Chapter 5
Tensor Products, Bezoutians, and Stability

Mathematical structures often start from simple ones and are extended by various
constructions to structures of increasing complexity. This process is to be controlled,
and the guiding lines should include, among other things, applicability to problems
of interest. The present chapter is devoted to a circle of ideas from abstract linear
algebra that covers several topics of interest to us because of their applicability to
the study of linear systems. These topics include bilinear forms defined on vector
spaces, module homomorphisms over various rings, and the analysis of classes of
special structured matrices such as Bezoutian, Hankel, and Toeplitz matrices. The
connections to algebraic methods for analyzing 2D systems, i.e., modules over the
ring F[z,w] of polynomials in two variables, are also explored. The unifying tools
are tensor products defined for modules and vector spaces. The interaction between
the diverse areas of structured matrix analysis, polynomial modules, and quadratic
form theory becomes particularly evident within this context.

Tensor products provide a link between multilinear algebra and classical linear
algebra by enabling one to represent multilinear maps as linear functions on a
tensor product space. This technique applies both to vector spaces over a field and
modules over a ring. The scenario becomes interesting and rich in the context of
polynomial and rational models, which are modules over the ring F[z] and, at the
same time, finite-dimensional vector spaces over the field F. In this situation, the
result of forming the tensor product depends critically on the algebraic context
within which the tensor product is formed, i.e., whether one considers the tensor
product over the field F or over the ring F[z]. Taking the tensor product of two
polynomial models 2" ®p % over the field F yields a space of polynomials in
two variables. In contrast, the tensor product 2" ®p(; % over the ring F[z] is a
module of polynomials in one variable. In this chapter these constructions will be
explained and their algebraic properties worked out in detail. As a useful byproduct,
explicit characterizations of intertwining maps and homomorphisms of polynomial
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models using tensor products will be derived. Following classical duality theory of
polynomial models, the mutual relationships between tensor products of polynomial
models and spaces of homomorphisms are expressed via the following commutative
diagram:

)

2 @p¥ )" Hom (2 %)

(2 @p% *)* ¢ » Homyp (2" ,%)

The horizontal maps denote natural isomorphisms and the vertical maps canonical
injections. Although these maps are canonically defined, they crucially involve the
construction of dual spaces. Therefore, to obtain a more concrete version of this
diagram, a suitable duality theory for power series in two variables is first developed.
This will enable us to find explicit descriptions for tensor products and duals of
polynomial models and lead us, finally, to the concrete form of the preceding
commutative diagram as

bd
XD, (5)@D] (w) Hom p(Xp,, Xp,)
B i
XDl )(IQ’@DIT /4 Hom o (XDI 7XD2)

The construction of this commutative diagram is a central purpose of this chapter.
It leads to a deeper understanding of the characterization of homomorphisms
given in Chapter 3, provides us with a coordinate-free construction of Bezoutian
matrices, and yields elegant matrix rank characterizations of coprimeness for matrix
polynomials. Historically, the Euclidean algorithm applied to scalar polynomials
suggested finding matrix criteria for the coprimeness of two polynomials. This led
to the introduction, by Sylvester, of the Bezoutian and resultant matrices. Quadratic
(and Hermitian) forms over the field of complex numbers were used efficiently
by Hermite (1856) in his work on the root location of polynomials. Generalized
Bezoutians, generated by a quadruple of polynomial matrices, originated in the
work of Anderson and Jury (1976) in the analysis of coprimeness of polynomial
matrices and the solvability of Sylvester-type equations. An interesting advance
was the characterization of the Bezoutian matrix as a matrix representation of an
intertwining map. Intertwining maps between polynomial models were character-
ized in Theorem 3.20, providing a powerful tool for the study of multivariable
linear systems. Using tensor product representations of module homomorphisms,
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another proof of this important result will be given. On the way, polynomial versions
of classical matrix equations are derived, of which the Sylvester and Lyapunov
equations are important special cases. These polynomial Sylvester equations will
also prove useful in deriving stability tests for nonsingular matrix polynomials.

5.1 Tensor Products of Modules

Tensor products of modules are at center stage of this chapter, so it is only
appropriate to give a working definition. In algebra, the tensor product of two
modules is defined abstractly via a universal property as follows.

Definition 5.1. Let R be a commutative ring with identity, and let M,N,L be R-
modules. An R-module M ®g N is called a tensor product of M and N if there
exists an R-bilinear map ¢ : M x N — M ®g N such that for every R-bilinear map
Y: M x N — L there exists a unique R-homomorphism %, : M ®g N — L that
makes the following diagram commutative:

Mx N i ~ MQrN

Y Y«

L

Although the notation M ®g N for the tensor product of two modules seems to
suggest this, one should beware of assuming that the elements of M ®g N can be
represented as single tensor products m Qg n of the elements m € M,n € N. In fact,
the elements of the tensor product are finite sums Z{»‘: | m; ®g n; and may not simplify
to a decomposable representation of the form m ®g n. Note further that, according
to Definition 5.1, there may be several, necessarily isomorphic, tensor products.

One can give an abstract construction of a tensor product that is briefly sketched
as follows; see, for example, Hungerford (1974). Let < M x N > denote the free R-
module of all finite formal linear combinations Z{»‘ZI ri(mi,n;), where r; € R, m; € M,
and n; € N. Let Iz denote the R-submodule of < M x N > that is generated by
elements of the form

1. r(m,n) — (rm,n), r(m,n) — (m,rn);
2. (my+mp,n) — (my,n) — (ma,n);
3. (m,ni +ny) — (m,n1) — (m,nz).

Then the quotient R-module

M®RN2:<MXN>/IR, 5.1)
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together with the map ¢ : M X N — M QgN, (m,n) — m®@n := (m,n) + I, satisfies
the universal properties of a tensor product and thus serves as a model for the
tensor product, unique up to isomorphisms. However, because most of the spaces
we use have functional representations, one looks for concrete representations of
the various tensor products encountered. As it is, such representations turn out to be
amenable to explicit computations.

Listed below are a few basic properties of tensor products. Relative to direct
sums, tensor products have the following distributivity and associativity properties:

(@ M) @ N ~ @F | (M; @g N),
M &g (B2 Nj) = & (M®rN)), (5.2)

M®@gr(NQrP) ~ (M®grN)®gP.
Another useful isomorphism is
M®prN ~NQpM,

via the map that sends m ®n to n @ m.
Concerning ring extensions, the following lemma is useful.

Lemma 5.2. Ler S be a subring of R, and let M and N be R-modules and L an
S-module. Then:

1. The unique S-linear map M @ N — M Qg N, which maps each element m Qg n
to m®gn, is surjective.
2. Suppose that b : M X N — L is an S-bilinear map that satisfies

b(rm,n) = b(m,rn)
forr € R, m € M, and n € N. Then there exists a unique S-linear map
B:M®rN — L,

with Blm ®n) = b(m,n).

Proof. Here it pays off to work with the abstract definition of a tensor product.
The map M x N — M ®g N, (m,n) — m ®gn is S-bilinear and therefore induces a
unique S-linear map M @ s N — M ®@g N that maps each m @gn to m@gn. In fact, by
inspection of (5.1), one sees that I C I is valid and therefore induces a well-defined
surjective map < M X N > /I —< M x N > /Ig, with (m,n) + Is — (m,n) + I.
This completes the proof of the first part.

Since each element of M ®g N is of the form t = m; ®n; +--- + m, Q n,,
the additivity of B implies B(t) = b(my,n1) + -+ + b(m,,n,). This implies the
uniqueness of B. To prove the existence of B, define B(r(m,n)) := b(rm,n) for all
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r € R,m € M,n € N. This extends to a well-defined map B on < M x N >. The
bilinearity of b implies that B is additive. Since b(rm,n) = b(m, rn), it follows that B
vanishes on Iz and therefore induces a unique S-linear map B : M @g N — L, with
B(m®n) = b(m,n). This completes the proof. |

The tensor product of linear maps is defined as follows. Let f : M| — N; and
g : M, — N, be R-linear maps between R-modules M|, N; and M>, N,, respectively.
Then f x g: My X My — Ny Qg Na, (m1,mz) — f(m1) ® f(my) is R-bilinear and
therefore extends in a natural way to an R-linear map,

f®g: M QrMr — N1 ®r N2,

that maps each element m; @ my to f(m;) ® f(my). We refer to f ® g as the
tensor product of f with g. It is clear that the tensor product of two module
isomorphisms is a module isomorphism. If concrete matrix representations of f
and g are given, the matrix representation of the tensor product f ® g is equivalent
to the so-called Kronecker product of matrices; we will return to this in Section 5.2
when we examine tensor products of polynomial models. Since polynomial models
are concrete representations of polynomial quotient modules, it is only natural to
expect that the analysis of tensor products of polynomial quotient modules, and of
associated module homomorphisms, should prove useful for linear systems theory,
and therefore particular attention will be paid to this topic.

The following result provides a very useful identification of tensor products of
quotient modules. Let M; and M, be R-modules, with R a commutative ring. Let
N; C M; be submodules. The quotient spaces M;/N; then have a natural R-module
structure.

Proposition 5.3. Let N be the submodule of M| ®g M, defined as
N =N QrMr+M; @ N>.
The R-linear map
My Q@rMy — M /Ny @r My /Ny,  my @my — (my +Np) @ (my+Na)
defines the following isomorphism of R-modules:
M /Ni @r M, /Ny ~ (M @r Mp)/N.

Proof. By the construction of f, the kernel of f is contained in N. Moreover, f
is surjective. Thus f induces a surjective homomorphism f : (M} ®g M) /N —
M| /Ny ®g M3 /N,. The map

&M /N1 QrMy /Ny — (My @ Ma) /N, (mi+Ni)® (ma+Np) — my @my+N

is well defined and is a left inverse to £. Thus f is an isomorphism. |



214 5 Tensor Products, Bezoutians, and Stability

The next result is useful in establishing isomorphisms between tensor product
spaces.

Proposition 5.4. Let S be a subring of R and k > 3. Let My, ...,M; be R-modules
and N an S-module. Suppose that f : My X --- X My — N is an S-multilinear
function that satisfies

Flmy,. oo omyp_g, rmyg_y,mg) = f(my,. .. my_o, my_y,rmy,)
for all r € R and m; € M;. Then there exists a unique S-multilinear function
F:Myx- X Mg_yx (My_1 QM) — N,
with
F(my,...,mp_p,mp_1 @my) = f(my,...,my). (5.3)

Proof. Since the elements of M @ N are finite sums of elementary tensors a ® b,
the uniqueness of F follows from (5.3) and the additivity of F in the last argument.
To construct F, we fix my,...,m;_5. By Lemma 5.2, there exists a unique S-linear
map F, :M®grN — L, with

1 Mg—2
Fnyomy (M1 @my) = f(my, ... ,mp o, my_y,my).

By the S-multilinearity of f, this yields the desired S-linear map F : Mj X --- X
Mj_» x (M1 ®gr M) — N, satisfying

F(my,...,m_o,mp_1 @myg) = Fp, o (Mg—1 @ my).

Consider a commutative ring R, and let S C R be a subring. Let M and N be
R-modules, and let L be an S-module. Note that the space Homg(N, L) of S-linear
maps becomes an R-module by defining

(r-f)(n) = f(rn)

for all r € R,n € N and f € Homg(N,L). For greater generality, one denotes by
Bilg g(M,N;L) the set of all S-bilinear maps f : M x N — L that satisfy

f(rm,n) = f(m,rn) (5.4)

for all (m,n) € M x N and r € R. In the special case where S = R, one uses the
simplified notation Bilg (M, N;L). It is easily seen that Bils z(M,N;L) is, in a natural
way, an R-module with respect to the R-scalar product

(r-f)(m,n) = f(rm;n), reR.
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Proposition 5.5. Let R be a commutative ring, let S C R be a subring and let
M and N be R-modules and L an S-module. Then the following are R-module
isomorphisms:

Homg(M Qg N, L) ~ Bilg g(M,N;L) ~ Homg(M,Homg(N,L)).
Proof. Let f € Bils g(M,N;L), and let m € M. Defining, for n € N, f,,(n) = f(m,n),
it follows that f,, : M — Homg(N,L) is S-linear for all m € M. Since f satisfies
(5.4), then (r- fiu)(n) = f(m,m) = f(rm,n) = fym(n) for all r € R. Thus fo, =
- fm, i.€., the map f,, belongs to Homg(M,Homg(N,L)). On the other hand, given
g € Homg(M,Homg(N,L)), amap f: M x N —> Lis defined by f(x,y) = g(x)(y),
which is necessarily S-bilinear and satisfies (5.4) for each r € R. This proves the
isomorphism Bilg g(M,N;L) ~ Homg(M,Homg(N,L)). To prove the existence of
an R-linear isomorphism
Homg(M ®g N, L) ~ Homg(M,Homg(N,L)),
consider the map © : Homg(M @z N, L) — Homg(M,Homg(N,L)),0 f = g, where
O(f)(m)(n) := f(m®gn), fcHomg(M®gN,L).
Clearly, © is R-linear. Similarly, the map
¥ : Homg(M,Homg(N,L)) — Homg(M Qg N, L),
which is defined by
¥Yg(m@gn) :=g(m)(n),

is R-linear and ¥ o © and © o ¥ are identity maps. The result follows. |

The duality properties of tensor products are of interest to us. Recall that the
algebraic dual module M’ of an R-module M is defined by

M' =Homg(M,R), (5.5)
i.e., by the space of all R-linear functionals on M or, equivalently, by the space of all
R-homomorphisms of M into R. For the special case L = R, Proposition 5.5 implies
the module isomorphisms

(M®gN)" = Homg(M ®g N,R) ~ Homg(M,N'). (5.6)

Clearly, if M is an R-torsion module and the ring R has no zero divisors, then
M’ = 0. Unfortunately, the definition of the algebraic dual in the context of modules,
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namely, by (5.5), is of little use for the applications we have in mind. Of course,
given a subring S C R, one can replace the algebraic dual M’ with the S-dual

M* :=Homg(M,S).

This is still an R-module that has in general better duality properties than M’. The
best choice here would be to take S as a subfield of R, and this is what will be done
in the sequel. The objects of interest to us are polynomial and rational models. Both
have two structures: they are vector spaces over the field F and modules over the
polynomial ring F[z]. As F[z]-modules, they are finitely generated torsion modules,
and hence their algebraic dual, defined by (5.5), is the zero module. In much the
same way, all objects defined in the subsequent isomorphism (5.6) are trivial. To
overcome this problem, two module structures, over F and F|[z] respectively, will be
used and the algebraic dual replaced by the vector space dual.

1. Tensor products of vector spaces

Tensor products of vector spaces over a field F are studied next in somewhat
more detail. This is of course a much simpler situation in which most of the
pathologies encountered in studying tensor products over a ring disappear. As
indicated previously, one needs to introduce vector space duality. For a finite-
dimensional F-vector space 2", the vector space dual is defined by

2" = Homyp(Z,F).
The annihilator of a subspace ¥ C 2" is defined as the linear subspace
YEi={Ae 2| Ay =0}.
If & is finite-dimensional, then so is ¥ and
dim 7+ =dim 2" —dim .

Finite-dimensional vector spaces are reflexive, i.e., the isomorphism 2" ~ 2" is
satisfied. In fact, these two spaces can be identified by letting each vector x € 2~ act
on an element x* € 2™ by x(x*) = x*(x). We now take a closer look at the case of
tensor products of two finite-dimensional F-linear spaces 2", % . Let By = { fi}!" |,
By ={gi}!", be bases of 2" and %/, respectively. Let By = {¢;}!_, be the basis
of 27*, which is dual to Ay, i.e., it satisfies ¢;(f j) = §;;. For a linear transformation
T € Homp (2 ,%), lett;; € F be defined by

m
Tf )= D 1iigis j=1,...,n. (5.7)
i=1

Thus [T]ﬁg; = (t;) is the matrix representation with respect to this pair of bases. On
the other hand, we consider the tensor product % ® 2, which is generated by the
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basis elements g; ® ¢. Associate with g; ® ¢ the linear map from 2" to %, defined
forx € Z by

(8i ® Or)x = P (x)gi-

We claim that {g; @ ¢|i = 1,...,m,k=1,...,n} is a basis for L(.2",%). Indeed,
T =3 2o cik&i @ ¢k implies

Z Zc,k GO0 = 2 zcm e

i=1k=1 i=1k=1
m n m

ZZ cikbigi = Y, Cijgi-
i=1k=1 -1

Comparing this with (5.7), it follows that ¢;; = t;;. Hence,

Il [\”4§

2 1igi ® 9, (5.8)

i.e., {gi®@;} is a basis for # ®r 2 *. This leads us back to the isomorphism
Homp( 2, %)~ % @5 X* (5.9)

given by (5.8). The representation (5.8) of T € Homp(Z2 ,%) can be simplified. If
rank 7" = k, then there exists a minimal-length representation

k
T=73 %o
i=1

where {¢;}_, is a basis of (Ker7)* C 2" and {y;}X_, is a basis of InT C #.
For a linear transformation T € Homp (2", %), the adjomt transformation 7* €
Homg (#*, Z°*) is defined by
(1" e = y*(T).
The map T +— T* yields the isomorphism
Homp (2", %) ~ Homyp (%™, ™).

Clearly, (5.9) is a special case of (5.6). Another consequence of (5.9) is the
following dimension formula:

dim(2 @ %) = dim 2 - dim .. (5.10)
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Note that in view of the isomorphism (5.9), for T € Homp(2 ,%) there are two
possible matrix representations that turn out to be equal, namely,

(712, = [T
Here %y © %y is the tensor product of the basis By of # and the basis By of X*,
which is dual to the basis %y of X.

2. Tensor products of F[z]-modules

Next, the situation of principal interest to us, namely, the case where the vector
spaces 2" and % are actually F[z]-modules, is addressed. The module structure on
Z defines a canonical F[z]-module structure on the dual vector space 2™* via

(z:A)(x) = A(z-x)

forx e 2 and A € Z7*. As a consequence of the reflexivity property, there exists an
isomorphism 2" ~ 2"** as F[z]-modules. Of particular interest is the establishment
of a relation between the operations of forming the tensor product 2~ ® % and the
space of homomorphisms Hom (2", %'). The dimension formula (5.10) implies that
there is a well-defined [F-linear isomorphism

Y @p X — Homp( 2, %), (v,A) > (x— A(x)y) (5.11)

as long as 2" and ¢ are finite-dimensional F-vector spaces. It is desirable to estab-
lish a similar IF[z]-linear isomorphism of modules % @, 2 — Homg, (2", %).
For a ring R and R-modules M and N, it is well known, see Hilton and Wu (1974),
that if M is finitely generated and projective, then the canonical map

¢ : N@grM' — Homg(M,N), (n,A)+— (ms A(m)n) (5.12)

is a module isomorphism. Since every free module is projective, this covers the
vector space case. Thus, it seems to be the appropriate generalization of (5.11) to
F|z]-modules. Unfortunately, the isomorphism (5.12) excludes the case of M being
a torsion module, which is the case of main interest for us. This shows that the
isomorphism (5.12) with the algebraic dual M’ instead of the vector space dual M*
is of no further use for us.

Let D(z) € F[z]™*™ be a nonsingular polynomial matrix, and let X, denote the
associated polynomial model. Standard duality theory for polynomial models, as
summarized in Theorem 3.38, shows that there exists an isomorphism of F|z]-
modules

Xp ~Xpr ~Xpr.

In fact, the isomorphism Xp ~ X, follows from the fact that both polynomial
matrices D(z) and D'(z) have the same invariant factors. The isomorphism
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Xp ~ XgT follows from Theorem 3.38. The next result explores in more detail the
various isomorphisms between spaces of homomorphisms and tensor products.

Proposition 5.6. Ler T be a field and 2" and % be F|z]-modules that are finite-
dimensional as vector spaces over F. The following assertions are true:

1. There is a natural F[z]-module isomorphism
ARSI A
2. There is a natural F[z]-module isomorphism
Bilp g (27, % F) ~ (2 ®pp )" ~ Homg( (2, %). (5.13)
3. There are natural F-vector space isomorphisms
X @p ¥ ~Bilp(2, Y F) ~ (Z Q%) ~Homp(Z,%). (5.14)

Proof. 1. For x € 2 let € : & — F denote the linear functional defined as
&(A) = A(x). By the finite dimensionality of 2", the natural map € : 2~ —
2 x> & is an F-linear isomorphism. The F[z]-module structure on 2** is
defined as (z-&)(A) := &(zA) = A(zx) forx € 27, A € 2°*. Therefore, z-&, = &,
for all x € 2, which proves that € is F[z]-linear. The result follows.

2. The isomorphism (2" ®p(;) #*)* ~ Homg (2", %) follows by applying Propo-
sition 5.5 to the case of S=TF, R=TF[z], M = 2", and N = #*, noting that the
F[z]-modules 2™** and 2 are isomorphic.

3. The last two natural isomorphisms in (5.14) follow from Proposition 5.5 by tak-
ing R = S = . The natural isomorphism between .2™* ®p # and Homp (2", %)
can be constructed explicitly by mapping the generating elements x* ®p y of the
tensor product .2* @p & onto the linear transformation from 2" to %, defined

by (x" ®@py)(x) = (x*(x))y. [

Proposition 5.6 implies the following commutative diagram of linear maps:

(2 @p *)* ¥ Hom=(2 ,%)

(2 @p? ") v Homp(2™.,%)

Here 1* denotes the adjoint transformation of the canonical surjective [F-linear map
U 2 Qp ¥ — 2 ®p %™ and therefore is injective. Map i is the canonical
inclusion map and y and ¥ are the canonical F|z]-linear and F-linear isomorphisms
defined by (5.13) and (5.14), respectively. The preceding diagram has the advantage
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of involving only canonical constructions of polynomial models. Its disadvantage
lies in the usage of duality, which makes it hard to write down the maps in concrete
form. Therefore, in the sequel, we will aim at a more concrete representation
of the spaces appearing in this diagram that does not involve dual spaces. This
new diagram will be derived in the following sections and will require concrete
representations for tensor product spaces. It will also play an important role in our
analysis of Bezoutians.
Next, one extends the duality theory from vector spaces to F[z]-modules.

Definition 5.7. Let M be a module over the ring of polynomials F[z]. The vector
space annihilator of an F[z]-submodule N C M is the submodule of M* defined as

Nt ={peM |¢|y=0}.

Using this notation, the dual of a quotient module over FF[z] has a nice represen-
tation. In fact, one has the [F[z]-linear isomorphism

(M/N)* ~ N+

The isomorphism (5.6) is extended to the tensor product of two quotient modules.

Proposition 5.8. Let N; C M;, i = 1,2, be F[z]-modules. There is an F|z]-linear
isomorphism

(MI/NI Q[ M2/N2)* ~ (M, QF[ N, + N ®F[] Mz)J‘

= (N1 ®p M2) ™ N (M) @ N2) ™

Proof. Let N denote the submodule in M| ®p[;) M, that is generated by the spaces
N QF[] M, and M, QF[] N,. Clearly, the equality of annihilators N+t = (N QF[]
M, + M, Qg N>)* is true. Thus Proposition 5.3 implies the module isomorphism

(M1 /Ny ®p1 Ma/N2)* = (M @ Ma) /N = N© = (N @ppy Mo+ My Qg No)

= (M1 @y M2)™ N (M) @ No) - u
3. Tensor product spaces of Laurent series

The ambient space for the algebraic analysis of discrete-time linear systems is
F((z~1))™. Thus as a first step one considers the tensor product of such spaces,
both taken over the field F as well as over the ring of polynomials F|z]. Clearly, the
polynomial ring F[z] is a rank one module over itself but an infinite-dimensional
vector space over .
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Proposition 5.9. The following F-linear and F|z]-linear isomorphisms are valid:

Flz]? @p Fz]™ ~ Flz,w]P*™,  f@pgr f(z)gw)’,
(5.15)
F[z]? @pp Flz]” ~ Flz]P*",  f Qw8+ f(2)8(2)".

Proof. To prove (5.15), one notes that the map y: F[z]? x F[z]" — Fz,w]?*™
that maps a pair of polynomials (f,g) to the polynomial matrix in two variables
f(z)g(w) " is F-linear and therefore determines a unique F-linear map ¥ : F[z]” ®p
Flz]™ — Flz,w]P*™ for which ¥ = 7,¢. % is surjective because every element
O(z,w) € Fz,w]P*™ is a finite sum Q(z,w) = X, fi(2)gi(w) " =1 T, fi®r g To
prove the injectivity of ¥, we note that F[z]™ has a basis {Z'e;li€ Z,,j=1,...,m}.
Therefore, each element of F[z]”? ®p F[z]™ in the kernel of ¥ has the form & =
X jjer fii'ej, with 1(8) = Z(i,j)elfzﬁ/‘(z)v‘/l(ej)T = 0. Hence, ¥ jer fii(z)w' =0
for all j, implying that fj;(z) = O for all 7, j. Thus & = 0. Mutatis mutandis, using the
F[z]-bilinear map v : F[z]? @5 F[z]" — F[z]?*™ that maps a pair of polynomials
(f.8) to the polynomial matrix f(z)g(z)" € F[z]P*™ exhibits an induced Fl[z]-
isomorphism F[z]? x F[z]™ — F[z]P*™, which proves the second isomorphism in
(5.15). n

The surjectivity of (5.15) can be reformulated as follows.
Proposition 5.10. Every Q(z,w) € Flz,w]"*™ has a representation of the form
d T
O(z.w) = Y Riz)R' (w),
i=1
with R;(z) € Fz]? and P,(w) € F[w|™. This implies a factorization
Q(z,w) =R()PT (w),

with R(z) € F[z]P** and P(w) € F[w]™*k.

To extend the previous results to Laurent series, several more spaces will be
needed. Because the field F((z7!)) of truncated Laurent series has two module
structures of interest, namely, with respect to the fields F and IF((z’l )), there are
two different tensor products, given by

F((z"))? @pF((z")" ~ Faep((z~",w1))P (5.16)
and
F((z™ )P @p1yy F(( )" = F((z )P (5.17)

These are the analogs of equation (5.15).
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Here, Fep((z~1,w™1)) denotes the ring of separable truncated Laurent series
in the variables z and w, which are of the form F(z,w) = YV, fi(z)gi(w) for
finitely many f1,...,fv € F((z™1)), g1,-..,an € F(w™1)). Thus Feep((z 1w 1))
is a proper subset of F((z~!,w™!)), the field of truncated Laurent series. By
Feep((z~1,w™1))P*™ we denote the module of all p x m matrices with entries in
Feep((z~1,w™!)). Rational elements H(z,w) € Fyep((z~!,w™1))P*™ have represen-
tations of the form H(z,w) =YX, fi(z)gi(w) ", with both fi(z) and g;(z) rational.
This implies a representation of the form

H(z,w) =d(2) "' Q(z,w)e(w) ™",

with Q(z,w) € Flz,w]”*™ and e(w), d(z) nonzero, scalar polynomials.

The isomorphism F((z=!,w=1))P>m ~ FP>*m((z=1 y~1)) will be routinely used,
and we will actually identify the two spaces. The identification FP*™[z,w] =
Flz,w]P*™ is a special case. By F[z,w] we denote the ring of polynomials in the
variables z and w and by F[[z~',w™!]] the ring of formal power series in 7!
and w™!. Denote by F[z,w]”*™ the space of p x m polynomial matrices. The
elements of z~'F[[z~!,w™1]]P*"w=! are called strongly strictly proper. 1t should
be emphasized that not every strictly proper rational function in two variables
belongs to z 'F[[z~",w™]Jw™!. For example, L ¢ z 'F[[z~",w™!JJw~ . It will
be convenient to use F[[z~!,w]?*™ to denote the subspace of F((z~!,w=1))P>*™
of matrices whose entries are formal power series in z~' and polynomial in w.
Thus the elements of F[[z~!,w]?*™ are of the form F(z,w) = YN F(z)w' for
suitable F;(z) € F((z~1))P*™. Thus F[[z 1, w]P*™ C Feep((z~',w!))?*™. The space
Flz,w™!]]P>*™ is similarly defined. In the same vein, Fyep[[z 1, w™1]]P*™ denotes the
space of p x m matrix functions of separable formal power series > | fi(z)gi(w) T,
with £(z) € Fllz )%, gi(2) € Fllw']]".

The definition of Fyep((z~!,w™!))?*™ implies the isomorphism

Feep((z™! W™ )" = F((z™")P @p F(())"

Taking into account the direct sum representations (3.1) as well as (5.2), one
computes

Faep((¢~",w™ )P " = (Fle)P @27 'F[z™'])”) ® (Fle]" @2~ 'F(le])")
~ (Flz) @ F[2]") @ (F[2)” ®@p 2~ Fllz™'])")
® (¢ 'Fllz'])” @p Fll™) @ (2 'Fllz™ )P @ 2™ 'Fllz))"™)

~ Flz,w]"" ©Fz,w™ )P"w ™ @2 Fllz™ w]P " @2 Faeple w1 "w

To these direct sum representations correspond, respectively, the following projec-
tion identities:
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I=mi@l+rl=Ixny+1xnr”
=nny+rterl+nient +rt nr”.

Our next target is the extension of duality theory to the context of polynomial
spaces in two variables. To this end, the space of matrix truncated Laurent series in
two variables, i.e.,

ny

F(( ' w™ )" ={Glzw) = 3 EGUZW}

i=—00 j=—o0

is introduced. For G(z,w) € F((z~!,w™1))P*™, its residue is defined as the coef-
ficient of z7'w™!, ie.,, G_1_1. In analogy with (3.41), for G(z,w),H(z,w) €

F((z~!,w=1))P*" we define a bilinear form on F((z=',w=1))P*" by

= Trace(H' G)_; 1 = Trace 2 Z H' 1,—j-1Gjj

[=—o0 ]7700

z Z Trace H;_ 1,—j-1Gi-

j=—o0 ]7700

(5.18)

Note that the sum defining [G, H| contains only a finite number of nonzero terms.
Clearly, the form defined in (5.18) is nondegenerate. If G(z,w) € F((z~ 1w 1))om,

A(z,w) €F((z7 1w 1))P>4, and H(z,w) € F((z~',w™1))P*", then A(z,w)G(z,w) €
F((Z—l w 1))p><m nd

IAG,H] = [G,A"H].
It is easy to see that, with respect to the bilinear form (5.18), one has
(Flz,w]P*™)* =Flz,w ]/ +Flz !, w]Pm. (5.19)

The next result gives a concrete representation of the dual space of F[z,w]P*™ that
is an extension of Theorem 3.38.

Proposition 5.11. The vector space dual of Flz,w|P*™ is F-linear isomorphic to
the space (z 7 'F[[z~ 1w w= 1P e,

(Flewl? ™) = (B o o

Proof. Clearly, for H(z,w) € (z"'F[[z!,w™!]]w=1)?*™ and Q(z,w) € F[z,w]P*™,
the map @ : Flz,w]?*" — T, defined by @(Q) = [Q,H], is a linear functional
on F[z, w]?*™. Conversely, suppose @ is a linear functional on F[z,w]”*™. For all
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i, j > 0, @ induces linear functionals @; on FP*™ by defining ®;(A) = ®(7/Aw/).
Every functional @;; on F”*"" has a representation of the form @;;(A) = Trace (HUT A)
for a unique Hj; € FP*"™. Defining

H(z,w) = 2 ZHijzfiflwfj*l c ZleHZflwalﬂpXmWfl’
i=0 j=0

it follows that @(Q) = [0, H]. |

5.2 Tensored Polynomial and Rational Models

Turning now to a detailed study of tensor products of polynomial and rational
models, taken together with duality theory, will enable us to construct, in concrete
terms, an isomorphism

Z* ®]F[z] Y — HOIIIF[Z] (3{, g)

and, in the process, develop a coordinate-free approach to Bezoutians.

Spaces like F[z]™ or, more importantly for our purposes, quotient spaces like
F[z]™/D(z)F[z]™ have module structures with respect to both the field F, i.e.,
vector space structures, and the ring of polynomials F[z]. With respect to the
characterization of tensor products, the underlying ring is of utmost importance
because the tensor product depends very much on the ring used. These two
constructs do not exhaust the possibilities, especially where polynomial models are
concerned, and we will also study polynomial models defined by the Kronecker
product of polynomial matrices. In analyzing the tensor products of two polynomial
models, our first objective will be to find concrete representations of the various
tensor products. Furthermore, it will be shown that the class of polynomial models
is closed under tensor product operations. The inherent noncommutative situation in
the case of nonsingular polynomial matrices makes things more difficult, especially
if concrete isomorphisms are to be constructed. Of particular difficulty is the lack
of a concrete representation of Xp, ®p[;) Xp,. This is the result of the absence of
a nice representation of a two-sided greatest common divisor. The tensor products
of function spaces given by (5.15), (5.16), and (5.17) just set the stage. In studying
tensor products of polynomial or rational models, there are essentially four ways
to proceed. For nonsingular polynomial matrices Dj(z) € F[z]P*P and D;(z) €
F[z]™*™, one can study the F — and F[z] — tensor products, i.e., Xp, @ Xp, and
Xp, ®p[;) Xp,, respectively. Additionally, one can study the polynomial, and rational,
models defined by the Kronecker products D;(z) ® D, (w) and D;(z) ® D, (z),
respectively. Later on, it will be shown that the F-tensor product Xp, ® Xp, and the
polynomial model XDl ()®D] (w) r€ isomorphic, which will reduce the complexity
to the study of three distinct spaces.
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Before starting the analysis of the four different tensor product representations,
some useful notation and terminology must be established. For rectangular matrices
A e " Be F**¢_and in this chapter only, the Kronecker product is defined as
the mk x nf matrix

bi1A ... biA
AwB=| :
briA ... byA
Note that this definition is in harmony with the definition of the tensor product f ® g
of two linear maps f : F* — " and g : F — FX. In fact, if A and B denote the
matrices of f and g with respect to the standard basis, then A ® B is the matrix
representation of f ® g with respect to the standard basis. Nevertheless, we warn
the reader that this definition of the Kronecker product is slightly different from that
used by many other authors, in the sense that what we denote as A ® B is usually
denoted as B®A. We will use the preceding definition of the Kronecker product only
in this chapter, in order to simplify some of the expressions. Later on, in Part III of
this book, we will return to the standard definition of the Kronecker product.

By the definition of the Kronecker product, the Kronecker product of an upper
triangular matrix A with an rectangular matrix B is block-upper triangular. In
particular, the Kronecker product B ® Iy is of the form

bily ... byly
brily ... brely

while

A®Iy =diag(A,...,A)=| ¢ .
0 ... A

For invertible, n x n and m x m, respectively, matrices A and B, the Kronecker
product A ® B is invertible, and

(AoB)'=A"leB ™.
The following rules for the Kronecker product are easily verified:

(ARB)®C=A®(BxC),
(A®B)(C®D)=AC®BD,
(A2B)" =AT @B,
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Let vec(A) € "™ denote the column vector that is obtained by stacking the second
column of A under the first, then the third under the second, and so on. The identity

vec(ABC) = (A®C")vec(B)

is very useful in replacing linear matrix equations in vectorized form. Moreover,
there exist permutation matrices P and Q such that

P(A®B)Q=B®A

is true of all matrices A, B. The eigenvalues of A ® B are the products A;(A)A;(B) of
the eigenvalues A;(A) and A;(B) of A and B, respectively. Therefore, the trace and
determinant of A ® B of matrices A and B are tr (A ® B) = tr (A)tr(B) and det(A ®
B) = det(A)™det(B)". Similarly, the eigenvalues of A ® I, + I, ® B are the sums
Ai(A) + l,(B)

1. Kronecker Product Polynomial Models
Our aim is to obtain concrete representations of the tensor products Xp, ®r X, D] and
Xp, ®r[ XDZT. To this end, the theory of polynomial and rational models is extended
to the case of models induced by Kronecker products of polynomial matrices in one
or two variables. Polynomial models based on Kronecker product representations
were first studied by Helmke and Fuhrmann (1998) in order to obtain explicit
descriptions for tangent spaces for manifolds of rational transfer functions.
Recalling the identification (5.17) and the fact that F((z~!))? is a vector space
over the field F((z~!)) allows us to introduce a module structure on the space of
truncated matrix Laurent series in two variables, z and w, i.e., on F((z~!,w=1))P>m,
as follows.

Definition 5.12. For Laurent series A (z) € F((z1))P*? and Ay (w) € F((w™1))m<m,
define their F-Kronecker product A (z) ® A, (w) as the map

(A1) @A7 (W)t F(( L w™ )P — F(( L w )P

(A1(z) @Ay (W))F(z,w) = A1(2)F (z,w)Aa(w).

Clearly, A;(z) ®A, (w) is an F((z~!,w™!))-linear map and, hence, also an F-linear
map. Similarly, one defines the F[z]-Kronecker product A;(z) ®AJ (z) as the map

(A1(z) ®A7 (2)) : F((z )P — F((z )P
(A1(2) ®A; (2))F (2) = A1 (2)F (2)A2(2).

There are many derivatives of this definition. In particular, we will look at the
restriction to polynomial spaces F[z]”*™ and F[z,w]P*™, i.e., to spaces of polyno-
mial matrices in one or two variables. Thus, we define the two projection maps

nDl(z)®D2T(w) : F[Z,W]me — ]F[Z,w]lzxm and ”Dl(z)EODZT(Z) . F[Z]me N ]F[Z]pxm by
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T, cyen] (nF (W) = (D1(2) D3 (W) (72 @ ) (D1(2) © D; (W)™ F(z,w)
= (T, (2) ®F Tipy ) )F (2, W) (5.20)
and
T, (0] (o F (2) = (D1(2) © D3 (2))7- (D1 (2) @ D (2)) ' F (2)
= D1 (2)[7-(D1(2)"'F(2)D2(2)")D2(2) (5.21)

= (7p, (5) @rfe) pJ (o))F (2),

respectively. Clearly, n° ® n" is a projection map in F((z~!,w™1))?*" and
. . . 71 . . .

7_ a projection map in F((z~"))”*™. Hence, Tp,()ep] (w) 1S @ projection map

in Flz,w]”*™ and 7, (=D (2) projection map in F[z}”*"™. There are two important

special cases of these maps, namely,

nD] (Z)®]F[Q(Z’W) = nDl (z)Q(va)v

nI®H:D2T(w)Q(Z’ W) = Q(Z7 W)TCDZT(W)'

To formulate the basic properties of the projection operators, we first prove an
elementary result about projections.

Lemma 5.13. Let 2 be a linear space and P, and P, two commuting linear
projections acting in Z', i.e., PLP, = P,P|. Then:

KerP| P, = KerP; + KerPs,
(5.22)
ImP; P, = ImP; NImP;.

Proof. Since Ker P, Ker P, C Ker PP, = Ker PPy, also Ker P, + Ker P, C Ker P P».
Conversely, assume x € Ker P; P». This implies P>x € Ker P;. The representation x =
(x — Pyx) + Pyx, with (x — Pox) € Ker P, and Pyx € Ker Py, shows that KerP| P, C
Ker P; + Ker P, and (5.22) follows. By the commutativity assumption, ImP, P, C
Im Py NIm P;. Conversely, assuming x € Im P; N Im P,, there exist vectors z,w € 2
for which x = Pz = Pw. Since P22 = P, this implies x = Pw = P,Piz € Im P P,
ie, ImP NImP, C ImP;P>. The two inclusions imply the equality. |

Proposition 5.14. Ler D(z) € F[z]P*? and D,(w) € F[w|™™ be nonsingular
polynomial matrices. Then:

1. The maps Tp, () T1D] (w): and Tp, ;) ®F TpT (w) are all projections in
]F[Z7W]p><m;
2. The projections Ttp, ;)1 and 12D (w) commute, and

D, ()21 TeD] (w) = T1en] (w) 1)@l = T, (z)@D] (w) = D1 (z) OF Tp] (w)?

(5.23)
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3.

The following characterizations are valid:

Ker nDl ()@l — D, (Z)F[Z7 W]]?Xm)
Ker o pr () = Flz, w]”"Da(w), (5.24)

KCI’EDI(Z)@D;(W) = Dy (2)Flz,w]P™ + Flz, w]P*" Dy (w).

Proof. 1. Follows from the fact that 7p, is a projection in F[z]” and 7p, a projection

2.

in F[z]™.
From the isomorphism (5.15) it follows that elements of the form f(z) ®@p g(w) =
f(z)g" (w) span F[z,w]”*™. On elements of this form

nDl(Z)®1”1®D2T(w)f®Fg = Tip, (o)1 (f O ”D;(w)g)
= (7, (). F p,(w)8) = Ty () (01 (5)f @ 8)
= ”1®D2T(w) nDl(z)®I(f QF 8),

from which (5.23) follows.

. Clearly, Q(z,w) € Kermp, () if and only if 7°Di(z)"'Q(z,w) = 0, ie.,

D1 (2)~'Q(z,w) = P(z,w) for some polynomial matrix P(z,w). This is equivalent
to Q(z,w) = D1(2)P(z,w) € Di(z)F[z,w]”*™. The second equality is proved
analogously. The third equality follows from Lemma 5.13 and the commutativity
of the projections 7p, ;) and 7, D] (w)* |

Definition 5.15. Let D(z) € F[z]?*P and D,(w) € F[w]™ ™ be nonsingular poly-
nomial matrices.

1.

The two-variable Kronecker product polynomial model is defined by
XDI (Z)@D; (W) = Im nDl (Z)@D;(W) C F[Z, W]me7 (525)

where the projection T, (2)@D] (w) is defined by (5.20).

Z

. The Kronecker product polynomial model is defined by

Xpy (o] () = 1M, ()ep] o) © FlI7™, (5.26)

where the projection i (:)eD] (2) is defined by (5.21).

Note that in either of these cases, the spaces XD1 (@D} (w) and XDl (9@D] () can be

identified with polynomial models for the Kronecker products D;(z) ® D, (w) and

D

1(z) ® D; (z), respectively.
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Theorem 5.16. Let D (z) € F[z]P*P and D, (w) € F[w|™*™ be nonsingular polyno-
mial matrices. Then:

1.

0(z,w) € Flz,w|P*™ satisfies Q(z,w) € Xp, (:)@D] (w) if and only if the rational
matrix function

D1(2) 7 '0(z,w)Dy(w) ! € 27 IF[z L, w1y
is strictly proper in both variables;

The set J = Di(z)F[z,w]P*™ + Flz,w]|"*™Dy(w) is an F[z,w]-submodule of
Fz,w]P*™. The following isomorphism of F|z, w]-torsion modules is valid:

Xp o] () = Flewl?™ /(D1 (D[ W)™ 4+ Flz,w}? " Da(w))
= XD, (o1 mX1®D2T (w) (5.27)
~ XD1 ®]FXD; ;

The following dimension formula is valid:

dimXp, JoD] (w) = deg(detDy) - deg(detD,);

¥4

4. A polynomial matrix satisfies Q(z) € Xp, (@D () if and only if D1(z)7'Q(z)

5.

Dy (z) " is strictly proper;
One has

KerTCDl(Z)@D;(Z) :DI(Z)]F[Z]pmeZ(Z), (528)

and D1 (2)F[z]P*™Dy(z) is a full submodule of F[z]P*™. Hence, there is an
isomorphism

XDl(z)®DzT(z) ~F[z]" /(D1 (2)F[z]"*"D>(2)),

with both sides being TF[z]-torsion modules;
The following dimension formula is valid:

dimXp, (@Dl (2) = deg(detDy) - deg(detD»).

Proof. 1. A p x m polynomial matrix Q(z,w) is in XDl(Z)®D2T(W) if and only if

O(z,w) = Tip, (Z)@D;(W)Q(Z’ w). In view of (5.20), this is equivalent to

(D1(z) ®@DJ (W) ' 0(z,w) = (7° @ ) (D1 (z) @ D] (W) "' Oz, ),

ie., toD(z)7'Q(z,w)Da(w) ! € 7 'F[[z7 L, w11
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2. By Proposition 5.14, the map
— . pxm
D, (2) OF TpT (w) = Tp, ()@D] (w) * Flz, w]"™" — X, (2)@D] (w)

is surjective and F(z, w]-linear, with Ker, = J. Thus, the first isomor-

®DJ (w
phism in (5.27) holds. The second equality folloév(s %rom Lemma 5.13, while the
third isomorphism follows directly from Proposition 5.8.

Clearly, J is an F[z,w]-submodule of F[z, w]?*™. Using, with d(z) = detD(z),
the identity d(z)I = D(z)adjD(z), we get the inclusion d; (z)F[z, w]P*™d»(w) C
D1 (z)Flz, w]P*™ + F[z,w]”*™Dy(w). In turn, this implies that

7y, (en] ) (1 (2)d2(W)Q(z,w)) =0

forall Q(z,w) € X, (:)2D] (w)> 1-¢-» the quotient module Flz,w]?*™/J is an Fz,w]-
torsion module.

3. Follows from (5.27), using the fact that the dimension of the F-tensor product of
two [F-vector spaces is the product of their dimensions.

4. Follows trivially from (5.21).

5. Clearly, D (z)F[z]?*™D;(z) C Ker p, ()eD] (2)° Conversely, assume that Q(z)

Z

S
Kerm, . By the invertibility of the multiplication operator Dj(z) ®

®D;r (2)

Dj (z), this means 7_Dj(z) ' Q(z)D2(z)~" = 0. Thus there exists a P(z) €

F[z]?*™ such that D1 (z) ' Q(z)D2(z) ! = P(z) or Q(z) = D1 (z)P(z)D2(z), which

implies the inclusion KerﬂDl%[z]DzT C Di(2)F[z]P*™D;(z), and hence (5.28)
follows.

6. Without loss of generality, we can assume that D(z) and D;(z) are in Smith
canonical form with invariant factors d%l)(z), e ,(,1)(2) and d%z) @),...,d? (2),
respectively. Thus, the quotient module F[z]?*™ /(D (z)F[z]P*™Dx(z)) is a finite-
dimensional F-vector space of dimension

R 1 2
D degdl-( )degdj- ) = degdet D) (z) degdet D, (z).
i=1j=1

This completes the proof. |

2. Tensored Rational Models

In analogy with the introduction of tensored polynomial models, we introduce the

tensored rational models. Let D (z) € F[z]P*? and D, (w) € F[w]™*™ be nonsingular.
Define a projection map

n_D](Z)@DzT(w) zzleHZfl,wflﬂpxmwfl N Zfl]F[[Zfl’Wflﬂpxmwfl
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by

AP &SP E (7, )
= (7 ©r 1) (D1 (z) & DF (w)) ! (75 @x 2Y) (D1 (2) © Dy (w))H (2 ).

The two-variable Kronecker product rational model and the Kronecker product
rational model are defined as

XD1(2)®D2T(W) - ImnDl(z)®D2T(w) c Z—I}F[Z—I’W—l]pxmw—l
(5.29)
XP1@EP () ; = [y gP1 @01 () IRl

respectively.

Equation (5.29) provides an image representation of the rational model
XDI(Z)(XDZT W), To derive a kernel representation of rational models, we introduce
two-variable Toeplitz operators on z~'F[[z~!,w™!]]P*"™w=1. For P|(z) € F[z]"*P
and P»(w) € Flw]™™, we define the Toeplitz operator P (c) ®p P, (1), acting on
a truncated Laurent series in two variables H(z,w) € z 'F[[z~!,w=!]]P>*™w~!, by

(Pi(0) @ Py (7)) H(z,w) = (2% @5 1) (P (2)H (2, w)Pa(w)).

Special cases are the backward shifts o and 7 in the variables z and w, respectively.

Lemma 5.17. Let D (z) € F[z]”*P and Dy(w) € F[w]™™ be nonsingular polyno-
mial matrices. Let H(z,w) € z7'F[[z7!, w1 )]P*"™w~1. A necessary and sufficient
condition for H(z,w) € X1 (203 () 10 be valid is Dy (2)H(z,w)Da(w) € F[z, w]P*™.
This is equivalent to the kernel representation

XP1&#P1 (%) — Ker (D (6) @5 D] (1)). (5.30)

Proof. Clearly, H(z,w) € XP1 ()2D3 (v) if and only if H(z,w) =P (Z)®D2T(W)H(z, w).
Assume H(z,w) € XP1©)®P2 () Computing

(7 ®p 72)(D1(2) © D (W))H (2, w)

= (72 @p 2)(D1(2) @ D3 (w)) BP0 H (2, )

= (7* @p 2%)(7 @p 7)) (D1 (z) ® Dy (w))H(z,w) =0
implies X213 ()  Ker (D, (6) @p D] (1)

)
Conversely, assuming H(z,w) € Ker (D (o) ®p D) (1)) implies D (z)H(z,w)
Dy(w) € Flz,w]”*™. This implies
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(5 @5 7") (D1 (2) @ D3 () (. @5 1) (D1 (2) © D3 (W) H (2, w)

= (n° @p ") (D1(z) @Dy (W)~ (D1(z) @D (W))H (z,w) = H(z,w),

i.e., Ker(Dy(0) @p D] (1)) € XP1@=P3 (%) The two inclusions imply (5.30). M

The elements of XP1()®P; () are rational functions of a special type. They are
characterized next.

Proposition 5.18. Let D(z) € F[z]P*P and D,(w) € Flw|™™ be nonsingular
polynomial matrices. Every element H(z,w) € XP (D@D ) s g rational, strictly
proper function in two variables that has a representation of the form
P(z,w)
H(z,w) = ——F"—, (5.31)
(zw) di(z)d>(w)

with d;(z) = detD;(z) € F[z] nonzero polynomials and P(z,w) € F[z, w]P*™.

Proof. From Lemma 5.17 it follows that H(z,w) € X1 (2)2D3 (") if and only if
O(z,w) = D1 (2)H(z,w)Da(w) € Flz,w]P>™. Letting d; (z) = det D (z) and dp(w) =
detD;(w), we compute

_adjDi(2)0(z,w)adjDr(w)  P(z,w)

Haw) =DiE Q@D === e~ ahm

Rational functions of the form (5.31) are called separable and have the property
that the set of poles is a direct product A x B of two finite subsets of the algebraic
closure F. We refer to Fliess (1970) for a characterization of rational elements of
F[[z~',w~!]] in terms of a finite rank condition of an appropriate Hankel matrix.

The study of duality for the tensor product of models is our next topic.

Theorem 5.19. Let D|(z) € F[z]P*P and D;(z) € F[z]™*™ be nonsingular. Then
(0070 = (D1 (B Da(2)* o XPT (1036

and

* T w
(XDl(z)®D2T(W)) ~ X D1 (2)®Da(w)

= Ap[ ()@Dy(w)
are F|z]- and F(z, w|-linear isomorphisms, respectively.

Proof. Proposition 5.16 implies the following isomorphism of F|[z]-modules:
(Xp, (yep] ()" = (Fl”" /D1 (2)F [ " Da(2))".
1(2)@D; (2)

Using the vec-operator, we can identify the matrix space F[z]?*™ with the space of
vector polynomials F[z]P™. Moreover, the identity

(D1(z)®D; (2))" = D] (z) ®Ds(2)
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is satisfied. For vectors of polynomials F(z) and strictly proper functions H(z)
let [F,H] = (F"(z)H(z))-1, denote the residue term of F(z)"H(z). Using Theo-
rem 3.38, the map

D! (2)®p) D *
D (XDl(z)@ODzT (z))

H(z2) > (F(2) = Trace(F(2) TH(2)) 1)
yields the module isomorphism

* DI D
(XDu(z)®DZT(Z)) ~ xP1 @@ D2(2),

This completes the proof for the first isomorphisms.

By Proposition 5.16, the elements of the rational model X DI (@)&D2(w) are of the
form H(z,w) = D1(z)~ " Q(z,w)D2(w)~ . Consider the map

T w *
L: XPHEE00 — (X, o opT ) (5.32)
defined by
L(H)F := [F(z,w),H(z,w)] = Trace(F (z,w) "H(z,w))_1 1.

Here, [-,] denotes the dual pairing on functions of two variables, defined by (5.18).
To prove that this pairing is nondegenerate, assume that a polynomial F(z,w) €

XD, (:)en] (w) Satisfies [F,H] =0 forall H € X" | ()&D2(w) Equivalently,

[D1(2)"'F(z,w)D2(w) ™', Q(z,w)] = 0
for all polynomial matrices Q of the appropriate size. By (5.19), this is equivalent to

Di(2)"'F(z,w)D2(w) ™" € 2 'Fllz ,w w0 (Bl w177 + [z w]P™)
— {0}

Thus, F(z,w) = 0. Similarly, [F,H] = 0 for all F € XDl(z)®DzT(w) implies H = 0.

Thus the bilinear form [-,-] on Xp,(@n]

therefore induces a vector space isomorphism (5.32). Moreover, the natural F[z, w]-

() X XP1(@€D2(w) is nondegenerate and
module action on, respectively, XD1 (2)@D] (w) and xD/ (z)®Dz(w)) implies

[p(Z,W) 'FvH] = [p(Z,W)F,H] = [F,p(Z,W)H] = [F,p(Z,W) H]
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Therefore, (5.32) defines an F[z, w]-linear isomorphism. The equality

T W _ _
XPHEEP0 = Dy (2) 7T @ Da(w) KT (i

implies the F[z, w]-linear isomorphism

D/ (2)@Ds(w)
xDi @@D2(w) ~ T (D ()"

This completes the proof. |

4. F-Tensored Polynomial Models

Our attention turns to the study of F-tensor products of vectorial polynomial models.
Proposition 5.16 implies that a Kronecker tensored polynomial model, in the sense
of (5.25), is isomorphic to the tensor product of polynomial models taken over the
field F. This is no longer true if tensored polynomial models in the sense of (5.26)
are used, and indeed, the models XDl ()@D] (2) and Xp, () ®r Xp, ;) are generally not
isomorphic. The next proposition gives a concrete, functional representation of the
F-tensor product of two polynomial models.

Proposition 5.20. Let D|(z) € F[z]P*? and D;(z) € F[z]™*™ be nonsingular poly-
nomial matrices. Let ¢ : Xp, X XDZT — Xp, ®F XDZT be the canonical isomorphism,

and let y: Xp, X XDZT — XDl @) be F-bilinear.

®D2T (w)

1. The map 7, : Xp, ®]FXD27 — XD1<Z)®D2T(W) defined by
Y (1 ®F f2) = fi(R) fy (W)
is an B[z, w]-linear isomorphism implying
XD1 ®]FXD2T 2XD1(Z)®D;(W)' (5.33)

In particular, this gives a concrete representation of the tensor product.
2. The following dimension formula is valid:

dim(Xp, ;) ®F XD2T<W>) = deg(detD;) - deg(detD5).
Proof. 1. Noting the isomorphism (5.27), we compute
Xp, yonf o) = Flew]?™ /(D1 @JF [z WP + Fle, w}? " Da(w))
~ (Flc]’ /D1(2)F[2]?) @r (F[z]" /D; (2)F[e]")

~ Xp, (o) ®F XpJ (5)-
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2. Using the dimension formula dim X, = deg(detD) and the isomorphism (5.33),
we obtain for the F-tensor product of two polynomial models the dimension
formula

dim (F[2)" /D1 (2)F[2) & Flw]" /D3 (w)Flw]" ) = deg(detDy) - deg(detD). W

Note that the polynomial models Xp, and Xp, not only have a vector space
structure but are actually F[z]-modules. This implies that X, 122D (w) and, hence,

using the isomorphism (5.33), Xp, ®r XDzT have natural F|z, w} module structures.
This is defined by

p(ow) QW) = 7p epy P @W)QEW), QW) € Xp, (ep] )
(5.34)

where p(z,w) € Flz,w].
Similarly, we define an F[z,w]-module structure on the tensored rational model
XD1()®D; (W) by letting,

p(z,w)-H(z,w) = a1 @D 0[Sk 5L b=V H (z,w)wi~!] (5.35)

for p(zjw) = Z{le zlj:l pijZi_le_l c }F[va] and H(Z,W) c XDI(Z)(X)D;(W).

Proposition 5.21. Ler D(z) € F[z]P*P and D,(w) € F[w|"™*™ be nonsingular
polynomial matrices and H(z,w) € XP1 (@)®D; (W)

1. The F[z,w]-module structure on XP1(2)@D; (w) defined by (5.35) can be
rewritten as

ko1
p(z,w)-H(z,w) )Y Y py H(z,ww! T (5.36)
i=1j=1

2. With the F[z,w]|-module structure on X, Dy (2)@D] (w) and XP12D3 (") gjven by
(5.36) and (5.35) respectively, the multlpltcatlon map

i w
Di(z) @ D3 (w) : XP1=P2 () — X, 9@eD] (w)

is an F[z, w]-module isomorphism, giving

Xp, ey = X O,
Proof. 1. Follows from (5.35).
2. Follows, using Lemma 5.17, from the fact that H (z,w) € X1 ()®D3 (W) if and only

if H(z,w) = nDl(Z)®D2T(W)H(z,W).
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Equivalently, if and only if 71:DI<Z>®D27(W)D1(z)H (z,w)D2(w) = Dy (2)H(z,w)
DQ(W), i.e., Dl (Z)I{(Z7 W)D2 (W) € }([)1 (Z)@D;(W)' |

Special cases of interest are the single-variable shift operators
Sz5Sw 3XDl(z)®DzT(w) - XDl(z)®DzT(w)7
defined by
8:0(2,w) = T, (50T () 2% W) = T, (5)20(2, W),
SWQ(Z, W) = 77.7Dl (Z)@D; (w) Q(Z7 W)W = 7'[,'1®1FD; (w) Q(Z, W)W

A concrete representation of the dual space to a tensored polynomial model
is given next. For subspaces %7 and ¥ of a linear space Z°, we shall use the
isomorphism (2" /7)* ~ ¥+, as well as the identity (% +7)* =%+ N7+

Theorem 5.22. Let Di(z) € F[z]P*? and D2(w) € F[w|™*™ be nonsingular polyno-
mial matrices. Then the following is an F|z,w]-linear isomorphism:

(Xp, ®p Xpr)* ~ XDV QK [ 195D () ~ DI (Q)EDa(w),
2

Proof. By Proposition 5.16 and Theorem 5.19, the following are F[z,w]-linear
isomorphisms:

XD[ ®]F XD; ~ XD] (Z)@D;(W)’
* 1 )
(X, @5 Xpp)* 2 XPTOD20),
This implies the F[z, w]-linear isomorphisms

(Xp, @F Xpy7)* 2 (Flz,w]"™P /(D1 (2)F [z, w]P*"" + Flz, w]P*" Do (w)))”

= (D1 (2)F[z,w]P*" + Fz,w]P*" Dy (w))

= (D1(2)F[z,w]P ™) O (Flz,w}?*"Da(w))

— XD[ (2)@pl mxl@)]FD; (w) .
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Here, the identities
T xm\ T _ Dy (o5l
(PT@F i) =X,
1 T
(Flzowl? D] (w)) "~ = X"#eP1 ()

were used. They follow from the duality relation based on the bilinear form (5.18).
Indeed, H(z,w) € (D (z)F[z,w]”*™)" if and only if, for every Q(z,w) € Flz, w]P*™,

0= [Dl (Z)Q(Z’W)’H(Z7W)] = [Q(Z,W),Dl (Z)H(va)]a

i.e., if and only if D (z)H (z,w) € F[z, w]?*™, which implies H (z,w) € X210/ The
other formula is proved similarly. |

3. F[z]-tensored polynomial models

In the preceding parts, tensor product representations of polynomial models over a
field were studied. Things change dramatically when tensor products of polynomial
models are taken over the polynomial ring F[z]. This leads directly to the study of
intertwining maps, the Sylvester equation, and, in a very natural way, to the study
of generalized Bezoutians.

Definition 5.23. Let D;(z) € F[z]"*? and D, (z) € F[z]"”*" be nonsingular polyno-
mial matrices. The greatest common left Kronecker divisor of D;(z) and D;(z) is
defined as the greatest common left divisor D (z) A D»(z) of the polynomial matrices
Di(z) @Iy and I, ® D1 (2) "

Of course, by construction, the greatest common left Kronecker divisor Dj(z) A
D, (z) € F[z]P"™*P™ is a nonsingular polynomial matrix. Further elementary prop-
erties of D;(z) A Da(z) are listed subsequently in Corollary 5.25. The F[z]-tensor
product of the polynomial models Xp, and Xp, is characterized by the following
theorem. It shows in particular that the FF[z]-tensor product of two polynomial
models is isomorphic to a polynomial model, defined by the greatest common left
Kronecker divisor.

Theorem 5.24. Let D|(z) € F[z]P*P and Dy (z) € F[z]™*™ be nonsingular polyno-
mial matrices. Let J be the submodule of F[z]P*™ defined by

J = Di()F[2]""" + Fle]”""Da(2).

1. The F[z]-tensor product can be identified by the following isomorphism:

Xp, @ Xpy = F[2]”"" /(D1(2)F [z + Flz]”*"Da(2)).
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The isomorphism is given by the canonical map y : Xp, x Xp, — Xp, ®F[;) Xp,
defined by

Y(fL ) =1A6 1,

where [F|; denotes the equivalence class of F € F[z]P*™ with respect to
submodule J.

2. Let Dy A Dy € F[z]P™*P™ denote the greatest common left divisor of D1 (2) ® I
and I, ® D, (z). Then Xp, Dp( Xpy i Fz]-linearly isomorphic to the polynomial
model

XDl ADy -

Proof. The first claim follows trivially from Proposition 5.3.
By identifying F[z]?*™ with F[z]P"" we obtain the module isomorphism

Xp, @[y Xpy = Flz]" /D(2)F (",
where D(z) := (D1(z) @ I, I, ® D, (z)) € F[z]"™*?™. Thus
D(z) = (D1(z) AD2(2))A(z),
where A(z) € F[z]P"™*?P™ is left prime. Thus A(z)F[z]*™ = F[z]P", and therefore
D(2)F[]*" = Di(z) A D2 (2)F [}

This implies Xp, ®pl; Xpy = F[z]P™ /D1 (z) AD»(z)F[z]"™ ~ Xp, rp, - This completes
the proof of the second part. n
Corollary 5.25. Let D|(z) € F[z]?*P and D;(z) € F[z]™™ be nonsingular poly-
nomial matrices with invariant factors dil)(z), e ,dl(,l)(z) and dfz)(z), e 7d,<n2> (2),
respectively. Let dl-(1> A dj(»z) denote the greatest common divisor of the polynomials
d" () and d? ().

1. The tensor product Xp, ®g( Xp, is isomorphic to the polynomial model Xp, \p, .
2. For scalar polynomials d,(z),d>(z) there is an isomorphism of F[z|-modules

Xa, ®@Fp) Xa, =~ Xay ndy-
3. Xp, ®p[ Xp, is Flz]-linearly isomorphic to the direct sum
p m

DDx,0,,0-

i=1j=1 | "
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In particular, the following dimension formula is valid:

dimXp, ®p Xp, = z Zdeg 1) 2)).
i=1j=

4. The invariant factors of D1(z) A Dy (z) are dl-(l) (2N dj(»z) (2). In particular,
detD(z) ADa(z) = detD;(z)" detDy(z)?.

Proof. Assertions 1 and 2 follow at once from part 2 of Theorem 5.24.

3. Let A} = diag(dfl),...,d,(,])) and Ay = dlag(d( >, ,d(z)) be the respective
Smith forms of D;(z) and Ds(z), and let U;(z) and V;(z) be unimodular
polynomial matrices satisfying U;(z)D;(z) = Ai(z)V;(z). This implies the F[z]-
linear isomorphism

P
XAI ~ @de’ XAZ ~ ®Xd(2)'
i=1 !

Using 2, the isomorphisms

p m
Xp, @[ Xp, ~ Xa, ®r Xa, <€9de1>> ®r (@’%@)

follow. This completes the proof of 3.
4. Consider the unimodular polynomial matrices U;(z) and V;(z) such that

Di(z) =Ui())A1(2)Vi(2), Da(2)" =Ua(2)A2(2) Va(z)

are in Smith form. Since D A D, is the greatest common left factor of D| ® I,,,
and I, ® DJ there exist polynomial matrices M(z) and N(z) such that

(DI AD2)M =D @1, = (U1 @Us) (A1 1) (Vi @U5 ),
(D1 AD2)N = (U @ U2) (I, @ Ay ) (U @ Va).

Thus there exist unimodular matrices P(z) = (U1 @ U2) ™!, R(z) = (V; ' @ Ua),
and S(z) = (U1 ®V, ") such that

P(Di AD))MR=A @1, P(D;iADy)NS=1,04, .
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This implies that P(z)(D1 A D;) is a greatest common left divisor of A} ® I and
I,® AZT and therefore, up to an irrelevant unimodular factor, coincides with A; A
Ay. Thus Dy A Dy and Aj A Ay have the same invariant factors. It is easy to see
that A; A A can be chosen as a diagonal matrix with diagonal entries di(l) A dj(»z)
This completes the proof. |

Corollary 5.26. Consider nonsingular polynomial matrices D(z) € F[z]"*P and
D(z) € Flz]"™™ with the same nontrivial invariant factors d;, ordered so that d;|d;_.
Then the following assertions hold:

1.

dim Homgy,) (Sp, Sp) = (2 — 1) degd;.

1

2. Let A € F"™" have invariant factors d,,...,d, ordered such that d;|d;_,. Let
E(A) = {X e ™" | AX = XA} denote the centralizer of A. Then:

dim%(A) = i(Zz‘— 1)degd;; (5.37)
i=1

3. For A € F"™" with invariant factors dy , .. ., d,, dim % (A) = n® if and only if there
exists an o € F such that, foralli=1,...,n, d;(z) = z— . Equivalently, A = o,
i.e., A is a scalar transformation.

The relation of the [F[z]-tensor product Xp, ®pi; X, D] to the tensored Kronecker
model Xp, (@D (2) is examined next.

Proposition 5.27. Let D(z) € F[z]P*P and D, (z) € F[z]™*™ be nonsingular. The
following is an F[z]-linear isomorphism:

Xp, ®ppy XDZT ~ XD](Z)®D2T(Z)/(D1XI®DZT +Xp,e1D2). (5.38)

Proof. With i the canonical injections, the following diagram is commutative. Here
7rD1®D27|J denotes the restriction of Tp,epy 1o the subspace J = D (2)F[z}P*™ +

Flz]P*™ D (2):

Di(F [+ FI27" Do) - Bl

TpyoD] v Tpy@D]

DX py + XpyorD2 ~ Xp,@p]
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1 .
Moreover, Mpyn] (D1X1®DZT +Xp,wiD2) = D1 (2)F[z]"*" +F[z]P*™D;(z). Using the

surjectivity of 7, I Flz)P ™ — Xp DI and applying a standard argument, the
isomorphism (5.38) follows. |

The next theorem yields an explicit description of the module (Xp, ®F[] ng)*.
Theorem 5.28. Let D|(z) € F[z]P*P and D1(z) € F[z]™™ be nonsingular. The
following are F|z]-linear isomorphisms:

* O\ k * % 2D
XDl ®]F[Z] XD; o~ (XD1 ®]F[z] XDQ) ~ (XD1 ®]F[z] XDZT) :XD1®I ﬂXI®D2 .

Proof. For each submodule M C F[z]P*™, one can identify the annihilator
with M+ = {H € 7 'F[[z7!]]P*™ | Trace[F,H] = 0 VF € M}. Here [F,H| =
(F(z)"H(z))_1 denotes the residue. Computing
(Xo, @rig Xpp)* = (FIIP" /(D1 (F[”" +F[7"D7 (2)) )
= (D1 (2)F[2]" +F[zP*"D; (2))*
= (D1(2F["™)* N (F[)"D; (2))*
= xPiel ) x/eD;
proves one isomorphism.
To prove the other isomorphisms, one uses the Smith form. Thus, for each

nonsingular polynomial matrix Q(z), the invariant factors of Q(z) and Q' (z) are
equal, implying the FF[z]-linear isomorphism

XQZ QT'

Moreover, Theorem 3.38 implies the isomorphism Xy ~ Xé By Theorem 5.24, the
tensor product Xp, ®p XDZT is F[z]-linearly isomorphic to the polynomial model

XDl/\DzT and hence also to Xgl/\DZT ~ (Xp, ®F[] XDZT)*, This completes the proof.
|

5.3 Polynomial Sylvester Equation

Proceeding now to a more detailed study of the Sylvester equation in the tensored
polynomial model framework, definition (5.34) is specialized to the polynomial
p(z,w) = z—w. One obtains, for all Q(z,w) € XDl(z)®1FD2T(W)’ that

LO(z,w) = (z—w) - Q(z,w) = 7p, ()b (w) (z0(z,w) — O(z,w)w). (5.39)
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The map . is referred to as the polynomial Sylvester operator . In fact,
with constant matrices Ay € FP*? and A, € F™", and defining D;(z) = 2l — A;
and D,(w) = wl — A, we obtain Xp, (yeaD] (w) = FP*m_ Therefore, Q(z,w) €
Xp, (:)eD] (w) if and only if Q(z,w) € FP*™ ie., X = Q(z,w) is a constant matrix.
This implies

(z—w)-X= n(zl_Al)@)(wI_A;)(z*w)X =A1X - XA,

for all X € FP>*™ i.e., we recover the standard Sylvester operator. This computation
shows that the classical Sylvester equation

AX—XA,=C
corresponds to the equation
SX =C,

with X,C € X(ZFA1 Jor(wl—A7) necessarily constant matrices.
Note that every polynomial matrix T'(z,w) € Xp, (®D] (w) has a factorization of
the form

T(z,w) = Ri(2)R; (w),

with Ri(z) € Xp,er, C F[z]”* and Ry(w)T € Xpep]w) € F[w]**™, and both
polynomial matrices R;(z) and Rx(w) have linearly independent columns. The
following theorem reduces the analysis of the general Sylvester equation to a
polynomial equation of the Bezout type. This extends the method, introduced in
Willems and Fuhrmann (1992), for the analysis of the Lyapunov equation. Of
course, a special case is the homogeneous Sylvester equation, which has a direct
connection to the theory of Bezoutians.

Theorem 5.29. Let Di(z) € F[z]P*P and D2(w) € F[w|™™ be nonsingular, let the
Sylvester operator . : XD1(2)®DZT(W) — XDI(Z)@);(W) be defined by (5.39) and let

Ri(2) € Xp, (et Ry (W) € XD (w)° Then:

1. The Sylvester equation
Sp, Q@ — QSp, =T (2,w) = Ri(2)R; (w), (5.40)
or equivalently

<SﬂQ(&W) = nD](Z)@D;(W) (Z - W)Q(va) =R (Z)R;— (W)7
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is solvable if and only if there exists polynomial matrices N|(z) € Xp,(z)e1 and
M(z) € X907 () for which

D1(z)N2(z) — N1 (2)D2(z) + R1(2)R, (z) = 0. (5.41)

Equation (5.40) will be referred to as the polynomial Sylvester equation, or
PSE for short, and its solutions are given by

0(ew) = D (z)Na(w) — Ny (j)_va(m +Ri(2)R; (w) ; (5.42)

2. Q(z,w) € XDI(Z>®D2T(W) solves the homogeneous polynomial Sylvester equa-

tion, or HPSE for short, if and only if there exist polynomial matrices Ny (z) €
Xp, o1 and N (z) € X,®D2T that satisfy

Di(2)N2(z) = Ni(2)D2(z) = 0, (5.43)
in terms of which

D1 (2)Na(w) — Ni(z)Da(w) .
—w

Q(Z’W) =

Proof. 1. Assume there exist the polynomial matrices Ny (z) € Xp, o and N»(z) €
X1®DzT’ solving equation (5.41), and for which Q(z,w) is defined by (5.42). Note

first that, under our assumptions on R (z) and Ry (w),

D1(2)7'0(z,w)Dy(w) ™!
Na(w)Do(w) ™' =Dy (2) "'Ni(z) + D1(2) "'R1(z)R; (w)D2(w)~!

—w

is strictly proper in both variables, i.e., Q(z,w) is in XD1 (®D] (w)* Computing

FLO(2,w) = Ty, ()ap] (w) (2= W)Q(z: W)
= Tp, (5yen] (w) (P1(2)N2(w) = N1 (2)D2(w) + Ri(2) R (w))

=Ri(z)Ra(w)",

it follows that Q(z,w) is indeed a solution.

To prove the converse, note that, given a nonsingular polynomial matrix
Di(z) € F[z]P*P, then, for f(z) € Xp,, (Sp,f)(z) = zf(z) — D2(z)&s, where
& = (D5 ' f)_1. This implies that, for Q(z,w) € X, (5)9D] (w)>
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S221Q(z,w) =20(z,w) = D1(2)N2(w),  S10wQ(2,w) = Q(z,w)w — N1 (2) D2 (w),
with both N> D5 I and Dlel strictly proper. Assuming Q(z,w) is a solution of
the PSE, we compute

Se-wQ(z,w) = [20(z,w) = D1(2)Na(w)] = [Q(z,w)w — N1 (2) D2 (w)]

=Ri(z)R(w) ",
implying
D1 (2)N2(w) — N1 (z)Da(w) + Ry (z)Ra(w) T
O(z,w) = :
Z—w

However, because Q(z,w) € Xp, (0)@D] (w) is a polynomial matrix, (5.41) neces-

sarily holds.
2. Follows from the previous part. |

This leads us to introduce the following object.

Definition 5.30. A polynomial matrix Q(z,w) € Xpi(2)@ D] (w) is called a general-
ized Bezoutian if it has a representation of the form

D1 (z)N2(w) — Ni(z)D2(w)

0z w) = — , (5.44)

with Dl_lNl and \,Dy Ustrictly proper and such that the identity
Di(2)Na(z) = N1(2)D2(2) (5.45)

is satisfied.

Corollary 5.31. Q(z,w) € Xp,( JoDJ () is a solution of the HPSE (5.43) if and only

Z

if O(z,w) is a generalized Bezoutian.

Proof. Follows from Theorem 5.29.2. ]

5.4 Generalized Bezoutians and Intertwining Maps

Proposition 5.6 shows that there is a close connection between tensor products of
vector spaces and spaces of F-linear maps between vector spaces. For functional
models one can be more specific about the form of such connections, leading to a
new interpretation of Bezoutian operators in terms of intertwining maps and module
homomorphisms of polynomial models. Denote by Homp (Xp,,Xp,) the space of
all F-linear maps from Xp, to Xp, and by Homg(Xp,,Xp,) the space of all F[z]-
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linear maps from Xp, to Xp,, i.e., the space of all F-linear maps Z from Xp, to
Xp, that satisfy ZSp, = Sp,Z. The essential information that encodes the mutual
interrelations between these spaces is given by the following commutative diagram:

Xp, ®F XDIT bl »Hom ]F(XDI 7XDz)
A
B i
v
Xp, @i Xpr »Hom gy (Xp, , Xp, )

Here i is the natural inclusion of Homgy (Xp, , Xp, ) in Homg (Xp, , Xp, ). The map
B will be constructed via Bezoutians, and we will establish the F- and F|z]-linear
isomorphisms ¥ and y, respectively. As is easily seen, this diagram is an equivalent
reformulation of the first diagram, mentioned at the beginning of this chapter,
insofar as the dual spaces XL*)l and (Xp, ®XL*)1 )* are replaced by their isomorphic
counterparts X,,r and Xp, ®XD1T, respectively. For the relevant isomorphisms that
underpin such reformulations, we refer to Theorem 5.28. It may come as somewhat
of a surprise that the study of F[z]-homomorphisms of polynomial models can be
based on the study of tensored models. This (see Theorem 5.34) leads to a further
clarification of the connection between intertwining maps and Bezoutians.

To achieve an even more concrete form of the previous diagram, we next prove
a proposition that establishes a concrete connection between the space of maps Z
intertwining the shifts Sp, and Sp, and the F[z]-tensor product of the polynomial
models XDzT and Xp, .

Proposition 5.32. Ler D (z) € F[z]P*P and Dy(z) € F[w]™*™ be nonsingular.

1. Every Q(z,w) € XDg(z)@DlT(w) has a representation of the form

0(z,w) = Ry (2)R] (w), (5.46)

with Ry(z) € Xp,(z)epr and Ry w)" e XiopD, (w)T> i-€., both D1(z) " 'Ry(z) and
D1 (W)~ TRy (w) are strictly proper. Without loss of generality, assume that the
columns of Ry (z) and Ry (z) are linearly independent.

2. Define a map ¥ : Xp,, (yopT(w) — Homg (Xp,,Xp,), for f(z) € Xp, and
O(z,w) € XD2<Z)® D] (w) having the representation (5.46), by

w)

Y(0)f =Zof =< f,0(z,.) " >=[D;'f,0(z,.)"] = (Q(z,-)Dy ' f)-1.
(5.47)
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Then ¥ induces the isomorphism
XDZ (Z)®]FD1T (W) >~ HomF (XDl ,XD2 ) .

The polynomial Q(z,w) will be called the representing kernel of the map ¥ (Q),
and (5.47) will be referred to as its kernel representation.

Proof. 1. Let {ui(z),...,un, (2)} be a basis for Xp, and {vi(z),...,vn,(2)} be a
basis for Xp,. Assume Q(z,w) € XDz(Z)‘@DlT(W)' Since D (z) "' Q(z,w) is strictly

proper in z, there exist polynomials g;(w) such that Q(z,w) = X2, ui(z)gi(w).
Since Q(z,w)D; (w)~! is strictly proper in the variable w,

Zuz )7 (gi(w)D1(w)~ ):0

In turn, this implies g;' (w) € XDIT and, hence, the existence of ¢;; € IF for which
gi(w) = XLy 0gv(w) . Thus

ny nj

z z ojui(z —R® (Z)AR“)(W)T.
i=0j=0

Here R?) = (u1(2),...,un, (2))s RV = (v1(2),...,vn,(z)) and A = (0y;). Next,
let r = rank A, which implies the existence of a factorization A = AZAIT, with
A; € "7 of full column rank. Redeﬁning the RV (z), the statement follows.

2. As elements of the form u;(z)(v;(w))" generate X, Dy (2)eeD] (w)> W compute for

such an element ¥ (u;(z)(v;(w)) ") = ui(z) < f,v; >. This allows us to compute,
for O(z,w) = X5 ui(2)vi(w) T = Ra(2)R] (),
k
P uil Nf= 2 ui(z) < fvi >
i=1
k k
= (; ui(2)vi(w) "Dy (W)~ f(w)) -1 = (; ui(2)vi(w) T D1 (w) ™ f(w))-1

f<f,2v, ui(z) " >=< £,0(z,))" >.

Clearly, ¥ defined by (5.47) is F-linear. To show the injectivity of ¥, assume
without loss of generality that the columns of R} (z) are linearly independent and
that ¥ (Q) =0, i.e., that for all g(z) € Xp,,

0=<g,0(z,.) >=Ra(z)(R] (w)D1(w)~'g(w))_1.
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This implies (R] (w)D;(w)'g(w))—_1 = 0 for all g(z) € Xp,. Since the columns
of Ry (z) are in XDIT, Theorem 3.38 implies that R = 0 and, hence, Q(z,w) = 0.
That ¥ is an isomorphism follows from the equality of dimension. Indeed,

dimXDz(z)@n:DlT(W) = dimXD2 ®FXDIT
= dimXp, -dimXDlT =degdetD; - degdet D,

= dimHomp(Xp,,Xp,).

]
The following lemma will be needed in the sequel.
Lemma 5.33. Let H(z) € F((z7!))?*™. Then:
H
((W)> = 7[+H(Z).
w—2/) 4
Proof. Let H(w) =¥} _ H_yw*. One computes
H ny k k
(1) - ($mis) (i)
w—2Zz 1 k=—o0 w—2Zz w—2Zz -1
—1 )
o 7
= ZZi_oc H_ Zj:O (Wkwjﬂ) B = ZZZOH—ka
= 7I+H(Z).
Here we used
0 7 0 j#k
: = |
(W WJ+1>—1 { L=k

In Theorem 3.20, a characterization of maps intertwining two polynomial models
was derived. In fact, already in equation (3.22) there is a clue to the beautiful
link between intertwining maps and the theory of generalized Bezoutians. This
connection is now formalized in the following theorem, which plays a central role
in our analysis. It allows for a second, independent approach to the characterization
of homomorphisms between polynomial models and the commutant lifting theorem
(Chapter 3).

Theorem 5.34. Let D|(z) € F[z]P*P and Dy(z) € F[w]™™ be nonsingular. Let
R1(z) € F[g]P** and Ry (z) € F[z]™<. Assume that Dy (z)~ "Ry (z) and D2(z) 'Ry (z)
are strictly proper. Then the following statements are equivalent.
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1. O(z,w) = Ra(2)R| (w) is a solution of the HPSE (5.43).

2. Q(z,w) = Ra(2)R] (w) is a Bezoutian, i.e., it has a representation of the form
(5.44) and satisfies (5.45).

3. The map Z : Xp, — Xp, defined by

Zg=Ry(z) <g,R| >=<g,0(z,.) >

(5.48)
=Dy, (Ra(2)R] (W) "] = (Ra(2)R] (w)D1(w) ™' g(w))1
satisfies
Sp,Z =ZSp,, (5.49)
i.e., i is an intertwining map or, equivalently, an F[z]-homomorphism.
4. The map Z : Xp, — Xp, has the representation
Zg = mp,Ng, g€ Xp,, (5.50)
with D1 (z),D,(z) satisfying the intertwining relation
N2(z)Di(z) = D2(2)N1(2) (5.51)

Sfor some N\ (z),N2(z) € Flz]P*™.

Proof. (1)< (2)

Follows from Theorem 5.29 and Definition 5.30.

@) =03)

Assume Q(z,w) = Ra(z)R; (w) " is a Bezoutian, i.e., it has a representation of the
form (5.44). We compute, for g(z) € Xp,,

= Sp, (Ra(2)R1 (W) " D1 (w) ™ g(w))—1 = Ra(2) (Ri (w) " D1 (w) ™' Sp, g(w))—1
= 7ip, (2R2 ()R] (w)D1(w) ™' g(w)) 1 = Ra(2) (R1 (w) " D1 (w) ™" 7p, weg(w)) -1
= 7, (2R2 ()R (w)D1 ()~ g(w))—1 = Ra(2) (Ri (w) " 7D 'wg(w)) -1
= 7, (2Ra(2)R{ (W) D1 (w) ™ 'g(w))—1 — Ra(2) (Ri (w) " D1 (w) ' wg(w)) -1
= 7, (D2(2)N1(w) = Na(2) D1 (w)) D1 (w) ' g(w)) -1

( 1

using the fact that g(w) is a polynomial. This implies (5.49).
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2)=4

Assume first that Q(z,w) is a Bezoutian, i.e., has a representation of the form
(5.44). We prove now that Z has the alternative representation (5.50). To this end,
using Lemma 5.33, one computes

Zg=<g,0(z) >
= [Dflg,Q(z,-)T] (Q(Z w)Di(w)” lg 1

_ (Dz(z)M( W) —Na()D1 (w) )
—w

- <D2(z)N1 (W)DZIEWM),_lg(W )

= —Da(2)mN1D; g+ Na(2)g(2) = g(z) = Damy D, ' Nog

= Dym_D; ' Nog = mp,Nog.
3)=@2)
Assume that Z : Xp, — Xp,, defined by (5.48), is intertwining. For g(z) € Xp,,

one computes, using Lemma 5.33, the fact that 7p,R>» = R», and that a contribution
of a polynomial term to the residue ()_; is zero,

0= (Sp,Z—ZSp,)g =Sp, < £,0(z,.) >~ <Sp,£0(z.) >

= Sp, (Ra(JR1 (W) TD1(w) 'g(w)) | = (Ra(2)Ri () D1 ()" Spy8(w))
~ (Ra(@)Ry () D1 ()™ (0, we(w)))

~ (Ra(@)R1 () D1 () Mg (w))

=, (Ra(2)(z=w)Ri () D1 (w)'g(w))

= mp, (ZRz(Z)Rl(W)TDl (w)~'g(w) -1

).
)

= Tip, (sz (2)R; (W)TDI (W)ilg(w)

-1 -1

,1'

Since this is true for all g(z) € Xp,, and as it trivially holds for g(z) € D;F[z]",
it is satisfied for all g(z) € F[z]". Hence, 7p, (R2(z)(z—w)Ri(w) 'Di(w)~!) is a
polynomial in both variables. It follows that (7p, ® 7tp, ) (R2(z) (z— w)Ri(w) ") =0,
i.e., Ry(z)Ri(w)" is a solution of the HPSE. Applying Theorem 5.29, it follows that
R>(z)R;(w) " is a Bezoutian.
4) =)

From representation (5.50) it easily follows that Z is intertwining. Indeed, noting
that equality (5.51) implies N>Ker p, C Kermp,, we compute

SDIZg —ZSng = ﬂDIZTEDlNzg — EDINQEDZZg = nplzNzg - nDlszg =0.
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Proposition 5.35. Ler D(z) € F[z]™ ™ and D,(z) € F[z]"*P be nonsingular.

1. Every H € XP2®I 0\ X1®P\ has unique representations
H(z) = D2(2) ' Na(2) = Mi(2)D1(2) ", (5.52)

with Ny (z) € X2P{ and N>(z) € Xp,ar.
2. The map vy : X281 A xIeD] Homgy, (Xp, , Xp,) defined by

V(H)g = mp,N2g, g(z) € Xp, (5.53)

induces the isomorphism
xbael ﬂXI®D1T ~ HOIII]F[Z] (XD] ’XDZ)' (5.54)

Proof. 1. That H(z) € XP2®! N X'®P{ has the unique representations (5.52) is
obvious from the definitions.

2. Clearly, by Theorem 5.34, y(H) € Homgy(Xp,,Xp, ), i.€., it is an intertwining
map. To show the injectivity of the map v, assume y(H) = 0. With the
representation (5.52), this implies 7p,Nog = 0 for all g € Xp,. This means that
D5 (z) is a left factor of N»(z). But as N»(z) € Xp,er, necessarily N>(z) = 0. That
y is surjective follows from Theorem 5.34. ]

The Bezout Map.
We are now in a position to explain the beautiful connection between tensor
products, intertwining maps, and Bezoutians in a very concrete way. Our starting
point is the commutative diagram of canonical homomorphisms established in the
following diagram:

@
(Xp, ®F Xpr)* Hom p(Xp,, Xp, )

(Xb, @rig Xpr)* Hom gy (Xp,, Xp,)

* is naturally isomorphic

In Proposition (5.6), it was shown that (Xp, ®r XDIT)
to Xp, Qr XDIT, which in turn is isomorphic to the Kronecker product space
XDz(z) ®D] (w) of polynomials in two variables z,w. Similarly, using duality theory
and Theorem 5.28, the module (XD2 ®F[] XDIT )* can be identified with Xp, ®F[] X e

but now at the expense of a less clear interpretation of the maps t* and ¢.
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Matters simplify considerably if, instead of using a polynomial model representation
. T . .
Xp, ®pp; Xpr. We pass to a rational model XP2®I N X1®D) yia the isomorphism
(5.54). This leads to a new commutative diagram of concrete maps that is described
now in more detail. .
Noting that every H(z) € XP2®'nX!®P1 has a unique representation of the form

H(z) = Da(z) 'Na(z) = Ni(2)D1 (2) !,
one defines the Bezout map
B:xPEIAXIPL X, JoDT ()
by associating with the rational function (z) the two-variable polynomial

D;(z)Ny(w) — N2(2) D1 (w) .
z—w

B(H) = Q(z,w) =

(5.55)

Note that  is F-linear and injective and the image space consists of all Bezoutian
forms. That Q(z,w) € X, Dy (22D (w) follows from the calculation

1 D2(2)N1(w) — N2 (2) D1 (w)

D1(2) ' Q(z,w)D1 (W) ™! = D1 (2) p— Dy(w)™!
7 H(W) —k 7 —k

= Zf ZHk = *wakzl

:_ZTV/;]HI{( ik ),

which shows that it is indeed strictly proper.
With these definitions, the principal result can be stated.

Theorem 5.36. Let D»(z) € F[z]”*P and Di(z) € F[w]™ ™ be nonsingular. Let the
maps

¥ Xy, en? (w) — Homr (Xp, . Xp,)
and
v X229 N X1PT s Homppy (Xp, , Xp,)
be defined by (5.47) and (5.53), respectively. Let

i: HOI’I]]F[Z] (XD| ,XDz) — Hom]F (XD1 7XD2)
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be the canonical embedding, and let

. yD2®I ~ yI®D]
ﬁ.X 2 ﬁX 1 _>XD2(Z)®DT(W)

be the injective Bezout map given in (5.55). Then the following diagram commutes:

¥

XD2(2)®D1T (w) Hom r(Xp,, Xp,)
B i
XDl xl=D] 4 Hom - (Xp,, Xb,)

Proof. Note that, by Proposition 5.35, every element H € XP2®/ XD has a
unique representation of the form (5.52). With the Bezout map defined by (5.55),
all that remains is to prove the identity

Yofl=ioy. (5.56)

To this end, with H(z) € X222/ N XI®P1 | g € Xp,, and using equation (5.50) and
Lemma 5.4, we compute

(Wop)(H)g="Y(B(H))g=¥(Q)g

000 ) = (Dz(Z)N1(WZ)_—v1;72(Z)D1(w)D (w)lg(w)> |
w) 1 w)g(w w
oy (RN i (1)

= —Ds(2) 7+ (D2(2) ' Na(2)8(2)) + Na(2) 7+ (2(2))
=Dy (2)7m_(Da(z) 'N2(2)g(2)) — N2(2)8(2) + Na(2) i (8(2))
= Tip,N2g = y(H)g = (ioy)(H)g,
i.e., (5.56) is proved. [ |
Theorem 5.36 shows that the F-linear maps Xp, — Xp,
7f = (Q(z,w)Dr(w) ™" f(w))_,

whose representing kernel Q(z,w) is a Bezoutian form, correspond exactly to
the F[z]-linear homomorphisms Xp, — Xp,. Thus the theory of Bezoutians is
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intimately connected to the structure of module homomorphisms of polynomial
models. This is a two-way street because it shows the existence of concrete
representations of module homomorphisms by Bezoutian forms. Conversely, the
linear maps defined by Bezoutians are seen to be module homomorphisms whose
structure is clarified by the commutant lifting theorem, Theorem 2.54.

Generalized Bezoutian Matrices.

Generalized Bezoutian matrices B(Ny, D1, N,, D), induced by a quadruple of poly-
nomial matrices satisfying an intertwining relation, were introduced in Anderson
and Jury (1976) and studied in further detail in Lerer and Tismenetsky (1982).
In the sequel we will find it convenient to distinguish between the Bezoutian
form as a matrix polynomial in two variables, which is an element of a tensored
model, the corresponding intertwining map, and the Bezoutian matrix, which is a
specific matrix representation. This is analogous to the distinction between a linear
transformation and its matrix representation. There are many choices of bases in
polynomial models, and some lead to interesting matrix representations; see, for
example, Fuhrmann and Datta (1989) or Mani and Hartwig (1997).

Definition 5.37. Assume that the polynomial matrices N;(z) and N(z) are such

that H(z) = Ny (z)D1(z)~! = Da2(z) "' N2 (z) € F(z)P*™ are strictly proper. Let the
polynomial matrix Q(z,w) be given as

D(z)Ny (W) — N2(z) Dy (w
—w

) d i—1, j—1
=2 Oy wih,

ij=1

Q(Z»W) =

Then the matrix
B(Ni,D1,Ny,D;) = (Q) € Fkpxkm
is called the generalized Bezoutian matrix. The linear operator
B:Xp, — Xp,, Bf = (Q(z,w)Di(w) "' f(w)) _,

is called the Bezout operator of H(z) = N1(z)D1(z) "' = D2(z) ' Na(2).

In Chapter 3, coprimeness conditions for the injectivity, surjectivity, and bijec-
tivity of homomorphisms between polynomial models were obtained. Using Theo-
rem 5.36, this result can now be applied to characterize full rank properties of the
Bezout operator.

Theorem 5.38. The Bezout operator B of H(z) = N1 (2)D1(z) ™! = D2(z) "' Ny (2) is

1. Full column rank if and only if D\ (z) and N\ (z) are right coprime,

Full row rank if and only if D;(z) and N»(z) are left coprime,

3. Invertible if and only if D\ (z) and N (z) are right coprime and D»(z) and N (z)
are left coprime.

N
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Proof. By Theorem 5.36, the Bezout operator B coincides with the homomorphism
Z : Xp, — Xp, defined by Zf = mp,(N2f). The result follows by applying
Theorem 3.21. |

The Bezout operator has the advantage of providing a simple rank test for
coprimeness of pairs of polynomial matrices. However, to compute a matrix
representation, basis vectors in the polynomial model spaces must be chosen. In
contrast, the generalized Bezoutian matrix by Anderson and Jury (1976) is directly
defined as the matrix (Qy) of coefficients of the Bezoutian polynomial

O(z,w) = ZQk/:Zkflwhl.
Kl

This matrix is certainly easier to compute than a matrix representation of the Bezout
operator, but it is more difficult to explore the structural properties of this matrix.
For instance, using Theorem 5.36, the greatest common left and right divisors of
polynomial matrices can be characterized in terms of the kernel of the Bezout
operator. For the generalized Bezoutian matrix (Qy,) of Anderson and Jury (1976),
this is much harder to achieve. Thus our preference is to work with the foregoing
definition.

The strength of the preceding approach is illustrated by briefly discussing the
case of classical Bezoutians. Thus, let

q(z) ="+ qu12" "+ +qo € F[Z]
be a scalar monic polynomial, and let
P(@)=pnad"  Fpuad o € Flz].
The Bezoutian form then has the expansion

AP0 —PC0) _ i

)
i,j=1

with unique coefficients b;; € F. The Bezoutian matrix, then, is the n X n matrix
B(p,q) = (bj) e ™.

The following basic representation theorem for Bezoutian matrices is discussed
next. Let By = {1,z,...,2"" !} denote the standard basis of X,, and let B, =
{e1(2),...,e4(2)}, with

ei(2) =2 gua T g = (2g(2)),
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denote the control basis of X,. One checks that %, is the dual basis to % by
computing

7 'q(2))
(2) > -1
¢

k—1(,~
_ (Z (qZ(Z)Q(Z))>_1 _ (Zk_[_l>71 — .

Theorem 5.39. I. The Bezoutian matrix B(p,q) = [B] is the matrix representa-
tion of the Bezout operator B with respect to the control basis and standard basis
on Xg.

2. The Bezoutian can be expressed, using the shift operator Sy : X; — X, as

7N
2
L.
| L
—
COPS
—
B
AP
~
|
I
7N
I
L
L
S
<« |t
—

B(p.q) = [p(Sg)]co-

Proof. Computing

Be,— (q(Z)p(W)_— p()g(w) q(W)—lej(W)) }

—w

—1

= 3o (00 s wa0) = 3 b (a0 gt

r,Ss= - rs=1

n n
1, s—j—1 ~1
=Y by (ws J >71 = b,
r=1

rs=1

shows that the Bezout matrix B(p,q) = [B[} is simply a matrix representation of
the Bezout operator B : X, — X,,. This proves the first claim.

Theorem 5.36 implies that, for j = 1,...,n, Be; = my(p(2)e;(z)) = p(Sy)e;,
which completes the proof. |

Recall from (3.26) that the matrix representation of the shift operator S, with
respect to the standard basis on X, is the companion matrix

00 - —qo
10 —q1
[Sq]:: =Gy = . :
1 0—gno2
1 —qn—1

Moreover, the basis change matrix [/]% coincides with the Bezoutian B(1,q).

Thus the explicit description of the Bezoutian matrix as B(p,q) = p(C,)B(1,q) is
deduced. This expression is often referred to as Barnett’s formula.
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As a further simple consequence, one obtains a classical coprimeness test for
scalar polynomials.

Theorem 5.40. The polynomials p(z) and q(z) are coprime if and only if the
Bezoutian matrix B(p,q) is invertible.

Proof. We know already that the Bezout operator B : X, — X, defined by h(z) =
p(2)q(z)~! = q(z) "' p(z) is invertible if and only if p and g are coprime. In the
preceding theorem it was shown that B(p,q) is a matrix representation of B. Thus,
the result follows. n

5.5 Stability Characterizations

Characterization of the stability of linear systems is central to systems theory.
A discrete-time linear dynamic system
X1 = Ax

on F" is called asymptotically stable if the sequences x; = A’x( converge to zero
for all initial conditions xo € [F". Likewise, a continuous-time linear system

x(t) = Ax(t)
is called asymptotically stable whenever

lim e xo = 0

f—soo
is true for all xo € IF”. Of course, in order for such a notion to make sense, a topology
on the field F must be specified. Throughout this section, we will restrict our
discussion to the standard situation where [ denotes either the field of real numbers
R or the field of complex numbers C, both being endowed with their standard
Euclidean topology. To streamline the presentation of the subsequent results, we will
mainly restrict ourselves to continuous-time systems and mention corresponding
results for discrete-time systems only occasionally.

It is easily seen (see Proposition 5.41 below) that a continuous-time system
X(t) = Ax(t) is asymptotically stable if and only if all eigenvalues of A have a
negative real part. Similarly, a discrete-time system is asymptotically stable if and
only if all eigenvalues of A are in the open unit disc. Since the eigenvalues of A are
the roots of the characteristic polynomial, determination of the stability of finite-
dimensional linear systems reduces to the problem of characterizing the location of
zeros of real and complex polynomials. This problem has a long history, and there
are two basic approaches to it — via the use of quadratic forms on the one hand or
the use of special Sylvester equations on the other. The problem of root location
was already solved by Hermite (1856) and Hurwitz (1895) using quadratic form
approaches. In this connection one should also refer to the work of Routh (1877)
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because of the efficiency of the computational algorithm proposed by the researcher.
In a major contribution to the subject, Lyapunov (1893) offered a completely
different approach based on energy considerations. In the linear case, the Lyapunov
theory reduces the study of the stability of a system of first-order homogeneous
constant coefficient differential equations to the positive definiteness of the solution
of the celebrated Lyapunov equation.

In this section, we will first characterize the asymptotic stability of first-order
systems using Lyapunov’s method and then discuss the generalization to higher-
order systems of differential equations. Because it is trivial to reduce a scalar nth-
order homogeneous equation

dny dnfl
dr" +an—1

Fj +--+apy=0
to a first-order system X = Ax, it became possible to derive the classical stability
criteria for scalar higher-order systems from Lyapunov theory. This was done
surprisingly late, and the paper by Parks (1962) is usually considered the first of
such derivations. The various reductions seemed to work also for the case of a
higher-order system of matrix differential equations of the form

y(") +Pn71y(”—1) 4.+ Py=0,

i.e., for which the matrix polynomial P(z) = I,,2" + P,_1Z"~' +--- + Py is monic.
Strangely, a gap remained in the theory related to finding an algebraic test for the
asymptotic stability of solutions of a system of the form

Py 4+ Py o Ry =0,

where P(z) = P,2" + P, 12" ' 4+ --- + Py € C™™[¢] is a nonsingular polynomial
matrix. It is our aim in this chapter not only to close this gap but to apply the theory
of quadratic forms and tensor products of polynomial and rational models to the
derivation of stability criteria for higher-order multivariable systems. This leads to
the study of two-variable polynomial matrices. It is worth mentioning that Kalman
(1969, 1970) utilized a similar idea of switching from a polynomial equation in one
variable to a polynomial in two variables and its associated quadratic form. Both
these papers deal solely with the scalar case.

1. Lyapunov Stability

A brief summary of the basic facts from linear algebra on complex Hermitian
matrices and adjoint operators is presented. In particular, bilinear forms are replaced
by sesquilinear forms, i.e., forms < x,y > that are antilinear in x and linear in y.
Let 2 be a finite-dimensional complex vector space, and let 2™* denote its dual
space of complex linear functionals on .Z". In this context there are two different
ways of defining duality. The first is the one already employed in Chapter 3, using
the canonical dual pairing 2™ x 2~ — C defined by (A,x) — A(x). The other
definition — and this is the one adopted in this section — is given by the Hermitian
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dual pairing < -,- >: 27" x Z" — C defined as

<Ax>c=A().

Note that < A,x > is antilinear in A and linear in x and therefore defines a sequilinear
form. Since finite-dimensional vector spaces are reflexive, we can identify .2 ** with
Z . Thus

<x, A >c=<A,x>c.

Consider now a linear map 7 : & — %, where 2" and % are complex
vector spaces with duals #* and 27", respectively. The Hermitian adjoint map
T : %" — Z* is determined through the equality

<Tx,y* >c=<x,T*y >¢c.

The notion of self-adjointness is now extended to this setting. A map Z : 2~ —
Z* will be called self-adjoint or Hermitian if and only if Z* = Z, i.e., if, for all
[8eZ,

< Zf7g >c=< f7Zg >cC -

If % is a basis in 2" and %" is its dual basis, then the bilinear form < Zf,g > can
be evaluated as ([Z]% [f]7,[g]”). Here [Z]% s the representing matrix of Z and

Em=&mn:=En

denotes the standard Hermitian inner product in C". One denotes by A* = Al
the Hermitian adjoint of a complex matrix A € C"*". A* is a unique matrix such
that (A&, n) = (§,A*n) for all £, € C". A matrix A is Hermitian if and only if
A* = A. Thus the matrix representing the Hermitian adjoint Z* is the Hermitian
adjoint A* of A = [Z]% € C™". Thus Z is Hermitian if and only if its matrix
representation A is Hermitian. The map Z is called positive definite, denoted by
Z > 0,if < Zf, f >¢> 0 for all nonzero f in Z". Similarly, we write Z > 0 whenever
Z is positive semidefinite. It is easily seen that a Hermitian map Z is positive if and
only if A = [Z]% is a positive definite Hermitian matrix.

Our starting point for the stability analysis of linear systems, induced by a
complex n X n matrix A, is to derive a characterization linking the stability question
with an associated eigenvalue problem.

Proposition 5.41. . The continuous-time system x = Ax is asymptotically stable
if and only if all eigenvalues of A are in the open left half-plane C_ = {z €
C|Rez<0}.

2. The discrete-time system x;11 = Ax; is asymptotically stable if and only if all
eigenvalues of A are in the open unit disc D= {z € C||z] < 1}.



5.5 Stability Characterizations 259

Proof. 1. Assume that & = Ax is asymptotically stable, i.e., lim, ...exy = 0 is
satisfied for all xyp € C". Let A € C be an eigenvalue of A with associated
eigenvector v € C”. Then ey = ¢ty is true for all . Thus

A

lim ey = lim e*v = 0,
o0 o0

and therefore lim;_,..e'R** = lim,_,..|¢"*| = 0. Thus A < 0, and therefore the
condition is necessary.
Conversely, assume that all eigenvalues of A have negative real part. Let

Al,..., A denote the distinct eigenvalues of A with algebraic multiplicities
ni,...,n,, respectively. Using the Jordan canonical form for A, one obtains the
representation
-
=Y dtipy(r), (5.57)
Jj=1

where P;(r) € C"" are suitable matrix polynomials in r whose entries have
degrees < n;. Thus, each entry of ¢'*iP;(z) is of the form e*i7(t) for a certain
polynomial 7(¢). But

lim |¢Y ()| = lim &R |7 (1) = 0

oo oo
since ReA; < 0 and the exponential function grows faster than polynomials. This
implies lim,_,.. ¢4 = 0, i.e., the asymptotic stability of & = Ax.

2. The proof of the discrete-time case runs completely similar to the preceding case
and is therefore omitted. ]

Because of the preceding characterization, we call C_ and D the stability
domain of X = Ax and x;| = Ax;, respectively.

Definition 5.42. A scalar complex polynomial p(z) = 3 ,a;z' € C[z] is called a
Hurwitz polynomial (or Schur polynomial) if p(z) has roots only in C_ (or only
in D).

Of course, it is by no means obvious how one can recognize whether a particular
polynomial p(z) is Hurwitz or Schur. For real polynomials of degree 2 it is an easy
exercise to see that z> 4+ az + b is a Hurwitz polynomial if and only if a > 0 and
b > 0. The characterization of degree 3 real Hurwitz polynomials is due to Maxwell
(1868), who showed that z* 4 az? + bz + ¢ is Hurwitz if and only if

a>0, ¢c>0, ab>c.

For complex polynomials, these expressions are more complicated. A full charac-
terization of Hurwitz polynomials, expressed in terms of the positivity of a certain
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quadratic form whose coefficients are quadratic polynomials in the coefficients of
p(z), will be given later on.

Next, the classic characterization by Lyapunov (1893) of asymptotic stability in
terms of linear matrix inequalities is presented.

Theorem 5.43 (Lyapunov). Let 2 be a complex n-dimensional vector space and
A X — X alinear operator. The following statements are equivalent:

1. The system x = Ax on 2" is asymptotically stable.
2. There exists a positive definite Hermitian linear operator Q : & — 2 that
satisfies the Lyapunov inequality

A*Q+ QA < 0.

Proof. Without loss of generality, one can assume that 2" = C" and A € C"*".
Consequently, 0 < Q = Q* € C"*". Suppose that Q is a positive definite solution of
the Lyapunov inequality. Let A be an eigenvalue of A with associated eigenvector
v € C". Then Av = Av and v*A* = 2v*. Thus

0> V'A*Qv+1v QA* Y = (A +A)v* Q.
By the positive definiteness of Q, we obtain v*Qv > 0, which implies 2ReA = A +
A < 0. Thus A is asymptotically stable.
For the converse assume that X = Ax is asymptotically stable, i.e., A has only
eigenvalues with negative real part. From the decomposition (5.57), it can be seen

that each entry of e is in L?([0,0),C), with lim, .. e = 0, and, in particular, the
integral

0:= / e e dr
0
exists. Obviously, O = Q* is Hermitian and satisfies
VviQv = / llev||2dt >0
0

for all v € C". Thus v*Qv = 0 if and only if ¢4y = 0 for all t > 0, i.e., if and only if
v = 0. This shows that Q is positive definite. Moreover,

> d -
A*Q+ QA= / %(e”* eMdr = —1, < 0.
0

This completes the proof. ]

A useful strengthening of the preceding theorem of Lyapunov is due to Snyders
and M. Zakai (1970) and Wimmer (1974a).
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Theorem 5.44. Let 2" and % be two complex, finite-dimensional vector spaces.
Let A: X — Z be a linear transformation. The following assertions are
equivalent:

1. The system x = Ax on X is asymptotically stable.
2. For a linear transformation C : 2 — %, with (C,A) observable, the Lyapunov
equation

A*Q+0A=—C'C (5.58)

has a unique positive definite Hermitian solution Q : & — 2.

3. There exists a linear transformation C : 2" — %, with (C,A) observable, such
that the Lyapunov equation (5.58) has a positive definite Hermitian solution Q :
X — X

Proof. Again, and without loss of generality, assume 2" = C", & = C?, A €

C™" 0 = Q* » 0. Obviously, 2 implies 3.

Assume that 3 is satisfied. Let A be an eigenvalue of A with associated
eigenvector v € C". From the Lyapunov equation we get

2Re V' Qv = v'A* Qv+ v QA™v = —||Cv|* < 0.
Since v*Qv > 0, ReA < 0. Suppose Re A = 0. Then Cv =0, i.e., v is an eigenvector
of A that is contained in the kernel of C. But, by the Hautus criterion, this contradicts
observability. Therefore, each eigenvalue of A has negative real part and assertion 1
is proved.
To prove that 1 implies 2, we proceed similarly to the proof of the Lyapunov

theorem. Thus, assume that A has only eigenvalues with negative real part. For C €
CP>", the integral

0:= / e CFCedr
0
exists and defines a Hermitian matrix. For each complex vector v this implies
viQv = / |Cev||?dt > 0,
0

and therefore v* Qv = 0 if and only if Ce*v =0 forallr > 0. Equivalently, CAFy =0
for all k € Ny. By the observability of (C,A), v = 0. This shows that Q is positive
definite. Moreover,

< d
A*Q+QA = / %e’f‘ C*Cedt = —C*C.
0

This completes the proof. n
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The preceding results by Lyapunov, Snyders-Zakai, and Wimmer have been
generalized by Ostrowski and Schneider (1962) into an inertia theorem that relates
the number of stable and unstable eigenvalues with the signature of Q. Their
result will be proved in a slightly more general form. For a matrix A € C"™*",
let no(A) denote the number of eigenvalues (counting multiplicities) of A with
real part zero. Similarly, let ny(A) denote the number of eigenvalues (counting
multiplicities) of A with positive and negative real parts, respectively. The triple
ind(A) = (no(A),n4(A),n_(A)) is called the inertia index of A.

Theorem 5.45 (Inertia Theorem). LetA: 2 — 2 and C: X — % be linear
transformations between finite-dimensional complex vector spaces. Assume that
(C,A) is an observable pair. Then every Hermitian solution Q : 2" — 2™ of the
Lyapunov inequality

A*Q+QA+C*C =0
satisfies
no(Q) =no(A) =0, ni(Q)=n_(A), n_(Q)=n(A). (5.59)

Proof. First, one proves ng(A) = no(Q) = 0. As before, one assumes, without loss
of generality, that 2~ = C", and so forth. Suppose that A = i@ is a purely imaginary
eigenvalue of A with eigenvector v € C". Multiplying v* and v on both sides of the
Lyapunov inequality, we obtain

0> Vv (A*Q+QA+C*C)v=||Cv|?,
which implies Cv = 0. By the observability of (C,A), v =0. Thus ny(A) = 0. Next,
consider v € C", with Qv = 0. Then, by the same reasoning, we obtain Cv = 0. After

applying a suitable unitary state-space similarity transformation, one can assume
that

A*Q+ QA +C*C = —diag(I,,0).
Partition v accordingly as v = col (x,y), with x € C". Thus
—||x[|* = v*(A*Q+ QA+ C*C)v =0,
and therefore x = 0. Moreover, QAv = (A*Q + QA + C*C)v = —diag (I,,0)v = 0 for
v=col (0,y). This implies A(Ker Q) C Ker Q. Since Ker O C KerC, the observability
of (C,A) implies KerQ = {0}. Thus ny(Q) = 0.

For the proof of the remaining equalities (5.59), we proceed by a simple
continuity argument. Consider the convex cone of Hermitian n X n matrices

€ ={0=0"|A"Q+QA+C"C=0}.



5.5 Stability Characterizations 263

Using the observability of the pair (C,A), it was just shown that each element of &
is invertible. Thus ¢ C GL,(C) is a convex and hence connected subset of GL,(C).
Since the inertia index, ind(P), depends continuously on P € GL,(C), it suffices to
establish the inertia equalities (5.59) for a single element Qy € . Since A has no
purely imaginary eigenvalues, we can assume without loss of generality that (C,A)
are partitioned as

A:<AO+AO), C=(cLCo).

Here the eigenvalues of A, are assumed to have positive real part, while the
eigenvalues of A_ have negative real part. Using the Hautus criterion one sees

that the observability of (C,A) is equivalent to the observability of (C4,A.) and
(C_,A_). Define for real numbers r > 0

0= r/ P etA*dt,
0
04 = r/ e e A gy,
0
Then Q.+ = Q7 > 0 are positive definite and Hermitian and the Hermitian matrix
Q = dlag (_Q+a Q—)
satisfies
A*Q+QA+C C=C*"C—1l.

Moreover, n4(Q) =n_(A) and n_(Q) = n4(A). Choose r > 0 such that r/ = C*C.
Then Q satisfies the Lyapunov inequality. |

As an example, we examine the stability of second-order systems of the form
i)+ (M+A)x(t)+Nx(t) =0 (5.60)
for x € R". The following assumptions will be made:

M=M">=0, N=N'>0,

Al =—A.

Consider the matrices
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Using the skew symmetry of A, one verifies that the positive definite symmetric

matrix
1/NO
Q‘z(o 1>

satisfies the Lyapunov equation
ATQ+0A=-C'cC.

Moreover, the pair (C,A) is easily seen to be observable. Now Theorem 5.44 implies
the asymptotic stability of (5.60).

2. Complex Polynomials and Hermitian Operators.

Sesquilinear forms and adjoint operators are then extended to the context of
polynomial and rational models. We will discuss briefly two-variable polynomial
matrices and examine naturally induced linear maps and Hermitian forms in
complex polynomial models. In the preceding parts of this chapter, the connection
between tensor products, linear transformations, and bilinear forms was established.
When the field is taken to be the field C of complex numbers, this must be slightly
modified in order for it to be applicable to stability questions. Using sesquilinear
forms, the duality theory of polynomial models developed in Chapter 3 can be
extended in a rather straightforward way.

Our analysis starts with functions in one variable. Define, for A(z) =
2?17mAij € C((z71))P>™, the conjugate power series A* € C((z~!))P*™ by

In C((z7 1)) x C((z~1))™, a sesquilinear form [g, f]c is defined by

gfle= 3 &5 ifi= (& @A), (561)

Jj=—o0

where f(z) = X7 _..fiz/, 8(z) = £7_.g;7/, and g*(z) = £7._..g}z/. Thus
[, flc = [f>&lc. It is clear that, because both f(z) and g(z) are truncated Laurent
series, the sum in (5.61) is well defined, containing only a finite number of nonzero
terms. Let A(z) € C((z7!))™™. Then [g,Af]c = [A*g, f]c for all f(z),g(z) €
C((z~"))™. This global form is used to obtain a concrete representation of Xj,, the

dual space of the polynomial model Xp.

Proposition 5.46. Ler D(z) € C[z]™*™ be nonsingular. Then D*(z) := D(z) €
C™*™M[z] is nonsingular, and the following assertions are in force.
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1. The dual space X, of Xp can be identified with Xp+ under the nondegenerate
pairing

<g.f>c=[8D" fle = (8" (D) f(2)-1,

for f(Z) € Xp and g(z) € Xp-+.
2. The form < g, f >c is sesquilineatr, i.e.,

<gf>c=</f.g>c
3. The module structures of Xp and Xp+ are related through
Sp = Sp+.

Proof. The nondegeneracy of < -,- >¢ follows from Theorem 3.38. Computing

<f.g>c=((a)D*(2)'¢(z))-1 = (&' (x)D(z) "' f(2) 1

proves the second assertion. The last assertion is proved by a trivial calculation,
which is omitted. |

Let C[z,w]"*"™ denote the n| x n, complex polynomial matrices in the complex
variables z and w. For M(z,w) € C[z, w]™*"2, one defines the conjugate polynomial
M*(z,w) € Clz,w]">*™ by

M*(z,w) ::M(W,Z)T.

A polynomial matrix M(z,w) € C[z,w]" ", with

d
M(Z7W): 2 MUZ171WJ717
ij=1

will be called Hermitian if
M*(z,w) = M(z,w).

It is easy to see that this is equivalent to the condition M;; = M;; A Hermitian
polynomial matrix M(z,w) € C[z,w]”*" is called nonnegative, and denoted by
M >0, if and only if ¥, ;&*M;&; > 0 for all & € C". This is equivalent to the
matrix (M;;) € C%4" being Hermitian and positive semidefinite. Thus there exists
a full column rank matrix C € C%*k with (M;;) = CC*. This implies that the matrix
polynomial M is nonnegative if and only if there exists some C(z) € C[z]"** such
that
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M(z,w) =C(z)C*(w).

In fact, the relation between C and C(z) is simply C(z) = (I, ...,z¢'I,)C.

Next, the corresponding objects in the context of polynomial models are intro-
duced. Let D (z) € Clz]™ ™ and D,(z) € C[z]?*? be two nonsingular polynomial
matrices, and let Xp, and Xp, be the associated polynomial models. The Kronecker
product model XDz(Z) ©DT (w) is defined as the set of all complex p x m polynomial

matrices M(z,w) for which Ds(z)~'M(z,w)D;(w)~" is strictly proper in both
variables. The isomorphism XDz(z)®DT (w) = Xp,(2) ®c XDlT W) implies that every
M(z,w) € XDz(Z)®c D (w) has a representation, in terms of generating elements, of
the form

M(z,w) = C2(2)Ci (w),
with each column of D (z) "'C2(z) and D} (w)~'Cy (w) strictly proper. Note that
M*(z,w) = Ci(z) Gy (w).

For polynomials M (z,w) € X, Da2) , we define a map M : Xp, — Xp,, induced

2)®D] (w)
by M(z,w), by
Mf(z) := (M(z,w)Dl_l(w)f(w)),l =<M"(-2),f>c, [f(r)eXp,. (5.62)
Note that this construction parallels that in Theorem 5.34. Clearly, M is a linear

operator that maps Xp, to Xp,.

Definition 5.47. A Hermitian polynomial M(z,w) € Xp,up(,) is D-positive,
denoted by M >p 0, if the induced Hermitian map M : Xp- — Xp is positive,
that is, if the quadratic form < Mf, f > is positive definite, i.e., < Mf,f > >0
for all nonzero f(z) € Xp-.

Theorem 5.48. Let M(z,w) € Xp, (yopr (- Let the map M : Xp, — Xp, be
defined by (5.62). Then:

1. The Hermitian adjoint map M* : Xps — Xp: is given, for g(z) € Xps, by
(M7g)(w) =< M*(w,-),g >c; (5.63)

2. M(z,w) € Xp(2)wD(w) is Hermitian if and only if M(z,w) has a representation of
the form

k
M(z,w) =Y igi(z)g; (w), (5.64)
i=1
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with gi(z) € Xp and A; € R. M(z,w) is Hermitian if and only if the induced map
M : Xp- — Xp is Hermitian;

3. Let D(z) € C[z]"™*"™ be nonsingular, and let M(z,w) € Xp(,\1(,) be Hermitian.
The following conditions are equivalent:

a. M(z,w) is D-positive.
b. There exists a basis {gi(z)} in Xp for which

Mew) = 3 (@)l (w).

i=1

Proof. From the identity M(z,w) = C>(z)C; (w) one obtains

M/ (z) = (C2(2)CT (w)D1 (W)~ f(w)) -1,

and thus, for all f € Xp,,g € Xps»

<gMf >c = (¢ (2)D2(z) (G (2)CT(W)Dy (w) ' f(w)) 1) _,
= ((¢"(2)D2(2) "' Ca(2)) 1T (W)D1 (W)~ f(w))
=< M*gaf >C

= ((M"g)"(w)D1(w)~ " f(w)) ;.

Thus

M g(w) = C1(w)(g*(2)D2(2)"1Ca(2))
= (WG (D5 (x)"e2)
= (M*(w,2)D3(2)""8(2)) _,

=< M*(W7)7g >C -

This proves (5.63).

A complex matrix Q is Hermitian if and only if Q = CAC™ is satisfied for a real
diagonal matrix A and a complex matrix C. This shows that a complex polynomial
M(z,w) € Clz,w]™™ is Hermitian if and only if it is of the form

M(z,w) = C(z) AC*(w Z 2igi(z)

for suitable real numbers Ai,...,A; and complex polynomial vectors g;(z) € C[z]™.
Here g;(z) denotes the ith column of C(z). Also, M(z,w) € Xp(,)ep(y) if and only if
gi € Xp for all i. This proves (5.64). For f € Xp+, one has
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Mf = (M(z,w)D*(w)~ " f(w)) _,
M*f = (M*(w,2)D"(2) "' f(2))_, -

Thus M = M* if and only if M*(z,w) = M(z,w). This completes the proof of the
second assertion.

To prove the last assertion, one computes the inner product < Mf, f >¢ for
each f € Xp+. Since M(z,w) is Hermitian, it has the representation M(z,w) =
C(z)AC*(w) for areal diagonal matrix A = diag(A;,---,A,) and D(z) ~'C(z) strictly
proper. Without loss of generality, one can assume that the columns ¢ (z),...,cn(z)
of C(z) form a basis of Xp. Thus the quadratic form

<M/, f>c= (DR (CERAC (W)D*(w) "' f(w)-1) _,
= (F(@D(E)7'C[@) A (C* WD (W)~ f(w))

n
=Y Al < fiei>c|?
i=1

is positive definite on Xp+ if and only if A; >0,..., A, > 0. Thus the elements g;(z) =
Vici(z),i=1,...,n, define a basis of Xp, with

n

M(z,w) = gi(z)gf (W)

i=1

and

n
<Mf,f>c= Y| < f.g>c|™ -
i=1

In Theorem 5.48, the map induced by a two-variable polynomial matrix
M(z,w) € XDz(z)®DlT(w) was examined. This restriction is unnecessary because
one can use the projection an(z)@DlT(w) in C[z,w]P*™, as defined in (5.20). Thus,
assume that M(z,w) € Clz,w]P*". Let D;(z) € C[z]™*"™ and D, (z) € C[z]P*? be two
nonsingular polynomial matrices, and let Xp, and Xp, be the associated polynomial
models. Since ImnDz(Z)®D]T(W) = XD2(1)®CDIT(W), one can define the induced map
M:Xp, — Xp, by

(Mf)(z) = (n'Dz(Z)@DIT(W)M(Lw)Dl (w)™! f(w)) N (5.65)

In view of (5.24), the induced map satisfies M = 0 if and only if there exist
polynomial matrices M;(z,w) such that M(z,w) = D, (z2)Mi(z,w) +M>(z,w)D1(w).
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3. Stability of Higher-Order Equations

We proceed now to establish stability criteria for complex polynomial matrices.
This is done by reduction to the Lyapunov theorem. For simplicity we focus on
continuous-time systems; discrete-time systems can be handled similarly. Recall
that a complex matrix A is called stable if all its eigenvalues lie in the open left half-
plane. Equivalently, a matrix A is stable if and only if its characteristic polynomial
is stable. One extends this definition to nonsingular polynomial matrices by saying
that A is an eigenvalue of a nonsingular polynomial matrix D(z) if there exists a
nonzero vector & in Ker D(A). In view of Theorem 3.30, A is an eigenvalue of D(z)
if and only if it is an eigenvalue of Sp. A nonsingular polynomial matrix D(z) is a
stable polynomial matrix if all its eigenvalues lie in the open left half-plane. Note
that a matrix A is stable if and only if the polynomial matrix z/ — A is stable. With
the analysis of stability our present goal, it is important to introduce symmetry with
respect to the imaginary axis. For a polynomial matrix P(z) € C[z]"*™, one defines
its parahermitian adjoint P, (z) by

One says that P(z) is parahermitian if P,(z) = P(z). Clearly, P(z) is stable if and
only if P,.(z) is antistable, i.e., it has all its eigenvalues in the open right half-plane.
Our principal theorem is stated next.

Theorem 5.49. Let P(z) € C[z]"™*"™ be a nonsingular polynomial matrix. Then P(z)
is stable if and only if, for polynomial matrices R(z) with P(z) and R(z) right
coprime and R(z)P(z)~" proper, there exists a solution Q(z) of the polynomial
Sylvester equation

P.(2)0(z) + 0«(2)P(z) = R.(2)R(2) (5.66)
such that the quadratic form, induced in Xp by

P*(2)Q(w) + 0" (2)P(w) — R*(z)R(w)

V(Z,W): +w

, (5.67)

is positive definite.

Proof. Assume P(z) is stable and R(z) is right coprime with P(z). The coprimeness
condition implies (Theorem 4.28) that the pair (C,A) defined, in the state space Xp,
by the shift realization (4.23) is observable. Explicitly, the shift realization of the
proper transfer function R(z)P(z)~!, with R(z)P(z)~' — D being strictly proper, is
givenas A : Xp — Xp, C: Xp — CP,

A:SPa

(5.68)
Cf = (R(2)P()"'f(2)_,. [f€Xp.
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Note that Cf = ((R(z)P(z)"' = D) f(z)) _,, which implies that C does not depend
on the constant term D. A straightforward computation shows that the Hermitian
adjoint of C is the linear operator C* : C”» — Xp+, defined as C*v = R*(z) —
P*(z)D*v for v € CP. In fact, for all v € C, f € Xp,

<C'vf>c=((CV)(@)PE) " f(2)_, =<v.Cf >¢
=v" ((R(z) = DP(2))P(2) "' f(2) .,
which is equivalent to C* = R*(z) — P*(z)D*.

The stability of P(z) implies that there exists a solution to equation (5.66). This is
shown next. Because P(z) is stable, so is p(z) = det P(z), and the scalar polynomials
p(z) and p,(z) := p(—z) are coprime. Therefore, the polynomial Sylvester equation

K(2)p(2) + p«(2)L(z) = R*(=2)R(2)

is solvable. Moreover, the solution is unique if one assumes L(z) is reduced modulo
p(z) and K(z) modulo p.(z). By a symmetry argument, K(z) = L,(z), and hence

Li(2)p(2) + p+(2)L(2) = R:(2)R(2).
Using Cramer’s rule, i.e., p(z)! = adjP(z)P(z), and defining Q(z) := adjP.(z)L(z),
with Q.(z) = Li(2)adjP(z), the equality Q.(2)P(z) + Pi(2)Q(z) = R.(2)R(2)
follows.

Thus Q(z) solves the polynomial Sylvester equation (5.66). As a consequence of
(5.66), V(z,w) defined by (5.67) is a polynomial matrix in two variables. Let

M(z,w) = (z+w)V(z,w) = P*(2)Q(w) + Q" (2) P(w) — R* (2)R(w).
Clearly, both V (z,w) and M(z,w) are Hermitian. Moreover,
ﬂP*(Z)(gPT(W)M(Z,W) = —(R"(z) — P*(z2)D*)R(w).

The polynomial matrix M(z,w) induces a Hermitian linear operator

M:Xp— Xp:, Mf= (np* orT M (2 w)P(w) ! f(w)) y

by equation (5.65). Using (5.68) we obtain

Mf = —(R*(z) = P*(2)D") (Rw)P(w) "' f()) _, = —(R"(z) = P*(2)D")Cf = —C*CF.
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Thus
M= -C*C. (5.69)

Similarly, using Proposition 5.32, the polynomial V(z,w) induces a Hermitian
linear operator V : Xp — Xp+ defined by

Vf: (TCP*(Z)®PT(W)V(Z,W)P(W)_lf(W))7] .
Since the adjoint Sy coincides with the shift Sp« on Xp+, one obtains, for all
feXp,

(SP*V+VSP)f = (”P*(z)@PT(w) (ZV(LW) +V(Z,W)W)P(W)7lf(W)) 4

= (ﬁp* (z)®PT (w)M(Z’ W)P(W)ilf(w)> 4 = Mf

This proves that
Sp+V+VSp =M.
Since A = Sp, and using (5.69), one concludes that V satisfies the Lyapunov equation
A*V+VA=-C"C.

Since P is stable, the shift operator A = Sp has all its eigenvalues in the open left
half-plane. By Theorem 5.44, the quadratic form < V£, f > is positive definite, or,
equivalently, V >p 0.

Conversely, assume Q(z) is a solution of the polynomial Sylvester equa-
tion (5.66) and the quadratic form < V£, f > induced in Xp by V(z,w), as defined
in (5.67), is positive definite. Since Sp, = Sy, as before, the following Lyapunov
equation is satisfied:

SV +VSp = —C*C.

Applying Theorem 5.44, one concludes that Sp is stable and, hence, by Theo-
rem 3.30, that P(z) is, too. [ ]

Using the same technique, one can derive a higher-order analog of the Ostrowski
and Schneider (1962) inertia theorem.

Theorem 5.50 (Polynomial Inertia Theorem). Let G(z) = R(z)P(z)~! be a
proper complex rational matrix function that is right coprime. Suppose that the
polynomial matrix P(z) has ny eigenvalues with real part zero, n.. eigenvalues with
positive real part, and n_ eigenvalues with negative real part, all counted with
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multiplicities. Let Q(z) be a solution of the polynomial Sylvester equation

P (2)Q(2) + 0«(2) = R«(2)R(2),
and let

P (z)0(w) + 0" (2)P(w) — R* (2)R(w)

Z+w

V(z,w) =

denote the associated Hermitian polynomial. Then the Hermitian operator V in Xp
is invertible with exactly ny negative and n_ positive eigenvalues. Moreover, no = 0.

Proof. Following the notation in the proof of Theorem 5.49, one obtains
A*V+VA=-C"C

for the shift realization (A,C) of R(z)P(z)~". By the right coprimeness of P(z),R(z),
the pair (C,A) is observable. Thus the result follows from the inertia theorem 5.45.
|

4. Classical Stability Criteria

The results of the previous section can be used for an easy derivation of some of the
classical stability criteria for real and complex scalar polynomials. To do this, it will
be useful to compute the matrix representation of the Hermitian operator V induced
by a scalar two-variable polynomial V(z,w). Our derivation of the classical stability
criteria is nonstandard insofar as they are deduced from the Lyapunov stability
criteria rather than from using winding number arguments and the Cauchy index.

Let

n
V(Z,W): 2 a[’j'2171W']71
ij=1
denote a Hermitian scalar polynomial, and let p(z) = Y"_,p jzf, pn = 1, denote a
monic complex polynomial. Note that
n i1 1
Xp@epon) =1 X, ay?~'w/ ™" [a; € C}
ij=1

and therefore each polynomial in z,w of degree < n is contained in Xp(;)zp(w)- In
particular, V(z,w) € Xp(;)ep(w)- Recall next the construction of the standard basis
and control basis on scalar polynomial models. Thus, let

%St = {17Z7"'7Zn71}
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denote the standard basis of X5 and
Beo ={e1(2),-- en(2)}
with
ei(z) =2+ purd T+ pi =i (2p(2))

denote the control basis of X,. The computation
(z’”ee(@) :(ZklM(ZZP(Z)))
P ) p() -1
k—1(,—¢
7z P(Z))> k—t—1
( p(2) - (Z )71 “

shows that %, is the dual basis to By = {1,z,...,2" '}.

To obtain a matrix representation of the operator V : X, — X5 with respect to the
control basis and standard basis on X, and X+, respectively, one computes, using
the fact that the product of two strictly proper functions has zero residue,

(V(zwip(w) ej(w) = i ar? ™ (W p(w) T (W p(w)))

rs=1

=3 an () p(w)) |

rs=1

n
= S )

rs=1

c 1
= z agd .

r=1

Thus the matrix representation of V is given by the coefficients of V(z,w), that is,
[V]ito = (ars).

Definition 5.51. Let p(z) ="+ py—12"' +--+ po € C[z] be a complex polyno-
mial with Hermitian adjoint p(z) = 2" +P,_ 12" ' 4+ + Py € C[z]. The Hermite-
Fujiwara form is defined as a Hermitian form with generating function
p@)p(w) —p(=2)p(=w) _ i hye = wi

Z+w

i,j=1



274 5 Tensor Products, Bezoutians, and Stability

and the Hermite-Fujiwara matrix is the Hermitian matrix
H,(p) = (k) € C*".

As an example, the Hermite—Fujiwara matrix for a complex polynomial z> +
P12+ po of degree two is computed. Thus

Re (p, —ilm
HZ(p):2< (Popl) p0>’
ilmpg Rep;

which is positive definite if and only if
Re(p1) >0, Re(p1)Re(Bopi) —Im?*(po) > 0.

From the polynomial inertia theorem the following root location result can be
deduced.

Theorem 5.52 (Hermite). Let p(z) € Clz] be a monic complex polynomial of
degree n that is coprime with p(—z). Let ny. and n_ denote the number of roots
of p(z) that are located in the open right half-plane and open left half-plane,
respectively. Let H,,(p) denote the Hermite—Fujiwara matrix of p(z). Then H,(p) is
invertible with exactly n_ positive eigenvalues and n. negative eigenvalues.

Proof. Defining r(z) = p(—z) and ¢(z) = 1 p(z), the polynomials r(z) and p(z) are
coprime, and ¢(z) solves the polynomial Sylvester equation

P(2)q:(2) +q(2)ps(2) = ri(2)r(2).
Thus

V(Z7W) — P*(z)q(w) +q*z(?‘pv£w) — r*(Z)V(W) _ ﬁ(z)p(w) Z—fflv_z)ﬁ(_w)

coincides with the Hermite-Fujiwara form. Since {1,z,... ,z”’l} is a basis of the
polynomial model X),, the matrix representation of V on X), is given by H,,(p). The
result follows from Theorem 5.50. |

Theorem 5.52 can be generalized by omitting the coprimeness assumption of
p(z) and p(—z). The result is strong enough for the characterization of asymptotic
stability.

Theorem 5.53. A necessary and sufficient condition for a complex polynomial p(z)
to be a Hurwitz polynomial is that the Hermite—Fujiwara form

P(2)p(w) — p(=2)p(—w)
Z+w
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must be positive definite on X, or, equivalently, that the Hermite—Fujiwara matrix
H,,(p) must be positive definite.

Proof. Assuming that p(z) is a Hurwitz polynomial implies that p(z) and p(—z) do
not have common roots and, hence, are coprime. By Theorem 5.52, the Hermite—
Fujiwara matrix H,(p) is positive definite. Conversely, assume that H,(p) is
positive definite or, equivalently, that the Hermite—Fujiwara form

P(@)p(w) — p(=2)p(—w)
Z+w

(5.70)

is positive definite on X,,. The change of variable w = —{ transforms (5.70) into the
Bezoutian form

p(2)p(=¢) = p(=2)P(E)
2=¢
of p(z) and p.(z) = p(—z). This shows that the Bezoutian matrix B(p, p.) of p and
D= 1s equal to the product

B(p.p«) =Ha(p)S
of the Hermite—Fujiwara matrix with the invertible matrix
S =diag(1,—1,---,(=1)""").

Thus B(p, px) is invertible and Theorem 5.40 implies that 7 and p, are coprime.
Equivalently, p and p, are coprime. Theorem 5.52 is now applied to infer the
stability of p(z). [ ]

In the case of real polynomials, the Hermite—Fujiwara form admits a further
reduction. To this end, the even and odd parts p, (z) and p_(z) of a real polynomial
p(z) =2 >0 p;z’ are introduced. These are defined as the polynomials

p+(2) = 2P2j2j7 p-(2)= Z P2j+1zj-
j=0 j=0

Thus
P2)=pi(@)+p-(2), puld) = ps(P)—_(2). (5.71)
In the next proposition, it will be shown that both the Bezoutian B(p, p.) and

the Hermite—Fujiwara forms have direct sum decompositions that are useful for
reducing the computational complexity of stability analysis.
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Proposition 5.54. Let p(z) be a real polynomial.

1. The following isomorphisms of quadratic forms are valid: For the Hermite—
Fujiwara form H(p) one has

H(p) ~2B(zp-,p+) ®2B(p+.p-),
whereas for the Bezoutian B(p, p.),
B(p,p+) ~2B(zp—,p+) ©2B(p—, p+).-

2. The Hermite—Fujiwara form is positive definite if and only if the two Bezoutians
B(q+,q-) and B(zq_,q4 ) are positive definite.

Proof. 1. The polynomial p(z) being real implies p(z) = p(z). From (5.71) it
follows that p(—z) = p (z%) — zp_(2*). We compute

PRPW) = p(=0)p(=w) _ - (2)p+(w?) + pi (Z)wp_(w)
(z4+w) N +w

Zp-(@)p+ (W) = p @)wPp-(w?) _, | p-(@)p+(w?) = p+(Z)p-(w?)

=2
72 —w? 22 —w?

The first summand contains only even terms, while the second contains only
odd ones. This proves the first statement. By a change of variable w = —(,
the Hermite—Fujiwara form transforms into the Bezoutian of p(z) and p(—z).
However, this change of variable affects only the terms in

2ZWz)(z2)19+(vv;)_— vz;; (Z)p-(w?)

)

and this by a change of sign.
2. Follows from the direct sum representation of the Hermite—Fujiwara form.
|

The following classical result is obtained as a direct corollary of this.

Theorem 5.55. Let p(z) be a monic real polynomial of degree n. The following
statements are equivalent:

(i) p(z) is a Hurwitz polynomial.
(ii) The Hermite—Fujiwara matrix H,,(p) is positive definite.
(iii) The two Bezoutian matrices B(p.,p—) and B(zp_, p+) are positive definite.

5.6 Exercises

1. Compute the tensor product Z; ®z Z3. For which pairs of integers m,n € N is
Ly @72y ={0}? What is Z @7 Q?

2. Prove that m ® n = 0 is valid in the tensor product M ®g N if and only if every
bilinear map B : M x N — P vanishes at (m,n).
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10.

11.

12.

For ideals 7 and J in a commutative ring R there exists a unique R-linear map
R/IQrR/J~R/(I+J)

satisfying (x+1) @ (y+J) = xy+ (I +J).

Let M = R" be a free module with n > 2 and {ey,...,e,} the standard basis.
Check that e ® e + €3 ® e5 is not an elementary tensor in M ®g M, i.e., that
there exists nov € M withe; ® ej +ex ®er = v R .

Prove that the tensor product M ®g N of torsion modules M and N over a
commutative ring is a torsion module. Prove that the algebraic dual M’ = {0}
for all torsion modules M. What happens if R has zero divisors?

Prove the R-module isomorphism M Qg N ~ N Qg M.

Prove that the tensor product f ® g of two surjective R-module homomorphisms
f:M; — Ny and g : M, — N, is surjective. Is this also true if surjectivity is
replaced by injectivity?

Explain why the submodule { (Z b) la,b,c € F[z]} C F[z]**? does not have a
C

representation of the form D1 (z)F[z]2*? + F[z]>*? Dy (2).

Let Dy (z) € F[z]™™ and D(z) € F[z]”*? be nonsingular polynomial matrices
with invariant factors di,...,d, and ey,...,e,, respectively. Let d; A\ e; denote
the greatest common divisor of the polynomials d;(z) and e;(z). Prove the
dimension formula

dimp Homgp, (Xp,,Xp,) = Zdeg(di Nej).
ij

Deduce

m
dimg Homgy, (Xp,,Xp,) = Y,(2i — 1) degd;.

i=1

Let Di(z) € F[zJ™™ and D,(z) € F[z]”*? be nonsingular. Show that
Homg(,(Xp,,Xp,) = {0} if and only if detD; (z) and det D (z) are coprime.
Let Dy (z) € F[z]™™ and D,(z) € F[z]"™*" be nonsingular polynomial matrices
with determinants d;(z) = detD;(z). Show that

Xp, (2)2Dy(z) = (D1(2) @ ) X1, (2) ® Xp, ()1 (I @ D2(2))

is true if and only if d (z) and d»(z) are coprime.

Let A be a linear transformation in " with invariant factors dy,...,d,. Let € (A)
denote the centralizer of A, i.e., the set of all Z € F"*", with ZA = AZ. Prove the
following:

a. Show dimp %' (A) = n if and only if A is cyclic.
b. Show dimp % (A) = n? if and only if A is scalar, i.e., A = ol for some o € F.
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c. Let A and B be linear transformations. Show that there exist no nontrivial
maps intertwining them if and only if the minimal polynomials or, equiva-
lently, the characteristic polynomials of A and B are coprime.

13. Show that the discrete-time system x;+; = Ax; on C" is asymptotically stable
if and only if for each positive definite Hermitian matrix Q = Q* there exists a
unique positive definite Hermitian solution P = P* of the Stein equation

A'PA—P=—Q.

14. Prove that a real monic polynomial p(z) of degree n is a Schur polynomial if
and only if

z+1

(z— 1)"P(Z_71

)

is a Hurwitz polynomial.

15. Prove that every real Hurwitz polynomial p(z) = 2"+ py_12"~' + - + po
satisfies po > 0,p; >0,...,p,—1 > 0.

16. Prove that x = Ax is asymptotically stable for the tridiagonal matrix

—%a%—az... 0

A ar 0
: . —ay
0O ...a O

ifa;A0fori=1,...,n.
17. Assume that M and N are real symmetric n X n matrices that are positive definite.
Prove that the second-order system

¥(t) +Mx(t) +Nx(r) =0

is asymptotically stable, i.e., lim; .. x(¢) = 0 and lim;_,.. X(¢) = 0 are true for all
solutions.

5.7 Notes and References

Our exposition of the basic theory of tensor products of modules and quotient
modules follows Lang (1965) and Hungerford (1974). In the paper by Helmke
and Fuhrmann (1998), tensored polynomial and rational models were introduced
to describe tangent spaces of manifolds of rational functions. The systematic study
of tensor products of functional models is due to Fuhrmann and Helmke (2010)
and is continued in Fuhrmann (2010a). The tensor products of polynomial models



5.7 Notes and References 279

lead to a polynomial approach to the Sylvester and Stein equations and clarifies the
role of Bezoutians in representing solutions. The polynomial approach to Lyapunov
equations is due to Willems and Fuhrmann (1992). For matrix versions of these
equations see also de Souza and Bhattacharyya (1981) and Heinig and Rost (1984).
The study of Bezoutians is old and dates back to the nineteenth century, with
important contributions by Cayley, Jacobi, and Sylvester.

The problem of the stability of a linear (control) system was one of the first
problems of the area of control theory. The interest in stability analysis is usually
traced to J.C. Maxwell’s theory of governors Maxwell (1868). However, the problem
of root location of polynomials has a longer history. Since, with the work of Galois
and Abel, exact determination of zeros of polynomials was proved to be impossible,
interest shifted to the problem of localizing the zeros in some region of the complex
plane. The unit disc and the major half-planes were the regions of greatest interest.
The problem of root location was already solved by Hermite (1856). But in this
connection the work of Routh (1877) turned out to be important because of the
efficiency of the computational algorithm. In the same way, the work of Hurwitz
(1895) was significant for its connection to topological problems. For a derivation
of algebraic stability criteria that is close to the spirit of the chapter we refer the
reader to Fuhrmann (1982).

In a major contribution to the subject, Lyapunov (1893) offered a completely
different approach based on energy considerations. In the linear case, the Lyapunov
theory reduces the study of the stability of a system of first-order homogeneous
constant coefficient differential equations to the positive definiteness of the solution
of the celebrated Lyapunov equation. This reduction is generally attributed to
Gantmacher (1959). Our approach to the stability problem of higher-order systems
of differential equations is based on a strengthened form of the Lyapunov equation,
given in Theorem 5.44, replacing positive definiteness by a reachability, or observ-
ability, assumption. Considering Lyapunov equations in this form is due to Snyders
and M. Zakai (1970) and Wimmer (1974a). Our approach to this reduction is
achieved via the use of polynomial model theory and tensor algebra. The polynomial
matrix analog of the Lyapunov equation is identified, and, with a solution to this
equation, a two-variable polynomial matrix is constructed. In turn, this polynomial
matrix induces an operator between two polynomial models. In the special case of
symmetry, this map induces a quadratic form on a polynomial model, which leads
to the required reduction.

The classic paper by Krein and Naimark (1936), is an excellent source for much
of the older work on root location; however, strangely, no mention of Bezoutians
is made there. The study of scalar Bezoutians goes back to Cayley. Multivariable
Bezoutians were introduced by Anderson and Jury (1976) and used to derive rank
formulas for the McMillan degree and stability test for multivariable linear systems.
Their connection to tensor products and homomorphisms of polynomial models is
central to our approach. Theorem 5.49 and its application to the stability analysis
of higher-order equations are due to Willems and Fuhrmann (1992). The dimension
formula (5.37) appears in Gantmacher (1959) and is attributed to Shoda (1929).
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