Lv = q(A’)[H]v is defined everywhere, g(A")[H]V' (u)
(See Definition (4.7) and (4.4), for the notation q(AT)) has the property that:

(qADHW (), y') = Tim ¥ (w), g AV H |pp(A)Gle(w))gp | = (01, 1)

and because of controllability of (A, ¥, ¢) is implies that ¢/ = 0. This suffices to prove

that S is closeable.

Next we want to show that S is injective. First, let us prove that Sp(A)[H|c(v) = 0
then p(A)[H]c(v) = 0. Because (A, b, ¢) is controllable, we can conclude that for every

h € H if Sh = 0 implies h = 0. So, our assumption is that
Sp(A)[Hle(v) = p(A")[H]d (v) = 0.
On the other hand, by equivalence of realizations, the following equality is true:

brAYW)e = b AT, YW = (W, W) € P @ e,
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so we have for every ¢ € C(3)

p(A[H] (v) = 0 = b*q(A)[G]p(A")[H]¢ (v) = 0
> (g(AN)[GIb, p(A)[H] (v))gp = 0

— (g(A)[G]b, p(A)[Hle(v))ac = 0

which implies that p(A)[H]c(v) = 0.

Additionally, we claim that C((A"))#/(v) € Dom S* and that S*q(A’)[G]V (u) =
q(A)[G]b(u) for any ¢ € C(3). For every p € C(3):

((ADGIW (w), Sp(AH] (v)) = (' (w), 7(A")[G]Sp(A")[H] (v) 3¢

Therefore, by the definition of the Hilbert space adjoint of a densely—defined linear map
S*q(AM[GIY (u) = q(AT)[GJV (u). By a symmetric argument, it follows that C(A’T)/ is

a core for S*. O

Theorem 4.4 (Kalman decomposition [13]). Let f ~ (A, b, c)y be a realization centred
at Y € clmxm)d gnd let Qo be the orthogonal projection onto My . C H. Then

(A(O), by, co)y is minimal realization of f.

(mxm)-d

Proof. Given the realization (A4, b, ¢)y around a matrix centre Y € C , we define

the minimal subspace .#y , . as

CKA,C S/ (%A,c n ﬁjﬁ’b»

Let A/(G) = A(G)‘%A A A7C)d be the restriction of A to the controllable sub-

space ¢4 . for any fixed G ¢ cmxm) & c1x|l which is a bounded linear map. If
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we take P’ to be the orthogonal projection onto €4 ., defining v'(u) = P'b(u) and
(v) = ¢(v) € €4, as bounded linear operators from C™ to H. Indeed, (4", ¥, )y is a

controllable realization on H' = €4 . because:

Cpr ot = \/ Ran A“c = \/ A/w[é]c'(v)
weFy GeCr*neC!xlwl
veC”

= V(PAP)[G)d (0) = \] A°[G) P'efo) = Gp o = 9,

=c(v)

using the A—invariance of P’. Since

b (u) A [G)d (v) = (P'b(w))* (P A[G)P")¥c(v) = b*(u) A¥[G]P'e(v)

~

— 5 () A°[Gle(v) = u* *(Glu,

we can see that (A’, 0, ¢)y is a controllable realization of the NC function f around the
matrix centre Y, which is analytically equivalent to (A, b, c)y. We define the subspace
M = \/Ran AT C € . with orthogonal projection Q) < %4 .. If we consider the

space € . © .4, we can show that:

T €CAOM = 0= (AYT[GIV(u),2)
= 0= (AT[G]b(u), )

<~ $€E%ﬂ£c€90ghprjéibb)::W%Abﬁ-

We denote AV [G] = QoA[G]| z,,.» bo(u) = b(w) and ¢y(v) = Qoc(v) and similar to

what we have above, we can write:
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bo(u)* A Gleg(v) = ¥ (u)"(QoA'Q)*[G)Quc (v)
= V() QuA™[Glc(v) (Qq being co-invariant for A’)
= (P'b(w)*A¥[GIP c(v) ((u) € Ran Qg = M4 p,)

~

= b(u)*A¥[Gle(v) = u* fu,[Glv

for every G = (Gy, .. LGl € c(mxm) g Cc1xIwl This proves that (A(O),bo,co) is a

realization for f.

To prove the minimality, we first observe that :

\/ AT = \/ A“TGI Qb (u) = Ay,
+ + Y
weF, weF, W (u)

for fixed G € C(mxm) g c1%lvl and w € C™. Moreover,

\/ AD%[lepv) =\ QoA“[G]Qoc(v)

weFy weFy
= Qo \/ AYGe(v), since Q is A’—co-invariant,
weF}
= Qo \/ A¥[Gle(v),  since A' = Alg, ,
weF}
= QuCAc= MApe

since .# 4, . C €4 - This proves that the realization (A©) by, o) on .4 'A,b,c is minimal.

]
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4.1.1 Translation of Realizations

Given a matrix-centre realization f ~ (A,b,c)y, with Y € cmxm)-d gnd X, 7 €

2Y (A), we have that

FZ) =1 @b La(Z -1, @Y) ', ®c
=L, b Ip @Iy —AZ-1,0Y) ',®c
=1, b (I, @] — ([, A)(Z-X)—(idy @ A)X -, oY) ', ®c

= I, ®b* <In®f— La(X — I ®Y)’1(idn®A)(Z—X))

= b L y(Z — X)L,

where O/, € B(C™" H'), A% e aB(Cmmmn, Z(3')), H' = C" ® K, and for any

G E (Cmnxmn
AL(G) =L AX—L,0Y) lid,®A4;(G), ¥ =I,@b, and ¢ =Ls(X-[,0Y) ',&c.

and id,, denotes the identity map on n x n matrices. This is essentially the same calcu-

lation as in [13], Section 5.2. Hence we have shown that f ~ (A", ¢/, c) x.

Next, we would like to show that the minimality property of a realization is pre-

served through translations.

First, we set the stage for one-dimensional realizations: If f ~ (A,b,¢) € B(H) x
H x H is a minimal realization at 0 € C, we would like to show that f ~_/ (A",¥', ) is
also a minimal realization of f at 2’ ( [13]). Suppose f ~g (4,b,c) € B(H) xHxHisa
one-dimensional realization centred at 0 € C. We will simply write (A4,b,¢) = (A, b, ¢)g
in this case. Then, for any 2’ € D(A), we can construct a realization of f centred at 2/,

f ~ (A/, bl, C,)z/:

A= =474, ¥ =b, and ¢ =(I-7A) "l
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The controllability subspace of (A", ¥/, ) is

CKA//_\/A’J’ \/AJ — A e,
7=0

Hence, (I — 2/A)~lc e Gy 5 and

AT - A 2e=(T-ZA)2c— I - A)"lce Cpr -

In particular it follows that ¢4 » contains the linear span of (I — A2

and (I — 2/ A)~Lc. Iterating this argument yields

C514//3\/ —ZA

Set T := (I — z’A)~1, a bounded, invertible operator and choose any A € C so that

|A| > ||T||. Then, A\l — T is invertible and
(M =T)~ Z ATl
is a convergent geometric series since |A\~!7T|| = |\| 71| T|| < 1. Hence,

Caw2 \/ A-T)'Tc
A>T

Since T is invertible, 0 ¢ o(7T'), so that the functions e_,(\) := 1/\"*, n € N are
analytic in an open set containing the spectrum of 7, e_,, € O(o(T)). Hence, by the

Riesz-Dunford functional calculus (see [15], Chapter 9 for the precise definition),

1
T = AP =T)Yax, > |7
T r-OD
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so that

0 (0}
Cyr o 2 \/ T "Tc= \/ T "c= \/ (I —2A)c.
neN n=0 n=0

Hence, ¢ € ¢y » and
(I-2Ac=c—7Acc Cpr ot
so that Ac € ¢y ». Continuing in this manner,
(I —2A)c=c—2Ac+ 2?A% € Car ot
so that A%c € %y, and we conclude that

o0
CgAl7cl D) \/ Ac = CKA’C = g‘f,

n=0

so that (A’, ¥, ) is controllable. The proof for observability is analogous to the proof

above.

Theorem 4.5 (Minimal matrix translations). If f ~ (A,b,c)y is a minimal realization
at Y € Cmxm)d and X ¢ 9Y (A) is arbitrary, then f ~ (A’ ¥, ) x is also a minimal

realization of f at X.

Proof. The controllable subspace of (4’1, )y is

Cor o = \V (LAX = I, @ Y)TA[GILAX — I, @ Y) NI, @ ¢)(v),
weFJwe@m"
éec(mxm)-n®clx\w\

and we want to prove that this is equal to C" ® H. Setting T" := A(X — [, ® Y),
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L:=(I—-T)=LsX-1,®Y)and A := L™, we have that

Cpr o 2 \/ (AA)?[GIAA; (X — I @ Y))A(In ® ¢)(v),
weFIweCm”

G’G(C(mxm)-n@(clx |w]
1<j<d

and hence, by summing over j,

Cpr D \/ (AA[GIA AX — 1, 0Y) A, ® ¢)(v).
wEIF;;;UE(Cm" T
ée(c(mxm)ﬂ@(clx\w\

Iterating this argument yields that

Cp o 2 V (AT N (Iye)(v) = V (AA)YICIN (In®e)(v),
weFj[;veCm” we]F;;veCm"
éec(mxm)%@(cbqw\ ée(c(mxm)%@(clx\w\
jeNU{0} JjeN

sinceTand A = (I —7)" ! commuteand TA =T(I-T) ' = -T)"'—-T=A—-1.

In particular, it follows as before that

Cpr o 2 \/ (AA)?[G)N — N)"TA(I, @ ¢)(v),
weIF‘j;ve(Cm"
é’ec(mxm)-n®clx\w\

IAI>IA]]
since for any A € C so that |A| > ||A]],

(M — A)~ ZA”lA”

converges in operator norm. Again, by the Riesz-Dunford functional calculus, since

A is invertible, 0 ¢ o(A) and 1/)\ is holomorphic in an open neighbourhood of the
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spectrum of A so that

Cow2 \/  (AA?[GIR(AAI, ® ¢)(v)

hGO( (A))

\/ GIATIA (L, ® ¢)(0v)
:\/ GIAT (I @ o)(v)

> \/(AAy@ )2 \/(

We now iterate the argument as before.

Ty 2\ (A2 (G)(In @ 0)(v)

D \V  (AAP[GIA(idy @ A5)(G)(In @ c)(v)
1<5<d; veC™
Gje(c(me)"n

» \/ (AA)?[GIA(idn ® A7) (X — Iy @ Yj)Alidn @ A)(G)(In @ ¢)(v)
1<j<d; veC™?
Ge(cmnxmn

> \/(AA)?[GIATA(idy @ Ag)(G)(In & ¢)(v),

where the last formula is obtained by summing over 1 < j < d. Iterating this argument

then yields:

Curw 2\ (A [GIAT) Alidm @ Ag)(G)(In ® c)(v).
s=0

Again, we now use that A,7" commute and that AT = A — I to conclude that
o0
Cuo 2\ (ANA[GIN (idim @ AL)(G)(In @ ¢)(v),
s=1
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and hence as before,

Cue2 \/ (AAPIGIA = N Aidy ® A)(Gr)(In ® ¢)(v)
[A[>[IA]]

2 \/ (AA)¥[GIA(idy @ Ag)(G)(In @ ¢)(v)
n=0

2 \/(AA)¥[Gl(idm ® Ap)(Gp)(In ® ) (v).
In particular,
C"o \/  AGpew)+C"® \/ c(v) S Cu o,
GeCmxm veCm
and iterating this argument shows that
C"RH=C"®%,.=C"® \/ A¥[Gle(v) € Cr o,
weFjweCm
é’ec(mxm)~n®clx|w|

so that (A’ 1/, )y is controllable. The proof for observability is analogous to the proof

above.

The final statement will follow from our construction of (A", ¥/, ) x. If Z € P, (A),

then, since X € %,,(A), by assumption,

LAaZ—-10Y) ' =(I@I-AX-IQY)-AZ-1®X))"!
—(I@T—LaX—-IY) TAZ-ToX) 'Ly X-ToY)!

—Ly(Z—T@X) "X -TeY) L

That is, invertibility of L 4(Z — I ®Y') implies invertibility of L 4/(Z — I ® X). This proves

that ng(A) C @,fm(A’ ), and the reverse inclusion also holds by symmetry. O
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4.1.2 FM Realization about a Matrix-centre and FM Algorithm

We can define the FM operator realization centred at a matrix point Y in a similar
fashion to what is said in Chapter 3. The main objective of this section is to present

formally the FM algorithm (also defined in Chapter 3 as synthesis).

Definition 4.9 (FM realizations around Y). An FM realization at a matrix-point Y €

c(nxn)d is q quadruple (A, B,C, D)y, where, as before, A = (Ay,...,Ay) : clnxn)d _,
B

B(H) is a row d-tuple of linear maps, B = : e B(C™*" B(C™, H)) @ CL C €
By

B(H,C"), and D € C"™". That is, each B; : C"*" — B(C",H) is a bounded linear

map.

The linear pencil of A, L4, is defined as before, and its invertibility domain (at Y),
DY (A) € COnxNn)d is defined as

DY (A) = |_| DY (A)={Z ¢ C(mnxm”)'d‘LA(Z — I, ®Y) is invertible}.

The FM realization (A, B, C, D)y defines a quantized transfer function, h on DY (A) by

the formula:

d
WX) = In@D+In@CLAX~1n®Y) 1Y Bj(X; — In®Y)); X € Dy, (A) € clmmxmn)d,
j=1

N J/

—:B(X~I,n®Y)

The notions of controllability, observability and minimality can be defined similarly:

Definition 4.10. If (A, B,C, D)y is a matrix-centre realization at Y € C*)d e

define, as before, the controllable subspace,

CKA’B = \/ RanAij,

weFj
1<j<d
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and the observable subspace,

O pt on = \/ Ran A“TC*,

+
weFd

Again, as before, we say that (A, B, C, D)y is minimal if it is both controllable and
observable. (Both Theorems (4.4) and (4.3) as well as all of the results of previous sections

are readily adapted to FM realizations.)

As described in Chapter 3, Remark (3.1), (for the case of realizations at 0) one can

construct an FM realization from a descriptor one and vice versa. Namely, let (A, b, ¢)y

(nxn)-

be a descriptor realization at Y € C 4, Then define the A-invariant subspace

H = \/ Ran A%c,
Wl

with orthogonal projection P/,

ALG) = Aj[@) g0 BjIG) = Aj[Gle, C:=b"P', and D :=b"ceC™",

where G € C™"*". 1t is easy to check that minimality of (A,b, )y implies minimal-
ity of (A’, B, C, D)y and both of these realizations define the same quantized transfer

function in a uniform row-ball of positive radius centred at Y.

Conversely, if (A, B,C, D)y is an FM realization about Y € C*™)d  ]et H =

H @ C"™ and define

A[G] = . ' : b:=C"® D*, c:=0&I,.

Then (ﬁ, b, ¢)y is a descriptor realization centred at Y, which defines the same quan-

tized transfer function in a uniformly open neighbourhood of Y. If (A, B,C, D)y is
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controllable, then

.= V Faewv)= )  BlGwe |\  AY[GBCI(v) =Cap.
weF T GeCnxm yeCn w=u'jeF}
1<j<d

W' eFT, 1<<d

so that (ﬁ, b, c)y is also controllable. If (A, B, C, D)y is observable, then (ﬁ, b, c)y need

not be observable, but its observable subspace has codimension at most n.

4.1.3 FM Algorithm (Synthesis)

Similar to what is preseted in Section (3.1.2), and also as in [18, Theorem 2.4] and [1,
Subsection 3.4], if f ~y (A, B,C,D) and g ~y (A', B, C’,D’), then f + ¢, f - g, and,
assuming f(Y) is invertible, f~!, all have matrix-centre realizations about Y given by a
natural extension of the Fornasini-Marchesini algorithm for realizations at 0. Namely,
a matrix-centre realization for f + g is given by (A", BT, C*, D) where

B .

At = Aje A}, B = f ., ct=(.), Dt=D+D.
B
J

A matrix-centre realization for f - ¢ is given by (A%, B*,C*, D*), where

A BiOC (B0

J / /
4; B;

, C*:.=(C,DC"), D*:.=DD.

Finally, a matrix-centre realization for f~!, assuming that D = f(Y) is invertible, is

given by (A(_l), B=1) (=1, D(_l)), where

A= a;-Bp~le, BUY =-B;()p7t, oV .=plc, DY =Dl

Verification of these formulas is a straightforward computation, and we refer the
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reader to [18, Theorem 2.4] for their proofs (in the NC rational/finite-dimensional

setting).

Given a rational function, one can use the above realizations for f+g, f-g¢, and f~!
(if it exists), to build a realization for that rational function. This algorithm is known

as FM algorithm.

Remark 4.4. An analogous algorithm exists for descriptor realizations centred at Y €
C(m>n)d_n our opinion the formulas for the FM algorithm are simpler and easier to work
with in many calculations. Another advantage of the FM algorithm over the descriptor
realization algorithm is that if (A, B,C, D)y is minimal (and D € C"*" is invertible)
then the realization (A(*l), B(*l), C(’l), D(’l))y is also minimal. (This is not the case
for the corresponding descriptor algorithm formula for the realization of the inverse of the

quantized transfer function.)

4.1.4 Applications:

The purpose of the theorems stated above is to extend the theory of realizations to a

larger class of NC functions.

By Lemma (3.4) , an NC function, f is uniformly analytic in a uniformly open neigh-
bourhood of 0 if and only if f has a realization, i.e. f ~ (A,b,c). Let B := B(H)? ,
and let Og denote the set of all NC functions that have realizations. Then Og is a ring,
using Section (3.1.2). One can construct a field of NC functions, im%’ , called the field
of fractions of OOB as follows:

Consider the set of all rational expressions in 3, denoted by C €3>, and an NC rational

expressions, vt € C <3}, composed with elements of 02, thatist o (f1,---, fm),meN.
We say an expression, t o (fi,...,fm) € C <3 )p o O%3 is valid, if its domain is not
empty. We say

‘Clo(fl,...,fm) ~ tgo(gl,...,gn), t1,to: NCrational, n €N,
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in which (g1,...,gn) € 03, if v1(f1,..., fm) = v2(g1,...,9n) for every X € Dom(r] o
(fis---yfm)) NDom(ry o (g1,...,9n)) N1 - BN*N)d for every r > 0. One can show
that ~ is an equivalence relation and the set 9%, of all equivalence classes is a skew
field (See [14, Section (6.2)]) . Elements of szB can be viewed as meromorphic NC

germs in a uniformly open neighbourhood of 0.

Suppose f € 9)?%3, such that f(z) = t(g1,...,gn)(), in which ¥ is an NC rational
function with each g; € OOB and g; ~ (A’j,b;-,c;.). Suppose Y € Domg(f) so that Y €
Domyg g;, for 1 < j < n. Therefore , by translation results we have g; ~y (A(j ), bj, cj)
and by the FM algorithm we have f ~y (A,b,c) (see Section (4.1.3)). We conclude
that any NC function that is an NC rational expression composed with functions that
have realizations at 0 will have a matrix-centred realization about any matrix-tuple in

its domain.

Theorem 4.6. Let B := B(H)? and let (90B denote the ring of all NC functions that admit
realizations centred at 0. Let meB be its skew field of fractions, i.e. the field of meromorphic
NC germs in a uniformly open neighbourhood of 0, as described above. Then every f € SDIOB
admits a matrix-centred realization about any point Y € Dom,(f) C C"" @ C'*%. In
particular, if

f(@) =x(g1,- - gn)(=),

with v an NC rational function and each g; € OB, then for every Y € Domy(f) there exists

a matrix-centre realization, centred at Y:
f ~Yy (A,b, C), Aj C — B(J’C)

Proof. Let C €31, - , 31> denote the set of all rational expressions on k£ NC variables.
By construction (see [1, Subsection 5.2] and [14, Section 6]), every element f € smoﬁ
can be represented as an NC rational expression composed with functions in OOB. That

is, there exists k£ € N, an NC rational function v € C < 31, - ,3; >, and functions
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91;---, 9k € OOB such that

f=x(g1,-- -, %)
The domain of f is then the largest NC set on which this composition is well-defined.

By Lemma (3.4), each g; € OOB admits a realization at 0, say g; ~ (A(j),bj,cj)
with AU) € B. If Y € Doms(f), then in particular Y € Domg(g;) for each 1 < j < k.
By the translation results (Section 4 and Theorem (4.5)), the realizations of gj can be

translated from 0 to Y, yielding

gi ~v (AY),b;,), fll(-j) L — B(H).

Applying the FM (or descriptor) realization algorithm to the composition t(g1, . . ., g;.)

then produces a matrix-centred realization of f about Y. Hence,
f~y (A bc), Aj C**% — B(H),

as required. Il
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Chapter 5

Future Work and Directions

The skew field Dﬁs Let OS denotes the ring, consisting of all uniformly analytic NC

functions f that admit realizations of the form:
fro (Ab0), (A bc) € CH)I*T x 3 x K,

where C(H) is the closed two-sided ideal of compact operators on H. As shown in [1,
Corollary (6.3), Theorem (6.10)], the ring Ode is a semi-free ideal ring in the sense of

P.M. Cohn [2], and therefore admits a universal skew field of fractions, denoted 9t dG'

Elements of 9 d(:’ can be defined as equivalence classes of NC rational expressions
with coefficients in OS. Concretely, given fi,...,f; € OS and an NC rational func-
tion v € C <3}, we obtain an element t(f1,..., fr) € Sﬁg whenever the expression
is valid (i.e. its domain of evaluation is nonempty). Two such expressions are identi-
fied if they agree on the intersection of their domains inside every uniformly open NC

neighbourhood.

Thus img is the universal skew field of fractions of OS. Its elements may be
viewed as uniformly meromorphic NC germs whose realizations take values in compact
operators. In this sense, SDTS provides a natural multivariate noncommutative analogue

of the classical field of meromorphic functions on C.
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Theorem (4.2) guarantees that any NC function f which is uniformly analytic in
a uniformly open neighbourhood of a matrix point Y € C"*" @ C% admits a matrix-
centred realization at Y. However, this does not imply that f belongs to the skew field
zmdB of uniformly meromorphic germs at 0. Indeed, [14, Theorem 7.2] shows that for
a matrix point Y, one can construct a uniformly analytic NC function defined near YV
whose evaluations take values in nilpotent matrices of arbitrarily prescribed order. Such
an f cannot belong to any skew field of fractions, because a skew field has no nonzero
nilpotent elements. On the other hand, if an NC function admits a finite—~dimensional

matrix-centred realization, then it must be an NC rational function.

This leads to the following open problem, originally posed by V. Vinnikov: suppose

f has a matrix-centred realization
f ~y (A, b, C), Aj S C G(g‘f),

with values in compact operators on H. Is it then necessarily true that f € EJ)TS?

As explained in [1], the field Sﬁg is a natural noncommutative and multivariate
analogue of the classical field of meromorphic functions on C. The resolution of this
question would clarify the precise scope of compact-valued matrix-centred realizations

within the framework of NC meromorphic function theory.
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