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Abstract. The standard way of solving the polynomial eigenvalue problem associated with a matrix polynomial
is to embed the matrix coefficients of the polynomial into a matrix pencil, transforming the problem into an equivalent
generalized eigenvalue problem. Such pencils are known as linearizations. Many of the families of linearizations
for matrix polynomials available in the literature are extensions of the so-called family of Fiedler pencils. These
families are known as generalized Fiedler pencils, Fiedler pencils with repetition and generalized Fiedler pencils
with repetition, or Fiedler-like pencils for simplicity. The goal of this work is to unify the Fiedler-like pencils
approach with the more recent one based on strong block minimal bases pencils introduced in [F. M. Dopico, P. W.
Lawrence, J. Pérez and P. Van Dooren, Block Kronecker linearizations of matrix polynomials and their backward
errors, MIMS EPrint 2016.34]. To this end, we introduce a family of pencils that we have named extended block
Kronecker pencils, whose members are, under some generic nonsingularity conditions, strong block minimal bases
pencils, and show that, with the exception of the non-proper generalized Fiedler pencils, all Fiedler-like pencils
belong to this family modulo permutations. As a consequence of this result, we obtain a much simpler theory
for Fiedler-like pencils than the one available so far. Moreover, we expect this simplification to allow for further
developments in the theory of Fiedler-like pencils such as global or local backward error analyses and eigenvalue
conditioning analyses of polynomial eigenvalue problems solved via Fiedler-like linearizations.
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1. Introduction. Matrix polynomials and their associated polynomial eigenvalue prob-
lems appear in many areas of applied mathematics, and they have received in the last years
considerable attention. For example, they are ubiquitous in a wide range of problems in
engineering, mechanics, control theory, computer-aided graphic design, etc. For detailed dis-
cussions of different applications of matrix polynomials, we refer the reader to the classical
references [26] 311 147]], the modern surveys [4, Chapter 12] and [41} 48] (and the references
therein), and [36,137,138]]. For those readers not familiar with the theory of matrix polynomials
and polynomial eigenvalue problems, those topics are briefly reviewed in Section 2]

The standard way of solving the polynomial eigenvalue problem associated with a ma-
trix polynomial is to linearize the polynomial into a matrix pencil (i.e., matrix polynomials
of grade 1), known as linearization [16, 25, 26]]. The linearization process transforms the
polynomial eigenvalue problem into an equivalent generalized eigenvalue problem, which,
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then, can be solved using eigensolvers such as the QZ algorithm or the staircase algorithm, in
the case of singular matrix polynomials [42}49,|50]. Ideally, to make a set of linearizations
desirable for numerical applications, it should satisfy the following list of properties:

(i) the linearizations should be strong linearizations, regardless whether the matrix
polynomial is regular or singular;

(ii) the linearizations should be easily constructible from the coefficients of the matrix
polynomials (ideally, without any matrix operation other than scalar multiplication);

(iii) eigenvectors of regular matrix polynomials should be easily recovered from those of
the linearizations;

(iv) minimal bases of singular matrix polynomials should be easily recovered from those

of the linearizations;

(v) there should exist simple relations between the minimal indices of singular matrix
polynomials and the minimal indices of the linearizations, and such relations should
be robust under perturbations;

(vi) guarantee global backward stability of polynomial eigenvalue problems solved via

linearization.
Additionally, some authors like to add to the above list the following property:

(vii) the linearizations should present one-sided factorizations (such as those used in
[271]), which are useful for performing local (i.e., for each particular computed eigen-
pair) backward error and eigenvalue conditioning analyses of regular polynomial
eigenvalue problems solved by linearizations [28, [30].

Furthermore, matrix polynomials that appear in applications usually present algebraic struc-
tures, which are reflected in their spectra (see [[16, Section 7.2] or [38], for example). If the
spectrum of such a polynomial is computed without taking into account the algebraic struc-
ture of the polynomial, the rounding errors inherent to numerical computations may destroy
qualitative properties of these spectra. Thus, to the mentioned list of desirable properties that
a set of linearizations should satisfy, the following property should be added:
(viii) the linearizations of a matrix polynomial P(\) should preserve any algebraic struc-
ture that P(\) might posses [38]],
and property (vi) should be replaced in the structured case by
(vi-b) guaranteed structured and global backward stability of structured polynomial eigen-
value problems solved via structure-preserving linearizations [19].

In practice, the linearizations used to solve polynomial eigenvalue problems are the well
known Frobenius companion forms. These pencils satisfy properties (i)—(vii) (see [[16} [17]
50]], for example). However, Frobenius companion forms do not preserve the algebraic struc-
ture that might be present in the matrix polynomials they are associated with, that is, they do
not satisfy property (viii). This drawback of the Frobenius companion forms has motivated an
intense activity on the theory of linearizations of matrix polynomials, with the goal of finding
linearizations satisfying properties (i)—(vii) that, additionally, retain whatever structure the
matrix polynomial might possess. See, for example, [2, 15,8} 19} [10L [14} 21}, 129,34, 138l 144 45|
51, which is a small sample of recent references in this area.

Although not the first approach (see [32}133]), the first systematic approach for construct-
ing structure-preserving linearizations was based on pencils belonging to the vector space
DL(P). This vector space was introduced in [37] and further analyzed in [28] 29} 30, 38} |43]].
The pencils in this vector space are easily constructible from the matrix coefficients of the
matrix polynomial, and almost all of them are strong linearizations when the polynomial is
regular. However, none of these pencils is a strong linearization when the polynomial is sin-
gular [12]] (i.e., these linearizations do not satisfy property (i)), which “questions the utility of
such space also when the polynomials are regular but very close to be singular” [8]]. Further-
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more, none of these pencils, when constructed for a symbolic arbitrary matrix polynomial is
always a strong linearization of all regular matrix polynomials.

The second systematic approach for constructing structure-preserving linearizations is
based on different extensions of Fiedler pencils. Fiedler pencils were introduced in [23]
for monic scalar polynomials, and then generalized to regular matrix polynomials in [2], to
square singular matrix polynomials in [[13], and to rectangular matrix polynomials in [[15].
These pencils were baptized as Fiedler companion pencils (or Fiedler companion lineariza-
tions) in [13]. Later on, the definition of Fiedler companion pencils was extended to include
the families of generalized Fiedler pencils, Fiedler pencils with repetition and generalized
Fiedler pencils with repetition [2, 18, 51]]. These families were used for constructing large
families of structure-preserving linearizations. Moreover, they unified the DL (P) approach
with the Fiedler pencils approach, because the standard basis of DIL(P) consists of Fiedler
pencils with repetition [S,51]]. We notice that these extensions of the family of Fiedler pencils
are only defined for square matrix polynomials. For this reason, in this paper, we restrict our
study to the square case. Furthermore, the definition of Fiedler pencils has been extended,
also, to allow the construction of linearizations for matrix polynomials that are expressed in
other non-monomial bases without any conversion to the monomials [40, 44].

The family of Fiedler companion linearizations is a remarkable set of pencils, since, as
it has been proven in [13} [15} [17], it satisfies properties (i)—(v) and property (vii). However,
the proofs of these properties are extremely involved, stemming from the difficulties in the
implicit way Fiedler pencils are defined, either in terms of a product of matrices for square
polynomials or as the output of a symbolic algorithm for rectangular ones. Moreover, the
proofs of the extensions of some of these results to the different generalizations of Fiedler
pencils mentioned in the previous paragraph are much more involved, and they only work for
square matrix polynomials [6) [7].

An interesting recent advance in the theory and analysis of linearizations of matrix poly-
nomials has been the introduction of the family of block minimal bases pencils and its sub-
family of block Kronecker pencils [[18]. These families have been shown to be a fertile source
of linearizations satisfying properties (i)-(vii) [18]], and also (vi-b) and (viii) in the structured
matrix polynomial case [19, 34, 45]]. Additionally, these families have found unexpected
applications in some theoretical and numerical problems: (a) they have been used for con-
structing linearizations of matrix polynomials expressed in bases other than the monomials
[34,145]; (b) it has been possible to generalize these families in order to construct /-ifications
of any degree ¢ [20]; (c) they have been used for constructing linearizations of rational matri-
ces [1]; and (d) the structure of some block minimal bases pencils has been used (d1) to run
efficiently Krylov methods [3]] and two-sided Krylov methods [35]] for solving certain nonlin-
ear eigenvalue problems; and (d2) to run efficiently the Ehrilich-Aberth method for stable and
efficient computation of roots of polynomials that are the sum of two polynomials expressed
in two different bases or the computation of roots of certain rational equations [45] 46|

In addition, the block minimal bases pencils framework has been used for performing a
rigorous global (structured and unstructured) backward error analysis of polynomial eigen-
value problems solved by Fiedler companion linearizations [[13} 18} [19]. The reason why the
theory developed for block minimal bases pencils works for Fiedler pencils as well is that,
up to permutations of rows and columns, Fiedler pencils are block Kronecker pencils [18|
Theorem 4.5]. The subtle point of the backward error analysis in [18] lies in the fact that a
perturbation of a linearization in the block Kronecker pencil family (like the permuted Fiedler
pencils) is, after some manipulations, a block minimal bases pencil, which is a linearization
of a certain matrix polynomial. Hence, it was key for performing a backward error analysis of
polynomial eigenvalue problems solved by using Fiedler pencils to embed the Fiedler pencil
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family into the block minimal bases pencils family, which provides a larger and more flexible
set of linearizations that are robust under certain perturbations. Proving these results by using

the original implicit definition of Fiedler pencils as products of matrices seems to us a very
difficult task.

The goal of this work is to extend the embedding result obtained for Fielder pencils in
[18] to all the other families of Fiedler-like pencils (proper generalized Fiedler pencils, Fiedler
pencils with repetition and generalized Fiedler pencils with repetition). More explicitly, our
main result is that the pencils in all these families belong, up to permutations, to what we call
the family of extended block Kronecker pencils, which, under some generic nonsingularity
conditions, are block minimal bases pencils. This result provides a simplified theory for all
these Fiedler-like pencils families, since, as opposed to their implicit definition in terms of
matrix products, extended block Kronecker pencils are explicitly defined in terms of their
block entries. This result also allows the application of all the tools and machinery developed
for block minimal bases pencils in [18]] to Fielder-like pencils, too. For example, the robust-
ness of the block minimal bases pencils family could be used to try to determine whether
or not solving a polynomial eigenvalue problem via a Fiedler-like linearization is backward
stable from the point of view of the polynomial, which is still an open problem (except for the
particular case of Fiedler pencils), or to perform local residual backward error and eigenvalue
conditioning analyses.

We want to remark that the family of extended block Kronecker pencils has been intro-
duced independently in [22] under the name of block-Kronecker ansatz spaces motivated, as
in our case, by the results in [18]]. However, the goal of [22] is different than ours. While
the goal of [22] is to construct a new source of strong linearizations of matrix polynomials
over the real numbers and to establish connections of the “block-Kronecker ansatz spaces”
with other ansatz spaces of potential strong linearizations previously available in the literature
[37]], our goal is to provide a unified and simplified approach to all the families of Fiedler-like
pencils in any field via the more general concept of strong block minimal bases pencils. We
emphasize again in this context that all the extended block Kronecker pencils and, so, all
pencils in [22] that are strong linearizations are particular cases of the (strong) block mini-
mal bases pencils introduced in [18] which seem to be a key unifying concept for studying
linearizations of matrix polynomials.

The paper is structured as follows. In Section[2] we introduce the definitions and notation
used throughout the paper, and present some basic results needed in other sections. In Section
we review the framework of (strong) block minimal bases pencils and the family of block
Kronecker pencils. We introduce the family of extended block Kronecker pencils that will be
used to express all the Fiedler-like pencils into the framework of block minimal bases pen-
cils. In this section, we also state, informally, our main results, and we illustrate them with
some illuminating examples. In Sectiond] we review the families of (square) Fiedler pencils,
generalized Fiedler pencils, Fiedler pencils with repetition and generalized Fiedler pencils
with repetition, introduce the index tuple notation, which is needed to define and work in an
effective way with the Fiedler-like pencils families when they are defined in terms of matrix
products, and present some auxiliary results used in the subsequent sections. In Section 5,
we introduce some technical lemmas regarding matrix pencils that are block-permutationally
equivalent to extended block Kronecker pencils. These technical results are used to prove
the main theorems in the paper but are interesting by themselves. In Sections|[6] [7]and [8] we
present and prove our main results. We show that, up to permutations, proper generalized
Fiedler pencils, Fiedler pencils with repetition and generalized Fiedler pencils with repeti-
tion are extended block Kronecker pencils. In particular, we show that proper generalized
Fiedler pencils are block Kronecker pencils modulo permutations. Finally, in Section [0} we
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summarize our results.

2. Notation, definitions, and basic results. Throughout the paper, given two integers
a and b, we denote

b a,a+1,...,b, ifa<b,
@R, ifa > b.

We will use F to denote an arbitrary field, F[)] to denote the ring of polynomials with
coefficients from the field F, and F()\) to denote the field of rational functions over F. The
algebraic closure of the field F is denoted by FF. The set of m x n matrices with entries in F[)]
is denoted by F[A\]"*™. Any P(\) € F[\]"™*™ is called an m x n matrix polynomial, or, just a
matrix polynomial when its size is clear from the context or is not relevant. Moreover, when
m = 1 (resp. n = 1), we refer to P()\) as a row vector polynomial (resp. column vector
polynomial). A matrix polynomial P(\) is said to be regular if it is square and the scalar
polynomial det P()) is not identically equal to the zero polynomial, and singular otherwise.
If P()) is regular and det P(\) € F, then P () is said to be unimodular.

A matrix polynomial P(X\) € F[A]™*" is said to have grade k if it can be expressed in
the form

k
P(A) = AN, with Ag,..., A e ™", 2.1)

=0

where any of the coefficients, including A, can be zero. We call the degree of P(\) the
maximum integer d such that A; # 0. The degree of a matrix polynomial P(\) is denoted
by deg(P(A)). Note, in addition, that the degree of P()) is fixed while the grade of a ma-
trix polynomial, which is always larger than or equal to its degree, is a choice. A matrix
polynomial of grade 1 is called a matrix pencil, or, sometimes for simplicity, a pencil.

For any k& > deg(P())), the k-reversal matrix polynomial of P(\) is revy P(\) :=
AFP(A™1). When the degree of a matrix polynomial P()) is clear from the context, we write
rev P(\) to denote the deg(P(\))-reversal of P(\).

The complete eigenstructure of a regular matrix polynomial consists of its finite and infi-
nite elementary divisors (spectral structure), and for a singular matrix polynomial it consists
of its finite and infinite elementary divisors together with its right and left minimal indices
(spectral structure and singular structure). The singular structure of matrix polynomials is
reviewed later in this section. For more detailed definitions of the spectral structure of matrix
polynomials, we refer the reader to [16, Section 2]. The problem of computing the complete
eigenstructure of a matrix polynomial is called the complete polynomial eigenvalue problem.

The standard approach to solving a complete polynomial eigenvalue problem is via lin-
earizations. A matrix pencil L(\) is a linearization of a matrix polynomial P(\) of grade k
if, for some s > 0, there exist two unimodular matrix polynomials U () and V() such that

TLOVO = | & py |-

where I denotes the identity matrix of size s. Additionally, a linearization L()\) of P()\)
is a strong linearization if revy L(\) is a linearization of revy P()\). We recall that the key
property of any strong linearization L(\) of P(\) is that P(\) and L(\) have the same finite
and infinite elementary divisors, and the same numbers of right and left minimal indices.
Minimal bases and minimal indices play an important role in the developments of this
work, so we briefly review them here (for a more complete description of minimal bases and
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their properties, see Forney [24]). Any subspace W of F(\)™ has bases consisting entirely of
vector polynomials. The order of a vector polynomial basis of W is defined as the sum of
the degrees of its vectors. Among all of the possible polynomial bases of W, those with least
order are called minimal bases of VV. In general, there are many minimal bases of W, but
the ordered list of degrees of the vector polynomials in any of its minimal bases is always the
same. This list of degrees is called the list of minimal indices of V.

When an m X n matrix polynomial P(\) is singular, it has nontrivial right and/or left
rational null spaces:

No(P) := {z(\) € FON)™ L. P(\)z(N) = 0},
Ne(P) = {yN)T e F)P™ 2 y(N)TP(A) = 0}

The left (resp. right) minimal bases and minimal indices of P()) are defined as those of the
rational subspace Ny (P) (resp. N,.(P)).

In order to give a useful characterization of the minimal bases of a rational subspace, we
introduce the concept of highest row-degree coefficient matrix. Here and thereafter, by the ith
row degree of a matrix polynomial Q(\) we denote the degree of the ith row of Q(\).

DEFINITION 2.1. Let Q(X) € F[N™*"™ be a matrix polynomial with row degrees
dy,ds, ..., dn. The highest row-degree coefficient matrix of Q(\), denoted Qp,, is the m X n
constant matrix whose ith entry in the jth row is the coefficient of \% in the (j,i)th entry of
Q\),fori=1:mandj=1:n.

In this paper, we arrange minimal bases as the rows of matrix polynomials. Then, we say
that an m X n matrix polynomial, with m < n, is a minimal basis if its rows form a minimal
basis for the rational space they span.

THEOREM 2.2. [18] Theorem 2.2] and [24]] A matrix polynomial Q(\) € F[A]"™*™ is a

minimal basis if and only if Q(\o) € " has full row rank for all \g € F and the highest
row degree coefficient matrix Qy, of Q(\) has full rank.

Next, we introduce the definition of dual minimal bases, a concept that plays a key role
in the construction of the matrix pencils in Section 3]

DEFINITION 2.3. [24] Matrix polynomials K(X\) € F[\™*9 and N(\) € F[\|"2*4
are called dual minimal bases if m; + ma = ¢, and K(\) and N()\) are minimal bases
satisfying K(A\)N(A\)T = 0. We say that K()\) is a dual minimal basis to N (), or vice
versa.

We introduce in Example[2.1]a simple pair of dual minimal bases that plays an important
role in this paper. Here and throughout the paper we omit occasionally some, or all, of the
zero entries of a matrix.

EXAMPLE 2.4. Consider the following matrix polynomials:

Ly(A) = N € FAP* ¢+, (2.2)

and
As(N) == [As A7t oo X 1] e PG, (2.3)

It follows easily from Theorem that the matrix polynomials Ls()\) and As(\) are both
minimal bases. Also, since Ls(\)As(\)T = 0, we conclude that Ls()\) and As()\) are dual
minimal bases. Additionally, it follows from basic properties of the Kronecker product that
Ls(A\) ® I, and As(N) ® I, are also dual minimal bases.
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REMARK 2.5. The vector polynomial As()\) in is very well known in the theory of
linearizations of matrix polynomials, and plays an essential role, for instance, in [|I8 19,37
38l]. However, notice that in those references As(\) is defined as a column vector, while in
this work, for convenience, we define it as a row vector.

In Section we will work with minimal bases dual to A;(\) ® I,, other than Ls(\) ® I,.
This motivates the following definition.

DEFINITION 2.6. Let n,s € N, and let A;(\) be the matrix polynomial in (2.3). A
matrix pencil K (\) € F[A]*"*(+1n s called a (s,n)-wing pencil o, simply, a wing pencil,
F KA ® 1,) = 0.

We characterize in Theorem [2.5]all the (s, n)-wing pencils that are dual minimal bases to
the matrix polynomial A;(\) ® I,,. A characterization of the wing pencils can also be found
in [22, Lemma 3], a work that was produced independently and simultaneously to our work.

THEOREM 2.7. Let Lg()\) and As(N) be the matrix polynomials in @.2) and 2.3),
respectively. Then, a (s,n)-wing pencil K()\) € F[N*"*+tV" is a dual minimal basis to
As(N) &1, if and only if K(\) = B(Ls(\) ® I,) for some nonsingular matrix B € Fs™>s™,

Proof. Assume that K(\) = B(Ls(\) ® I,,) for some nonsingular matrix B € Fsn*s",
Since the condition K (A\)(As(A\)T ® I,,) = 0 holds, the pencil K ()) is a (s, n)-wing pencil.
Thus, we only need to prove that K () is a minimal basis. To prove this, we will use Theorem
First, we have to show that K () has full row rank for any Ao € F. Indeed, let Ao € F.
Since Ls(\) ® I,, is a minimal basis, we know that L;(Ag) ® I,, has full row rank. Since
the product of a nonsingular matrix by a full row rank matrix is a full row rank matrix, we
obtain that K (\g) = B(Ls(\o) ® I,) has full row rank. Now, we prove that the highest row
degree coefficient matrix of K () has full row rank as well. Writting Ls(A\) = AF + E, it
is not difficult to check that the highest row degree coefficient matrix of K (\) is given by
B(F ® I,). The matrix B is nonsingular and F' ® I,, has full row rank, therefore the matrix
B(F ® I,,) has full row rank. From Theorem 2.2 we conclude that K () is a minimal basis.
Thus, K (A) and A;(\) ® I, are dual minimal bases.

Assume now that K (A) and As;(A\) ® I,, are dual minimal bases. We will show that
K()\) = B(Ls()\) ® I,) for some nonsingular matrix B. To this purpose, let us partition
the pencil K () as a s X (s + 1) block-pencil with blocks A[K7];; + [Koli; € F[A]"*™, for
i=1:sandj=1:s4+1. Let

[/\[Kl]il + [Kolin A[Kiliz + [Koliz -+ A[Kilisy1 + [K()]i,s+1]

denote the ith block-row of K (). From K(A\)(As(\)T ® I,,) = 0, we get
0=> N AKi]is41-j + [Koli,er1-5)
3=0

=NTEK g + Z N ([Kolist1—j + [Kilist2—5) + [Kolist1,

j=1
or equivalently,
(K1l =0, [Kilij = —[Kolij-1, j=2:s+1, [Kolist1=0,
which shows that () is of the form

[Koli1 -+ [Kohs| [-In A

: " : ) - : B(Ls(\) @ I,).
[KO}Sl o [KO]SS _In /\In
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To complete the proof, we only need to show that B is nonsingular. The proof proceeds by
contradiction. Assume that B is singular, i.e, there exists a nonzero vector x € Fs7*1 such
that 27 B = 0. Let Ay € F. Then, we have 27 K()\¢) = 27 B(L4s(\o) ® I,,) = 0. Thus,
K (o) does not have full row rank. But this contradicts the fact that K (\) is a minimal basis.
Therefore, the matrix B is nonsingular. 0

REMARK 2.8. Since K(\)(As(A) ® I,) = 0 is a necessary condition for K(\) to
be a dual minimal basis to As(\) ® I,,, we note that the set of (s,n)-wing pencils of the
Sform B(Ls(\) ® I,,), with B nonsingular, corresponds to the set of minimal bases dual to
As(N) ® I,

The following result can be checked in a straightforward way.

PROPOSITION 2.9. A pencil B()\) € F[\|(@tDnx(e+Dn satisfies B(A)(A,(\)T @1,,) =
0 if and only it is of the form

By —AB11 + Bi2 —AB12 + Bi3 e —ABy,
Bay —ABg1 + Baa —ABgg + Bas e —ABy,
Byt11 =ABgt11+ Bgy1z —ABgri2 + Bopiz oo —ABgrip

2.4)
for some matrices B;; € F"*", withi =1:q+ 1and j = 1: p. Any pencil as in , with
q + 1 # p, will be called generalized wing pencil.

Note that the previous result implies that any (s, n)-wing pencil is of the form , as
extracted from the proof of Theorem [2.3]

As an immediate corollary of Theorem [2.5] we obtain the following result for minimal
basis (s, n)-wing pencils, whose simple proof is omitted.

COROLLARY 2.10. Let M € F*"**" be a nonsingular matrix. If K(\) € F[\]"s>n(s+1)
is a minimal basis (s, n)-wing pencil, then M K (\) is a minimal basis (s, n)-wing pencil.

The next theorem is the last auxiliary result about minimal basis wing pencils that we
present in this section.

THEOREM 2.11. Let n, s1,s2 € N, and let K(\) and L(\) be, respectively, a minimal
basis (s1,n)-wing pencil and a minimal basis (s2,n)-wing pencil. If the pencils K(\) and
L(\) are partitioned as follows

K(\) = [K1(A) k(N)] and LX) =[¢(N) L'(N)],
where K1(\) € F[A]"1"51™ and L'(X\) € F[\]*2"*%2" then the pencil

_ KA k(A0

S=1070 0y poy

is a minimal basis (s1 + s2,n)-wing pencil.

Proof. Set s := s; + s. By Theorem [2.5] the pencils K (\) and L()) can be written,
respectively, as K (A) = B(Ls, (A\) ® I,) and L(A) = C(Ls, (M) ® I,), for some nonsingular
matrices B € F*17*51™ and C' € F$2"*%2"_ Then, notice that the pencil S(\) can be written
as

S(\) = [? g] (Le(\) ® I,).

Thus, the desired result follows applying Theorem to the pencil S(A). O

In future sections we will work with block-row and block-column permutations of block-
partitioned pencils, which will involve the use of block-permutation matrices. Next, we in-
troduce the notation used in this paper for block-permutation matrices.
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DEFINITION 2.12. Let k,n € N. Let ¢ = (c1,¢a,...,c) be a permutation of the set
{1 : k}. Then, we call the block-permutation matrix associated with (c,n), and denote it by
I1Z, the k x k block-matrix whose (c;,i)th block-entry is I,,, fori = 1 : k, and having 0,, in
every other block-entry. In particular, we denote by id := (1 : k) the identity permutation.

A particular block-permutation matrix that will be very useful in the proofs of our main
results is the block version of the sip matrix (standard involutory permutation). Such sn x sn
block-permutation matrix is denoted by R, ,, and is defined as follows

o - I,
Reypi= |1 o 1| eFomxem, (2.5)
L, -~ 0

REMARK 2.13. When the scalar n is clear in the context, we will write Il. and R
instead of I} and R, ,,, respectively, to simplify the notation.

Finally, we introduce the concept of block-transposition of a block-matrix. Let H =
[Hijli=1:p,j=1:¢ be a p X ¢ block-matrix with block-entries H;; € F™*". We define the block-
transpose H” of H as the ¢ x p block-matrix having the block H s in the block-position (i, 5),
forl1<i<gand1 <j<p.

3. The block minimal bases pencils framework for Fiedler-like pencils. In [18],
Fiedler pencils were expressed via some block-rows and block-columns permutations as
block Kronecker pencils, a particular type of block minimal bases pencils. In this section
we recall the definition of block minimal bases pencils and introduce the family of extended
block Kronecker pencils, which contains the family of block Kronecker pencils. The pencils
in this new family are block minimal bases pencils under some generic nonsingularity condi-
tions and allow us to express all Fiedler-like pencils into the block minimal bases framework.

3.1. Block minimal bases pencils. We discuss in this section the family of block mini-
mal bases pencils, recently introduced in [[18]], and its main properties.
DEFINITION 3.1. [[18]] A matrix pencil

_ [ M) [ Ko ()T
K)o

c(\) 3.1

is called a block minimal bases pencil if K1 () and K5(\) are minimal bases. 1If, in addition,
the row degrees of K1(\) are all equal to 1, the row degrees of K2(\) are all equal to 1, the
row degrees of a minimal basis dual to K1 (\) are all equal, and the row degrees of a minimal
basis dual to K5 () are all equal, then C () is called a strong block minimal bases pencil.

Theorem [3.2] which will be used in the proofs of some of our results, shows that every
block minimal bases pencil is a linearization of at least one matrix polynomial.

THEOREM 3.2. [18] Theorem 3.3] Let K1(\) and N1()\) be a pair of dual minimal
bases, and let K5(\) and No(\) be another pair of dual minimal bases. Let C'(\) be a block
minimal bases pencil as in (3.1). Consider the matrix polynomial

Q) == Na(N)M (AN ()T (3:2)

Then:
(i) C(\) is a linearization of Q(X).
(ii) If C(N) is a strong block minimal bases pencil, then C'(\) is a strong linearization
of Q(N), considered as a polynomial with grade 1 + deg(N1(\)) + deg(Na(A)).
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3.2. Block Kronecker pencils. Next, we recall the subfamily of block minimal bases
pencils called block Kronecker pencils, which was introduced in [[18] and has proven to be
fruitful in providing a simple block-structure characterization of Fiedler pencils up to permu-
tation of rows and columns.

DEFINITION 3.3. [18] Let L(X) be the matrix pencil defined in 2.2)) and let M (\) be
an arbitrary pencil. Then any matrix pencil of the form

MQ) | LN @1, } (a+1)m
A =
C(\) L,V ®1, | 0 } pn 33
(p+1)n qm

is called a (p,n, q, m)-block Kronecker pencil or, simply, a block Kronecker pencil.

Fiedler pencils are, modulo permutations, block Kronecker pencils (we recall this result
in Theorem[6.3). In Section[7] we will show that this result is also true for the most important
subfamily of generalized Fiedler pencils (i.e., proper generalized Fiedler pencils). However,
we will see that the family of block Kronecker pencils is not large enough to include the
other families of Fiedler-like pencils (Fiedler pencils with repetition and generalized Fiedler
pencils with repetition). To provide a block minimal bases pencils framework large enough
to include all families of Fiedler-like pencils is the goal of the following section, where we
introduce the family of extended block Kronecker pencils. These pencils are strong block
minimal bases pencils under some generic nonsingularity conditions.

3.3. Extended block Kronecker pencils and the antidiagonal sum condition. Here
we introduce a new family of pencils named extended block Kronecker pencils, such that
most of its members are strong block minimal bases pencils. As we will show, this family
of pencils provides a unified approach to all Fielder-like pencils (Fiedler pencils, generalized
Fiedler pencils, Fiedler pencils with repetition and generalized Fiedler pencils with repetition)
in the sense that every Fiedler-like pencil is, up to permutations, an extended block Kronecker
pencil. This family was simultaneously introduced in [22| Definition 1, Theorem 4]. In this
section we point out the connections between the theory that we develop here and the results
that were obtained independently in [22]].

DEFINITION 3.4. Let K1()\) and Ko(\) be, respectively, a (p,n)-wing pencil and a
(g, m)-wing pencil (recall Definition , and let M(\) be an arbitrary pencil. A matrix
pencil

M\ | Ks(\)T } (q+1)m
C\) =
() Ki(\) ‘ 0 }pn ’ (3.4)
—— N——
(p+1)n gm

is called an extended (p,n, q, m)-block Kronecker pencil, or; simply, an extended block Kro-
necker pencil. Moreover, the block M () is called the body of C(\).

REMARK 3.5. In Definition|3.4} we allow the border cases p = 0 and q = 0, i.e., pencils
of the form

C=[ MXN [ KN | or C(A)_[m}’
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where K () is a wing pencil, are also considered extended block Kronecker pencils.
REMARK 3.6. In view of Proposition[2.6|we notice that the extended block Kronecker
pencil 34) can be factorized as

Liggiym O] [ AMy+ Mo | LN @ L | [Iipan 0 (3.5)
0 Al L,Wel] 0 0 B ‘

for some matrices A € F""*"P and B € F™9*"™4. Taking A = I,,, and B = I,,,q in (3.5)
the extended block Kronecker pencil reduces to a block Kronecker pencil. Thus, we obtain
that the family of (p,n, q, m)-block Kronecker pencils is included in the family of extended
(p,n, q, m)-block Kronecker pencils. The factorization is equivalent to (18) in [22]].

REMARK 3.7. When n = m, a pencil may be partitioned in more than one way as an
extended (p,n,q,n)-block Kronecker pencil. For example, let Ay, A1, Aa, Az be arbitrary
n X n matrices. The pencil

/\A3 + A2 Al AO
C(\) = Al M+ Ay —M
Ay —AAp 0

can be seen as an extended (1,n,1,n)-block Kronecker pencil since it can be partitioned as
follows

AAs + Ay Ay Ao
Ay —MA1+Ag | —M\Ap
N M, | 0

But notice that we could also partition C(X) in the next two alternative ways

)\A3 + A2 A1 AO )\Ag + A2 Al AO
Ay —M+ Ay Mo |, Ay M1+ A4 —AAp
Ag — Mo 0 Ao — MMy 0

Thus, the pencil C(\) can also be seen as an extended (0,n, 2, n)-block Kronecker pencil or
as an extended (2,n,0,n)-block Kronecker pencil. Some consequences of this ambiguity are
studied in Theorem[3.9and Remark[3.4) The phenomenon presented in this example is called
Superpartition Principle in [22]].

As an immediate corollary of Theorem[3.2] we obtain that, under some generic nonsingu-
larity conditions, extended block Kronecker pencils are strong linearizations of some matrix
polynomials. The following theorem corresponds with Theorem 6 in [22].

THEOREM 3.8. Let C()) be an extended block Kronecker pencil as in (3.4), with body
M(X). Let

Q) = (A;(N) @ L) M(N\) (A, (N ® I,,) € F]A™>™, (3.6)

viewed as a matrix polynomial with grade p + q + 1. If A and B are nonsingular, then C'(\)
is a strong block minimal bases pencil and, so, a strong linearization of Q(\).

Theorem [3.5] shows that most of the extended block Kronecker pencils as in (3.5) are
strong linearizations of the associated matrix polynomial () since the nonsingularity con-
ditions on A and B are generic in F"P*"P x F4m>4am,

Now, we address the inverse problem, that is, given a matrix polynomial P(\), how to
construct extended block Kronecker pencils that are strong linearizations of P(\). With this
goal in mind, we introduce next some useful concepts.
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DEFINITION 3.9. Let M(\) = AM; + My € F[\|(@tDm>x®+0n be q matrix pencil and
set k := p+ q+ 1. Let us denote by [My);; and [M);; the (i, j)th block-entries of My and
M, respectively, when M7 and My are partitioned as (q + 1) x (p + 1) block-matrices with
blocks of size m x n. We call the antidiagonal sum of M () related to s € {0 : k} the matrix

AS(M, s) := Z [Mi]ij + Z [Mo]i; -

i+j=k+2—s i+j=k+1—s

Additionally, given a matrix polynomial P(\) = Zf:o A\ € FIN™ ", we say that M (\)
satisfies the antidiagonal sum condition (AS condition) for P(\) if

AS(M,s) = As, s=0:k. (3.7)

The main result of this section is Theorem where we give sufficient conditions on
the body of an extended block Kronecker pencil as in (3.3) with A, B nonsingular, to be a
strong linearization of a given matrix polynomial. It is not hard to see that this result also
follows from Theorems 4 and 6 in [22].

THEOREM 3.10. Let P(\) = Zf:o A\ € FIN™ ™, and let C(\) be an extended
(p, n, q, m)-block Kronecker pencil as in (3.3) withp + q + 1 = k and A, B nonsingular. If
the body M ()\) € F[\](a+)mx(e+1n of O(\) satisfies the AS condition for P(\), then C()\)
is a strong linearization of P()\).

Proof. By Theorem 3.5] the pencil C()) is a strong linearization of (3.6). Some simple
algebraic manipulations show that the AS condition implies Q(A) = P(X). 0

Our main focus in future sections will be on block-pencils whose blocks are square. In
this case, surprisingly, given an extended block Kronecker pencil C'(\) whose body satisfies
the AS condition for a given matrix polynomial P(\) € F[\]"*", the whole pencil C'(\)
satisfies also the AS condition but for a shifted version of P()), as we show next.

THEOREM 3.11. Ler P(\) = Y5 A;\i € FIN™*" and let C(\) € FINF™¥*" be an
extended block Kronecker pencil as in 3.4) with k = p + q + 1 whose body satisfies the AS
condition for P()). Then, the pencil C()\) satisfies the AS condition for \*=*P(\), that is,

AS(C,s)=Bs, s=0:2k—1,

where Bs =0, fors =0:k —2,and Bs = As_py1,fors =k —1:2k — 1.
Proof. Let us write C(\) = M(X\) + K1 (A\) + K2(A\)T, where

wi = | MV D] Ror=| g B ] Ry 0]

Then, due to the linearity of the antidiagonal sum AS(-, s), we get
AS(C,s) = AS(M, s) + AS(KT,s) + AS(Ky,s), s=0:2k—1.

Additionally, because of the block-structure of the wing pencils explained in Propositio@
it is clear that AS(K7y,s) = 0 and AS(KZ,s) = 0, for all 5. Thus, AS(C, s) = AS(M, s)
and the result follows taking into account that M ()\) satisfies the AS condition for P()\). O

We pointed out in Remark that a given pencil L(\) may be partitioned in more than
one way as an extended (p, n, ¢, n)-block Kronecker pencil. The next result shows that the
AS condition of the body is preserved under different representations of L(\) as an extended
block Kronecker pencil. This result corresponds to Theorem 22 in [22].



Fiedler-like pencils as strong block minimal bases 13

THEOREM 3.12. Let P(\) = Y"1 A;\i € FN™*™ and let C(\) € FINF™*" be an
extended block Kronecker pencil as in (3.4) with k = p + q + 1. If the body of C(\) satisfies
the AS condition for P()), then the body of any other partition of C(\) as an extended block
Kronecker pencil satisfies the AS condition for P()\) as well.

Proof. The result is an immediate consequence of Theorem Assume that the ex-
tended block Kronecker pencil C'(\) can be partitioned as in (3.4) and also as follows

M) | Ke(V)”
Ki(\) ‘ o |

CO\) = [

where K1(X\) € FIA"PXn+1) and K,(\) € F[A"@*™@+D are wing pencils, M(\) €
RN @ Dxn+) and p4 G+ 1 = k. Let

By Theorem [3.8] and the block-structure of wing pencils explained in Proposition [2.6] we
obtain

0, fors=0:k—2

Agi1op, fors=k—1:2k—1, (3.8)

AS(C,s) = AS(M,s) = {
which shows that M (M) satisfies the AS condition for P(\). O

REMARK 3.13. A pencil C(\) may be partitioned as an extended block Kronecker pencil
that is a strong linearization of a given matrix polynomial P(\) in more than one way only
if P(X) is regular. Otherwise, the application of [18, Theorem 3.7] to the different partitions
would give contradictory values for the minimal indices of C()\).

Lemma shows that, if a pencil satisfying the AS condition for some P()) is per-
turbed by the addition of a generalized wing pencil, the AS condition is preserved.

LEMMA 3.14. Let P(A) = S2F_ AN € FIN™ ™, let p+q+1 = k, let M(\) €
RN @tDnxP+Dn be g matrix pencil satisfying the AS condition for P()), and let B(\) €
F\(atDnxe+0n pe g generalized wing pencil. Then, the matrix pencil M()\) + B(\)
satisfies the AS condition for P()\).

Proof. Let M (A) :== M(X) + B()\). The block-structure of generalized wing pencils
explained in Proposition implies that AS(B,s) = 0, for s = 0 : k. Therefore, by the
linearity of the antidiagonal sum, we get AS(M, s) = AS(M, s) + AS(B, s) = AS(M, s) =
A,. Thus, the pencil M ()\) satisfies the AS condition for P(\). O

3.4. Illustrations and informal statements of the main results for Fiedler-like pen-
cils. The goal of this section is twofold: first, to provide some examples that illustrate the
main results of this paper, and, second, to state informally these results in Theorems @]
and [3.12] For the impatient reader, the precise statements of Theorems [3.1T]and [3.12] can be
found in Theorems and however they require the index tuple notation that will
be introduced in Section 4l

Let us start by considering the Fiedler pencil
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associated with a matrix polynomial P(\) = Z?:o A\t € F[A]™*™ (this Fiedler pencil will
be formally introduced in Example[4.3). Then, it is not difficult to see that we can transform
F4(X) into a block Kronecker pencil via block-row and block-column permutations, given by
permutation matrices HZ and H,?l, to obtain

Mg+ As 0 0 |-I, 0 0

A4 AS O AIn _I’VL 0

0 Ay Ay | 0 AL, —I
n \B no_ 2 1 " "
(Hel) Fq()‘)Hrl - 0 0 AO 0 0 )\In
I, M, 00 0 0

0 ~I, M,| 0 0 0

By Theorem [3.5] the above block Kronecker pencil is a strong linearization of

Me+A45 0 0

\21,
(NI, NI, A, I, 1‘(1)4 ‘23 j M, | = P()).
2 1
0 0 A LT

Thus, this is an example of a Fiedler pencil associated with a matrix polynomial P(\) which
is block-permutationally equivalent to a block Kronecker pencil. Note that (T3, )BFq (I,
is a strong linearization of P(\). This result has been shown to be true for any Fiedler
pencil [18| Theorem 4.5] (see, also, Theorem[6.3)). Let us consider, now, the following proper
generalized Fiedler pencil (see Definition

I, Mg 0 0 0 0
M. Ms+ Ay —I, 00 0
o Ay M, Ay —I, 0
Kaz(M) = I 0 A, 0 o |
0 0 0 -1, 0 AL
0 0 0 0 AL, M+ Ag

associated also with the polynomial P(\) (this pencil will be formally introduced in Example
4.4). We can transform K ,()) into a block Kronecker pencil via block-row and block-
column permutations, given by block-permutation matrices IIj and 11} , to obtain

ro?

Mg 0 0 -I, O 0
Ms+A4 O 0 A, —-I, O
A: A 0 0 AL, -1
n \B n o __ 3 2 n n
(g, )" Kqz(MILY, = 0 0 Mi+4| 0 0 X, |’
0 -1, AL, 0 0 0
which, by Theorem 3.5 is a strong linearization of
Mg 0 0 A2
NI, XL, AL, 1] |Ms A O 0 A, | = P(V)
As A, 0 7
0 0 MA;+ Ay "

Therefore, this is an example of a proper generalized Fiedler pencil associated with a matrix
polynomial P(\) which is block-permutationally equivalent to a block Kronecker pencil that
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is a strong linearization of P()\). This result turns out to be true for all (proper) general-
ized Fiedler pencils (see Section [7). Since Fiedler pencils are particular examples of proper
generalized Fiedler pencils, we can state the following theorem.

THEOREM 3.15. Let L(\) be a proper generalized Fiedler pencil associated with a
matrix polynomial P(X) € F[A]"*™. Then, up to permutations, L(\) is a block Kronecker
pencil which is a strong linearization of P(\).

Let us consider, finally, the following generalized Fiedler pencil with repetition (in par-
ticular, it is a Fiedler pencil with repetition)

0 0 0 0 —Ag Mg
0 0 0 —Ag Mg — As A5
Fp()) = 0 0 —Ag Mg — A5 Mg — Ay Ay
P 0 —Ag Mg — A5 M — Ay N, — As AAs
—Ag Mg —As M5 — Ay ML — A3 A3z — A, Ao

Ag A5 AAy AAs A, ML+ A

associated with the matrix polynomial P(\) = Z?:o A NT € F[A"X™. It is clear that there
are no block-row and block-column permutations that transform the above pencil into a block
Kronecker pencil. However, it is not difficult to show that there exist block-permutation

matrices, denoted by Hﬁg and H;LS, such that
Mg — A5 MNAs — Ay AA4 —Ag 0 0
ANy — Ay MNAy — Aj AAsz Ag — As —Ag 0
ANy — Az N3 — A AA Mg — Ay MNg— A5 —A
n \B n __ 4 3 3 2 2 5 4 6 5 6
()" Fp (Mg = | 73 4, Mo M+ Ay | M Ms Mg
—Ag Mg — As AAs 0 0 0
0 —Ag Mg 0 0 0
_. { M) | Ka(W)T ]
LEKi(N) ] 0 -
Additionally, notice that
Ky = [ s AMs—As Ms] _[Ag As] [~ AL, 0
ST ) —As Mg| |0 Ag|| 0 —I, ),
and
—Ag 0 01" L 0 0T o T
Ko()) = Mg — As —Ag 0 I B Y 2 S| AG A 0
VTN — Ay Mg — A5 —Ag| 0 X, —I, A5 A6 4
A,y A5 g 0 0 M, 4056

Therefore, if the leading coefficient Ag of P(\) is nonsingular, by Theorem the pencils
K1(X) and K;()) are both minimal basis wing pencils. Thus, the pencil (ITy,)° L p (AT} is
an extended block Kronecker pencil which, by Theorem [3.5] is a strong linearization of

Mg — A5 N5 — Ay My 2]
Ms — Ay Ny — A A "
3 2 5 4 4 3 3 _
(N8I, N, M, I, M, - Ay Mg A A, /\II,L = P(\).
A3 PV AA; + Ag K

We would like to point out that, while F)p()) is block-symmetric, the extended block Kro-
necker pencil it is block permutationally equivalent to is not. We attend to this problem in
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[L1] by showing that, every block-symmetric GFP or GFPR is, up to permutations, a block-
symmetric minimal block bases pencil which is a strong linearization of P(\).

We conclude that the pencil Lp(A) is not permutationally equivalent to a block Kro-
necker n x n pencil, and it is only permutationally equivalent to a block minimal bases pencil
under some nonsingularity conditions (Ag nonsingular). In the latter case, though, Lp(\) is
an extended block Kronecker pencil, which is a strong linearization of P(\). This result can
be generalized as follows.

THEOREM 3.16. Let L(\) be a generalized Fiedler pencil with repetition associated
with a matrix polynomial P()\) € F[A]"*". Then, up to permutations, L()) is an extended
block Kronecker pencil which, under generic nonsingularity conditions, is a strong lineariza-
tion of P(\).

The rest of the paper is dedicated to introduce the needed notation and auxiliary technical
results to define all the families of Fiedler-like pencils, to state in a precise way Theorems|[3.11]
and [3.12] and to prove these results.

4. Index tuples, elementary matrices and Fiedler-like pencils families. In this sec-
tion, we introduce the notation needed to define and to work in an effective way with the
families of (square) Fiedler pencils (FP), generalized Fiedler pencils (GFP), Fiedler pencils
with repetition (FPR), and generalized Fiedler pencils with repetition (GFPR). Many of our
results are still valid for FP associated with rectangular polynomials, however, since GFP
and GFPR (and, therefore FPR) are not defined in the rectangular case, and we use known
results about FP to prove our main results for GFPR, we only consider FP for square matrix
polynomials. We also present some results that will be used to prove our main theorems.

4.1. Index tuples, elementary matrices and matrix assignments. The square Fiedler
pencils as well as the generalized Fiedler pencils, Fiedler pencils with repetition and gener-
alized Fiedler pencils with repetition were defined originally by expressing their matrix co-
efficients as products of the so-called elementary matrices, whose definition we recall next.

DEFINITION 4.1. [8] Let k > 2 be an integer and let B be an arbitrary n X n matrix.

We call elementary matrices the following block-matrices partitioned into k x k blocks of size
n X n:

Mo() o= [l o | arm = |

Ih—i—1yn | 00O 0
My(B) = 8 i I(;L 8 =1k, @1
0 O 0 I(i*l)’n
I(k—i—l)'n 0 0 0
M_;(B) = 8 I(l %} g i=1:k—1,
0 0 0| Iunn

and
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Notice that both 0 and —0 are used with different meanings as subindices and that Iy should
be understood as an empty matrix.

REMARK 4.2. We note that, fori = 1 : k — 1, the matrices M;(B) and M_;(B) are
nonsingular for any B. Moreover, (M;(B))~! = M_;(—B). On the other hand, the matrices
My(B) and M_1,(B) are nonsingular if and only if B is nonsingular.

Given a matrix polynomial P(\) = Zf:o A;\" € F[A]™ ™, we consider the following
abbreviated notation:

MFP = M;(—4;), i=0:k—1,

and

When the polynomial P()\) is understood in the context, we will simply write M; and M_;,
instead of M} and MF; to simplify the notation.
REMARK 4.3. It is easy to check that the commutativity relation

M;(B1)M;(Bs) = M;(B2)M;(Bh) (4.2)

holds for any n x n matrices By and Bs if ||i| — ||| # 1 and |i| # |j].

As mentioned earlier, the matrix coefficients of Fiedler-like pencils are defined as prod-
ucts of elementary matrices. In order to describe these products and their properties it is
convenient to use index tuples, which are introduced in the following definition.

DEFINITION 4.4. [8| Definition 3.1] We call an index tuple a finite ordered sequence of
integer numbers. Each of these integers is called an index of the tuple.

Ift = (¢1,...,t,) is an index tuple, we denote —t := (—t1,..., —t,), and, when a is an
integer, we denote a + t := (a + t1,a + ta,...,a+t,.). We call the reversal index tuple of t
the index tuple rev(t) := (¢,,...,ta,t1).

When an index tuple t is of the form (a : b) for some integers a and b, we call t a
string. Additionally, given index tuples t1, ..., ts, we denote by (tq, ..., ts) the index tuple
obtained by concatenating the indices in the index tuples t1, ..., t, in the indicated order.

Given an index tuple t = (t1,¢2,...,t.), we call an n X n matrix assignment for t any
ordered collection X = (X3, Xo, ..., X,) of arbitrary n x n matrices [8 Definition 4.1]. If
the size n of the matrices is not important in the context, we simply say that X’ is a matrix
assignment for t. In addition, if the indices of t are in {—k : k — 1}, we define

Mg(X) := My, (X1) My, (X3) - My (X,.). (4.3)

Given a matrix polynomial P()\) € F[A]"*™, we say that X = (Xi,...X,) is the
trivial matrix assignment for t = (1,...,t,) associated with P()\) if M, (X;) = Mtlj for
7 = 1:r. Moreover, we define

My = MEME - M) 4.4)

When P()) is clear from the context, we just write My instead of M{. If t is the empty
tuple, then M and M¢(X) are defined to be the identity matrix Iy,.
Given asequence X = (X1, ..., X, ) of matrices, we denote rev(X) := (X,, X,—1,..., X1).

If a tuple t is expressed as a concatenation of tuples t1,...,ts (i.e., t = (t1,...,t5)),
and a matrix assignment X for t as a concatenation of matrix assignments X7, ..., X (i.e.,
X = (X1,...,Xs)), where the number of indices in t; is equal to the number of matrices in

X, for ¢ =1 : s, we say that & is the matrix assignment for t; induced by X .
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The following simple lemma gives the block-structure of M (X') when t is a string con-
sisting of nonnegative indices. We omit its proof since the result can be obtained by a direct
computation.

LEMMA 4.5. Let t = (a : b) be a string with indices from {0 : k — 1} and let X =
(X1,..., Xp—at1) be an n x n matrix assignment for t. Then, the kn x kn matrix My (X)
is a block-diagonal matrix of the form

Xb—a+1 I,
Xb—a In
Mt (X) = In(k—b—l) 2 .. S In(a—l) (45)
X, I,
I,
if a # 0; and of the form
Xb+1 In
X I,
My(X) = Lyh—p—1) D | (4.6)
X2 In
X1

ifa=0.

Notice that the matrix M (X) in @3)-@.6) is operation-free (although it is defined as a
product of matrices), that is, it is a block-matrix whose blocks are of the form 0,,, I,,, and the
n X n matrices from the matrix assignment X’. Note also that the position where each of these
blocks lies only depends on t [8, Definition 4.5]. To guarantee this operation-free property
for more general index tuples t, we need the following definition.

DEFINITION 4.6. [51l Definition 7] Let t = (i1,12,...,1%,) be an index tuple of either
nonnegative integers or negative integers. Then, t is said to satisfy the Successor Infix Prop-
erty (SIP) if for every pair of indices i, 1, € t, with 1 < a < b < r, satisfying i, = iy, there
exists at least one index i. = i, + 1 witha < ¢ < b.

REMARK 4.7. Any subtuple of consecutive indices of a tuple satisfying the SIP also
satisfies the SIP. Moreover, the reversal of any tuple satisfying the SIP also satisfies the SIP.

THEOREM 4.8. [8l Theorem 4.6] Let t be a tuple with indices from either {0 : k — 1}
or {—k : =1}. The tuple t is operation free in the sense of [8, Definition 4.5] if and only if t
satisfies the SIP.

SIP also guarantees that the block-transpose of a product of elementary matrices behaves
as the regular transpose.

LEMMA 4.9. [8, Lemma 4.8] Let k be a positive integer, let t be an index tuple satis-
fying the SIP with indices from {0 : k — 1} and let X be a matrix assignment for t. Then,
My (X)B = Mrev(t) (I‘BV(X)).

Due to the commutativity relations of elementary matrices explained in Remark
different index tuples t; and to may give rise to the same product of elementary matrices, that
is, given a matrix assignment X for both t; and ts, we may have My, (X) = My, (o(X)),
where o is a permutation that transforms ¢; into ¢, (see [8, Lemma 4.4]). Next, we introduce
a canonical form for index tuples such that two index tuples with the same canonical form
yield the same product of elementary matrices. But, first, notice that given an index tuple t =
(t1,t2,...,t,) and a matrix assignment X = (Xi,...,X,) for t, the elementary matrices
M;,(X;) and My, (Xi41) commute whenever ||¢;| — [t;41|| > 1 and |¢;| # |t;41]. For this
reason, here and thereafter, we say that in this situation the indices t; and t;;1 in t commute.
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DEFINITION 4.10. [8, Definition 3.4] Given two index tuples t and t' of nonnegative
indices, we say that t is equivalent to t' (and write t ~ t'), if t = t' or t’ can be obtained
from t by interchanging a finite number of times two distinct commuting indices in adjacent
positions, that is, indices t; and t; 1 such that [t; — t; 11| # 1 and t; # t;11.

REMARK 4.11. The product of elementary matrices is invariant under the equivalence
introduced in Definition i.e., given an index tuple t and a matrix assignment X for t, if
t ~ t’ and o is a permutation that transforms t into t', then My(X) = My (0(X)), where if
X =(X1,...,X;) theno(X) = (X501), -, Xo(r)) [8 Lemma 4,4].

It turns out that if t satisfies the SIP property, the index tuple t is equivalent to a tuple
with a special structure that we introduce in the following definition.

DEFINITION 4.12. [51, Theorem 1] Let t be an index tuple with indices from {0 : h},
h > 0. Then t is said to be in column standard form if

tz(as:bs,as,l stfl,...,agibg,alibl),

withh > bs > bs_1 > --->ba > b > 0and 0 < a; < by, forall j =1 : 5. We call each
subtuple of consecutive indices (a; : b;) a string of t.

In the next lemma, we show the connection between tuples satisfying the SIP and tuples

in column standard form.

LEMMA 4.13. [31, Theorem 2] Let t be an index tuple.

(1) If the indices of t are all nonnegative integers, then t satisfies the SIP if and only if
t is equivalent to a tuple in column standard form.

(ii) If the indices of t are all negative integers and a is the minimum index in t, then t
satisfies the SIP if and only if —a + t is equivalent to a tuple in column standard
form.

Lemma [4.9] together with [5, Proposition 2.12], shows that two index tuples in column

standard form are equivalent if and only if they coincide. Thus, we can introduce a canonical
form for tuples satisfying the SIP under the equivalence relation introduced in Definition &.7}

DEFINITION 4.14. [8, Definition 3.9] The unique index tuple in column standard form
equivalent to an index tuple t of nonnegative integers satisfying the SIP is called the column
standard form of t and is denoted by csf(t).

In the next definition, we introduce some special indices of tuples of nonnegative integers
satisfying the SIP that will play a key role in the rest of the paper.

DEFINITION 4.15. Given an index tuple t with csf(t) = (as : bs,...,a;1 : by), we define
heads(t) := {b; | 1 < i < s}. Furthermore, we denote by b(t) the cardinality of heads(t).

Given an index tuple t, note that h(t) gives not only the cardinality of the set heads(t),
but also the number of strings in csf(t).

EXAMPLE 4.16. The tuples t; = (3 : 4,0 : 2) and t; = (1 :4,0: 3,0 :
tuples in column standard form with indices from {0 : 4}. Note that heads(t,) =
h(t1) = 2. Similarly, heads(ts) = {4,3,2,1,0} and b(t2) = 5.

We introduce in Definition [4.12] an important distinction between some type of indices
relative to a given index tuple.

DEFINITION 4.17. Given an index tuple t and an index x such that (t,x) satisfies the
SIP, we say that x is of Type 1 relative to t if h(t,z) = b(t), and of Type Il otherwise. That
is, x is of Type I relative to t if cst(t, x) has the same number of heads (and, therefore of
strings) as csf(t), and of Type Il relative to t otherwise.

EXAMPLE 4.18. Let t = (3 :5,2,0: 1). Then 3 is an index of Type I relative to t since

2,1,0) are
{4,2} and

csf(t,3) =(3:5,2:3,0:1)
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has the same number of strings as t (recall that 3 commutes with 0 and 1). However, 4 is an
index of Type II relative to t since

esf(t,4) = (3:5,4,2,0: 1)

has more strings than t.

The following technical lemmas and results are used in future sections. Here and there-
after we use the following notation. If t is an index tuple and a is an index of t, we write
a € t. Also, we denote by e; the ith column of the identity matrix of arbitrary size, when the
size is clear from the context.

In the first results we determine the set of heads of the concatenation (t1,ts) of two
index tuples that satisfies the SIP when the set of heads of either t; or ts is known.

LEMMA 4.19. Let k be a positive integer and let t be an index tuple with indices from
{0: k —1}. Let (a : b) be a string with indices from {0 : k — 2}. Then, the tuple (t,a : b)
satisfies the SIP property if and only if t satisfies the SIP and ¢ ¢ heads(t), forall c € (a : D).

Proof. = Since (t,a : b) satisfies the SIP, so does t. Thus, by Lemma[4.9] we may
assume, without loss of generality, that t is in column standard form, that is, t = (as :
bs,...,a1 : by). The proof proceeds by contradiction. Assume that ¢ € (a : b) and ¢ €
heads(t). Then, there exists 1 < 4 < s such that ¢ = b;. Since t is a tuple in column standard
form, the indices in the subtuple (a;—1 : b;—1,...,a1 : by) of t are in {0 : b; — 1}. Therefore,
there is no index between b; € t and b; = ¢ € (a : b) equal to ¢ + 1 which implies that
(t,a : ¢) does not satisfy the SIP, a contradiction.

<= To prove the implication, it is enough to show that, between ¢ € (a : b) and the rightmost
index equal to cin t, if it exists, there is an index equal to ¢+ 1. Let ¢ be such an index. Since
t satisfies the SIP, without loss of generality, we may assume that t = (as : bs,...,a; : b1),
for some nonnegative integers a;, b; and i = 1 : s, that is, t is in column standard form. Let
(a; : b;) be the rightmost string of t such that ¢ € (a; : b;). Since ¢ # b;, for all 4, the tuple
(a; : b;) is of the form

(c,e+1,...,b;) or (aj,...,ce+1,...,b;) or (aj,...,c,c+1),
which shows the desired result. 0

PROPOSITION 4.20. Let t = (as : bs,...,a2 : ba,aq : b1) be a nonempty index tuple
in column standard form with indices from {0 : k — 1}, for k > 1. Let x be an index in
{0 : bs — 1} such that (t,x) satisfies the SIP. Then x is of Type I relative to t if and only if
x — 1 € heads(t). In particular, x = 0 is always an index of Type II relative to t, for every
nonempty index tuple t in column standard form with nonnegative indices.

Proof. Since (t, x) satisfies the SIP, we have ¢ heads(t) by Lemma[4.13] Therefore,
since z € {0 : b; — 1}, there is either some 1 < £ < s with byy1 >« > by or by > .

Assume that 2 — 1 € heads(t). Then, z = b; + 1 for some 1 < j < s. Thus, we have

(t,z) = (as : bs,...,a; 1 bj,...,a1 :b1,b; +1)
~ (as 1 bsy...,a5:b;+1,...,a1 :b1) = csf(t, x),
where the equivalence holds because > b; > b;_;, and hence x commutes with every
index of t ocurring to the right of b;. Moreover, the second equality follows from the fact
that b; ;1 # b; + 1, otherwise, the SIP does not hold. Since csf(t, z) has the same number of

strings (heads) as csf(t), it follows that z is of Type I relative to t.
Now suppose that z — 1 ¢ heads(t). If by > «, then

csf(t, z) = (t,z),
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by definition of column standard form, which implies that csf(t, 2) has one more string than
t. Hence z is not of Type I relative to t.

If bpy1 > x > by forsome £ > 0 and x — 1 ¢ heads(t), then © > by + 1. Therefore,
a commutes with (ag : by, ...,a1 : by) since all the indices of this tuple are smaller than or
equal to b,. Therefore,

(t,x) = (as : bsy... a0 : by, ... a1 : b1, )
~ (as : bgy. .o o1 2 bepr, a0 by, ... a1 2 by) = csf(t, ),

Since the number of strings of csf(t, ) is larger than the number of strings of t, the index
is not of Type I relative to t and the result follows. O

REMARK 4.21. Using the notation of Propositiond.14} note that this proposition implies
that heads(t,z) = (heads(t) \ {b;}) U {z} when x is an index of Type I relative to t and
x = b; + 1. Furthermore, the proof of Proposition shows that if z is of Type II relative
fo t, then heads(t, ) = heads(t) U {x}.

LEMMA 4.22. Let k be a positive integer and let t be an index tuple containing each
index in {0 : k — 1} at least once. Let (a : b) be a string with indices from {0 : k — 2} such
that (a : b, t) satisfies the SIP. Then heads(a : b, t) = heads(t).

Proof. Since (a : b, t) satisfies the SIP, so does t. Therefore, the tuple t is equivalent to a
unique tuple csf(t) = (as : bs, ..., ay : by) in column standard form by Lemma[4.9] Because
(a : b,t), and hence (a : b, csf(t)), satisfies the SIP, we know that the leftmost appearance
of b + 1 in csf(t) is farther left than any appearance of b. We know that such appearances
actually occur because each index in {0 : & — 1} appears in t at least once. It follows that
the leftmost appearance of b + 1 in csf(t) must be of the form aj for some 1 < j < s, since
otherwise b would occur to the left of this appearance of b + 1. Moreover, since (a : b, t)
satisfies the SIP, all indices in (as : b, ..., a;j4+1 : bj+1) are larger than b + 1. Therefore, the
indices a,a+1, ..., b all commute with the indices in (a; : bs, ..., aj4+1 : bj41) and we have

(a:b,csf(t)) = (a:b,as:bs,...,a; :bj,...)
~(as:bsy...,a:baj:bj,...)
=(as:bs,...,a:b;...),

which implies heads(a : b, t) = heads(t). O
We end this section with a result that provides some structural properties concerning the
block-columns and block-rows of the product of elementary matrices My (X') defined in {.3).

LEMMA 4.23. Let k be a positive integer and let t be an index tuple in column standard
form with indices from {0 : k — 1}. Let X be an n X n matrix assignment for t, and let
us consider the kn x kn matrix My(X) as a k x k block-matrix with blocks of size n x n.
Then, all block-columns of My(X) are of the form e; @ I, (for some 1 < i < k) except for
the (k — h)th block-column for each h € heads(t). Moreover, all block-rows of the kn x kn
matrix My(X) are of the form eX ®1,, (for some 1 < i < k) except for the (k— h)th block-row
for each h € heads(rev(t)).

Proof. The proof proceeds by induction on the number s of strings of the tuple t. As-
sume, first, that s = 1. In this case t = (a; : b1), for some a; < b;. By Lemma it
is clear that all block-columns of M;(X') are of the form e; ® I,,, except for the (k — by )th
block-column. Therefore, the desired result for block-columns holds for s = 1.

Suppose now that the lemma holds for all s less than some sy > 1 and assume that t has
sg strings. Let t = (as, : bsy, ... a1 : b1). For1 < j < sg,lett; := (a; : b;) and let X; be
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the matrix assignment for t; induced by X'. Then
Me(X) = Mg, (X)) -+ Mg, (X1).

By the inductive hypothesis, all block-columns of M, (Xs,) -« M, (X2), except for the
(k — bj)th block-column, for 2 < j < s, are of the form e; ® I,,. Thus,

Mtso (XS(J) T Mtz (XQ) = [C D] ’

where C' is formed by the first k — by block-columns of Mg, (Xs,) - Mg, (Xz2), and all
block-columns of D are of the form e; ® I,,. Recall that, since t is a tuple in column
standard form, we have b;, > bs,—1 > --- > b;. Thus, from Lemma {4.3] multiplying
M, (Xsy) - My, (X2) by My, (X1) leaves unmodified the columns of C'. Moreover, taking
into account the block-structure of Mg, (X1), all the block-columns of My, (Xs,) - -+ My, (A1)
from the (k — by + 1)th to the last, with the exception of the (k — b )th column, are of the
form e; ® I,, for some 7, and the result for the block-columns follows.

To finish the proof, note that the block-rows of My (X') are the block-columns of M (X)5,
which, by Lemma equals M,ey (¢ (rev(X)). Thus, the result for block-rows follows from
the result for block-columns applied to My (X)5. 0

4.2. Fiedler-like pencils families. In this section, we recall the families of FP, proper
GFP, FPR and GFPR (see also [2, 8, 113} |15, 23} 151]]). Notice that in this work these families
are defined in terms of the grades of the matrix polynomials they are associated with, in
contrast to [2} 18, [13} 51], where they were originally defined in terms of the degrees.

We start by recalling the definition of FP. Although they have been defined for both
square and rectangular matrix polynomials [[15]], here we focus on the square case since the
other Fiedler-like families are only defined in the square case and we will use the Fiedler
pencils as the base case in some inductive arguments. In this case, Fiedler pencils can be
defined via elementary matrices.

DEFINITION 4.24. (Fiedler pencils) Let P(\) = Zf:o AN € FIN™ ™, and let q be a
permutation of {0 : k — 1}. Then, the Fiedler pencil associated with P(\) and q is

Fq(A) == AME, — ML

EXAMPLE 4.25. Let P(\) = Z?:o AN € FIN™ ™, and let q = (0,2,4,1,3,5).
Then,

Mg+As —I, 0 0 0 0
A4 )\In AS 7111 O O
I 0 M, 0 0 0
Fa() 0 0 Ay M, A —I, @7
0 0 -1, 0 AL, 0
0 0 0 0 Ay A,

is the Fiedler pencil associated with P(\) and q, which was considered in Section

Next, we introduce the proper GFP.

DEFINITION 4.26. (GFP and proper GFP) Let P(\) = E?:O AN € FIN™X™, let
{Cv, C1} be a partition of {0 : k}, where 0 € Cq and k € C1, and let q and z be permutations
of Cy and —C, respectively. Then, the proper generalized Fiedler pencil (GFP) associated
with P(\) and (q, z) is

Kqaz(A) =AM — ML
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We show in Example 4.4]one proper generalized Fiedler pencil associated with a matrix
polynomial of grade 6.

EXAMPLE 4.27. Let P(\) = Y% A;\" € FIA|"*™, let z = (—1,—6,—5) and q =
(3,4,2,0). Then,

I, Mg 0 0 0 0
M, Ms+A, —I, 0 0 0
1o A, N, Ay, I, 0
Kaz(N) = 4 -1, 0 MM, 0 0
0 0 0 -I, 0 A,
0 0 0 0 M, M+ A4

is the proper generalized Fiedler pencil associated with P(\) and (q, z). This pencil is the
proper generalized Fiedler pencil considered in Section

REMARK 4.28. Notice that, for any given proper GFP Kq (), since (q, —z) can be
expressed in column standard form because it is a permutation of the tuple (0 : k), there is
always an index h € {0 : k — 1} and a tuple m such that

Kq,ZO‘) = )‘M([:n,—k:—h—l) - Mc};)

where q := (—rev(m),q) is a permutation of {0 : h}. We call (q,h) the simple pair
associated with K 5(\).

We finish the section by recalling the definition of FPR and GFPR. We note that, although
we have assigned a special notation to denote FP and proper GFP, we will not do so with FPR
and GFPR since their construction involve too many parameters.

DEFINITION 4.29. (FPR and GPFR) Let P(\) = Zf:o AN € FIN™™. Let h €
{0: k — 1}, and let q and z be permutations of {0 : h} and {—k : —h — 1}, respectively. Let
£, and v be tuples with indices from {0 : h — 1} such that (€4, q,r,) satisfies the SIP. Let £,
and r,, be tuples with indices from {—k : —h — 2} such that (£.,z,r,) satisfies the SIP. Let
X, Y, Z and W be n x n matrix assignments for €4, rq, £, and r ., respectively. Then, the
pencil

Lp(A) = Mg, ¢ (X, Z)(AM} — MI)M;_,(WV, D) (4.8)

is called a generalized Fiedler pencil with repetition (GFPR) associated with P()\). When X,
Z, W and )Y are the trivial matrix assignments for £4, £, r, and vy, respectively, associated
with P(\), then Lp(X) is called a Fiedler pencil with repetition (FPR).

REMARK 4.30. If €,, £., r. and r, are all empty tuples, then Lp(\) = Kq ,()), that
is, Lp () is a special type of proper GFP. In particular, if z = (—k), then Lp(\) = Fq(\),
that is, Lp(\) is a Fiedler pencil. Thus, the family of GFPR contains the Fiedler pencils, the
FPR, and a subfamily of the proper GFP.

We show in Example [f.5one FPR associated with a matrix polynomial of grade 6.

EXAMPLE 4.31. Let P(\) = Y0 AN € FIN™*", letz = (—6 : —1), q = (0) and
r,=(—6:-2,—6:-3,—6:—4,—6: —5,—06). Notice that the index tuple (z,r,) satisfies
the SIP. Then, the following pencil

0 0 0 0 ~Aq Mg
0 0 0 _AG )\AG — A5 /\A5

P P P 0 0 —Ag Mg — As NAs — Ay AAy
(WM, =M )M, =] “As Mg—As AMs— A, AMy—As A

—Ag NAg—As NAs— Ay NA,—As NAs3— Ay AAs
A6 A5 AAy A3z Ao A+ A
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is a Fiedler pencil with repetition associated with P()). This pencil is the Fiedler pencil with
repetition considered in Section Moreover, it is also one of the pencils in the standard
basis of the vector space DIL(P).

We end this section presenting three structural lemmas for GFPR. But first, taking into
consideration the commutativity relations (4.2)), notice that the GFPR associated with a matrix
polynomial P(\) given by ([@.8)) can be rewritten as follows

L(A) = A[Me, v, (X, V) (M. (2) M, My (W))] = [M, (X) Mg My, (¥)Me_ v (Z,W)].

Lemma [4.20] gives some information about the block-structure of the factors that appear
in the matrix coefficients of the pencil above. This lemma follows immediately just taking
into account the range of indices in the tuples £4, €., ry, r., z and q, so its proof is omitted.

LEMMA 4.32. Let L(\) = My, ¢ (X, Z)(AM} — M(I;)Mrz,,q(W,y) be a GFPR
associated with a matrix polynomial P(\) = Zf:o A;NE € FIN™ ™. Then, the following
holds:

Mg, r,(X,Y) = Lyk—n)y © C22, for some Cag € Frhxnh

Mo, (Z)MZPMrZ W) =C11 @ Inp, forsome Cy; € Fr(k—h)xn(h—h)
Meq(X)M(erq (V) = Lyk—h—1) D D22, for some Doy € FrDxnD) g
Mg, . (2, W) = D11 @ Lynt1), forsome Dyy € Fr(k—h—1)xn(k—h—1)

In the proof of Theorem [8:I] (one of the main results in this paper), we use Lemma £.21]
where we present a structural result for the GFPR, which follows from Lemma [4.20}
LEMMA 4.33. [8, Theorem 5.3] Let P()) be an n x n matrix polynomial of grade k and

Lp(A) := ALy — Lo = Mg, ¢ (X, Z)(AM} — ME)M,_r,(W,))

be a GFPR associated with P()\). Then:
(a) L, = diag(Cy1,Ca2), where C1y is a (k— h) x (k — h) block-matrix which contains
the blocks in the matrix assignments for the tuples z, £, and r,, and Coy is an h X h
block-matrix which contains the blocks in the matrix assignments for the tuples £,
andr,.
(b) Lo = diag(D11, Da2), where Dy is a (k—h —1) x (k—h — 1) block-matrix which
contains the blocks in the matrix assignments for the tuples £, and x,, and D is a
(h 4+ 1) x (h+ 1) block-matrix which contains the blocks in the matrix assignments
for the tuples q, £, and r.
As an immediate consequence of Lemma [#.21] we obtain Lemma #.22] which will be
one of our main tools in future sections.
LEMMA 4.34. Let P(\) = Zf:o ANt € FIN™ ™ be a matrix polynomial of grade
k. Let h € {0 : k — 1} and let q be a permutation of {0 : h}. Let z be a permutation
of {—k : —h — 1} and let Lp(\) be a GFPR as in @&8). Then, the pencil Lp(\) can be
partitioned as

Dz(/\) yz(/\) 0
2z2(A) | cN) | zq(A) |,
0 yq()\) Dq()‘)

where Dg(X\) € FIA|"m*nh D, (X) € FA|nk—h=bxnlk=h=1)"¢(}\) € FA\|"*", 2,(\) €
F[A]>nE=h=D) g0 (A) € FIA™"h, y,(X) € FIA"F=A=1Xm and yo (X) € FIA""*", and

Lp(A) =
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where the pencils

S EECVRECY = [ D= vl
o= | ) By et co=[ TR |

are GFPR associated with Q()\) == ANt A, 1 + N Ay + -+ XAy + Ag and Z()\) =
NP Ay AR AL 4o NAy L + Ay, respectively. More precisely, we have

F(\) = Mg, (X)(AMZ,_| — M) M, (Y)

and

G(\) = Me(Z2) (MM}, = M )My (W)

5. Matrix pencils block-permutationally equivalent to extended block Kronecker
pencils. As we have mentioned before, the main goal of the paper is to prove that almost
all Fiedler-like pencils are block-permutationally equivalent to an extended block Kronecker
pencil. To help us with this task, we introduce in this section some useful notation and
some technical results concerning pencils that are block-permutationally equivalent to block
Kronecker pencils or to extended block Kronecker pencils.

DEFINITION 5.1. Let L(\) € F[A*"**" be a k x k block-pencil with block-entries
of size n x n. Assume that there exist block-permutation matrices 11y and 113! such that
C(N) := (I1})BL(N\)I2 is an extended (p, n, q, n)-block Kronecker pencil with k = p+q+1,
partitioned as in (3.4). We call M (X) the body of L(X) relative to (£,r,p, q), and we call the
body block-rows (resp. body block-columns) of L(\) relative to (£,r,p, q) the block-rows
(resp. block-columns) of L(\) that, after the permutations, occupy the first ¢+ 1 (resp. p+1)
block-rows (resp. block-columns) of C'()\). Additionally, we call the wing block-rows (resp.
wing block-columns) of L(X) relative to (£,r,p, q) the block-rows (resp. block-columns) of
L(\) that are not body block-rows (resp. body block-columns) relative to (£,r,p, q).

In the following example we illustrate all the notions introduced in Definition[5.1]

EXAMPLE 5.2. Let us consider again the proper GFP associated with the polynomial
P\ = Z?:o A\ € F[N"X™ considered in Section that is, the pencil

I, Mg 0o 0 0 0
M, Ms+Ay —I, 0 0 0
1o As M, Ay —I, 0
KazM = —I, 0 A, 0 0
0 0 0 —I, 0 A,
0 0 0 0 A, M+ 4

As we showed, we can transform Kq ,(\) into an (extended) block Kronecker pencil via
block-row and block-column permutations, denoted by HZ and Hg, to obtain

Mg 0 0 -I, 0 0
Ms+A; 0 0 A, —I, O
A A 0 0 A, -—I
n\B n 3 2 n n
(le) Kq,z()‘)Hrz - 0 0 AA1 + Ao 0 0 A, ’
-1, A, 0 0 0 0
0 ~I, A\, 0 0 0

which is a (2,n,3,n)-block Kronecker pencil.
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Note that the first, second, third and sixth block-rows of Kq () are its body block-rows
relative to (£,r,2,3), and the second, fourth and sixth block-columns of Kq ,(\) are its body
block-columns relative to (£,r,2,3). Moreover, the fourth and fifth block-rows of Kq ()
are its wing block-rows relative to (€,r,2,3), and the first, third, and fifth block-columns of
Kgq () are its wing block-columns relative to (€,r,2,3).

REMARK 5.3. Let L()\) € F[A]*"**" be a matrix pencil block-permutationally equiva-
lent to an extended (p,n, q, n)-block Kronecker pencil with p + q + 1 = k, and let us denote
by I} and 11}y the block-permutation matrices that transform the pencil L(\) in the ex-
tended (p,n, q,n)-block Kronecker pencil (I1§)BL(\IIZ. Let {r1,...,7p} {Tps1, -, Tk},
{c1,...,¢q}, {cq+1,. .., cr} be, respectively, the sets of positions of the wing block-rows,
body block-rows, wing block-columns and body block-columns of L(\), all relative to (£,r,p, q),
and let L1()\) == (I1})BL(\) and Ly(\) := L(A)IZ. Then, the following simple observa-
tions will be used freely.

(i) The pencils L1 () and Lo(X) are block-permutationally equivalent to the extended
(p, n, q,n)-block Kronecker pencil (I1} )5 L(A\)IIZ.
(i) The sets {1 : ¢+ 1} and {q + 2 : k} are, respectively, the sets of positions of the
body block-rows and the wing block-rows of L1 (\), both relative to (id, r, p, q).
(iii) The sets {c1,...,¢cq}, {Cqt1,...,cCk} are, respectively, the sets of positions of the
wing block-columns and the body block-columns of L1 (\), both relative to (id, r, p, q).
(iv) The sets {1 : p+1} and {p+2 : k} are, respectively, the sets of positions of the body
block-columns and the wing block-columns of La(\), both relative to (£,id, p, q).
(V) The sets {r1,...,mp}, {rp41,...,7} are, respectively, the sets of positions of the
wing block-rows and the body block-rows of Lo(\), both relative to (€, id, p, q).

The following two lemmas will be useful for the proofs of the main results of this paper.
Their simple proofs are omitted.

LEMMA 5.4. Let L1(\), La(A\) € FINJ*"*¥" be matrix pencils, and assume that there
exist block-permutation matrices 11}, Iy and Iy such that (I} )P Ly (A\)II} and (11, )5 Ly ()11}
are both extended (p,n, q,n)-block Kronecker pencils. Then, the sets of positions of the body
block-columns and the wing block-columns of L1()\) relative to (£1,r,p, q) equal, respec-
tively, the sets of positions of the body block-columns and the wing block-columns of La(\)
relative to (€2,1,p, q).

LEMMA 5.5. Let Li()\), La(A\) € FAJF"*k7 be matrix pencils, and assume that there
exist block-permutation matrices 117, 17 and 11} such that (TII})® Ly (A2 and (113)5 Ly (A)IIZ,
are both extended (p,n,q,n)-block Kronecker pencils. Then, the sets of positions of the
body block-rows and the wing block-rows of L1 () relative to (£,r1,p, q) equal, respectively,
the sets of positions of the body block-rows and the wing block-rows of Lo(\) relative to
(za r2,p, q)

In the next two subsections we include two technical lemmas that show how the multipli-
cation of pencils block-permutationally equivalent to an (extended) block Kronecker pencil
by elementary matrices, in certain situations, produce new pencils permutationally equivalent
to an extended block Kronecker pencil.

5.1. Product by elementary matrices associated with negative indices. The proof of
the main result for GFP (Theorem[3.1T]or Theorem|[7.T)) requires one key auxiliary result. This
result is Lemma [5.4] which studies the effect of left-multiplications by elementary matrices
associated with negative indices in some relevant situations.

LEMMA 5.6. Let P(\) € F[A]™*™ be a matrix polynomial of grade k, let L(\) €
F[AJF" >k be a pencil block-permutationally equivalent to a (p,n,q,n)-block Kronecker
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pencil withp + q+ 1 = k, i.e., there exist block-permutation matrices 11, I1}} such that

M) | LW'®I,
L,(A) @I, | 0

() PLOVIT =

Assume that M () satisfies the AS condition for P(N). Let {r1,....7p} {rpt1,-.. Tk}
{c1,...,¢q}, {cqt1, - - -, i} be, respectively, the sets of positions of the wing block-rows, the
body block-rows, the wing block-columns and the body block-columns of L(X), all relative
to (b,x,p,q). Letx € {1 : k—1} be suchthatk —xz+1 € {ry,...,rp} and k —x €
{rp+1,...,rk}. Define L(A) := M_,(X)L()\), where X € F"*™. Then, the following
statements hold.

(i) There exists a block-permutation matrix Hg such that

MO | LN @1,
LN ®1I, 0

()L = 5.1)

is an extended (p, n, q, n)-block Kronecker pencil whose body M () satisfies the AS
condition for P()\).
(iia) Forj=1:k ifj #k—a,k—a+1, then the jth block-row of L(\) is equal to the
jth block-row of L(X).
(ii.b) The (k — x)th block-row of L()) is equal to the (k — z + 1)th block-row of L()).
(ii.c) The set ({r1,...,mp} \ {k —a + 1}) U {k — x} is the set of positions of the wing
block-rows of L()\) relative to (£, r,p, q).
(ii.d) The set ({rp+1,...,76} \{k —x}) U{k — 2 + 1} is the set of positions of the body
block-rows of L()\) relative to (£, r,p, q).
(iii.a) Theset{ci,...,cq} is the set of positions of the wing block-columns of Z()\) relative
to (€,r,p,q).
(iii.b) The set {cq+1,-..,cr} is the set of positions of the body block-columns of Z()\)
relative to (Z, r,p,q).

Proof. Notice that the product on the left by the matrix M_, (X) only affects the (k—x)th
and the (k — = 4 1)th block-rows of L(\)II. Moreover, since the (k — « + 1)th block-row
of L(\) is a wing block-row relative to (£, r, p, q), the submatrix of L(A)II} consisting of its
(k — x)th and (k — x + 1)th block-rows is of the form

[Rl(k) Ry(A) R3(N) Ra(N) Rs(A)]
0 I, M, 0 0o |

for some matrix pencils R (A), R2(A), R3(A), R4(A) and R5(A), where some of the block-
columns containing a zero block other than the last one may not be present. This, in turn,
implies that the submatrix of M_,(X)L(M\)II? formed by its (k — z)th and (kK — = 4+ 1)th
block-rows is of the form

0 -1, M, 0 0
|:R1()‘) Ro(A) =X R3(A) —AX  Ra(N) R5()\)} '

Therefore, setting

t=1:k—-z-Lk—ao+1Lk—ak—2a+2:k)
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and introducing the block-permutation matrix H%L = IIYII, it is clear that (5.1) holds for
some pencil M (A). Furthermore, note that

M) =M\ + (e ®1,) [0 —I, A, 0 0],

for some t € {0 : ¢ 4 1}. Thus, the fact that the body of L()) satisfies the AS condition for
P()) follows from Lemma Therefore, part (i) is true. Parts (ii.a), (ii.b), (ii.c) and (ii.d)
follows from applying Lemma/5.3|to L()) and (I1}*)® L(\), together with the simple fact that
left-multiplication by M_, (X) only affects the (k — x)th and (k — = + 1)th block-rows of
L(\), and replaces the (k — x)th block-row by the (k — = + 1)th block-row. Finally, parts
(iii.a) and (iii.b) are direct consequences of Lemma[5.2] O

5.2. Product by elementary matrices associated with nonnegative indices. The proof
of the main result for GFPR (Theorem 3.12]or Theorem[8.1) requires one key auxiliary result.
This result is Lemma [5.5] which studies the effect of right-multiplications by elementary
matrices associated with nonnegative indices in some relevant situations.

LEMMA 5.7. Let P(\) € F[\"*" be a matrix polynomial of grade k, let L(\) €
F[A]*"*kn be a pencil block-permutationally equivalent to an extended (p,n, q,n)-block
Kronecker pencil with p + q + 1 = k, i.e., there exist block-permutation matrices 11y, 117
such that

M) | Ko\
KN 0 ’

()P LVIL =

where K1(\) and Ko (\) are wing pencils, and assume that M () satisfies the AS condition
for P(X\). Let {r1,...,rp}, {rps1,....mk}, {c1, ..., cq} and {cq+1, . . . , ci } be, respectively,
the sets of positions of the wing block-rows, the body block-rows, the wing block-columns and
the body block-columns of L(\), all relative to (£,r,p, q). Assume, additionally, that x is an
index such that k—x € {c1,...,cq}. Define L(\) := L(A)M,(X), where X € F"™*™. Then,
the following statements hold.

(i) There exists a block-permutation matrix 113 such that

(I3 P LT =

malier)

Ki(\) ‘ 0

is an extended (p, n, g, n)-block Kronecker pencil whose body M () satisfies the AS
condition for P(\).

(ii.a) If z = 0, the kth block-column of L()) is a wing block-column of z(/\) relative to
(€,7,p,q). _

(ii.b) If x # O, then the (k — x + 1)th block-column of L(\) is a wing block-column of
L(\) relative to (€, T, p,q), and it is equal to the (k — x)th block-column of L()).

(ii.c) If & # 0, then the (k — )th block-column of L()\) is a wing block-column of L(\)
relative to (£,T,p, q) if and only if the (k — x + 1)th block-column of L()) is a wing
block-column of L(\) relative to (£,r,p, q).

(iii.a) Forj=1:gq, ifc; # k—x,k—x+1, then the c;-th block-column on(A) is a wing
block-column of Z(/\) relative to (£,T,p, q), and it is equal to the c;-th block-column
of L(\).

(iiib) Forj=q+1:k ifc; # k—x + 1, then the c;-th block-column on(/\) is a body
block-column of L()) relative to (£, F,p, q).
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(iv.a) The set {r1,...,rp} is the set of positions of the wing block-rows of L(\) relative to
(€,%,p,q). B

(@iv.b) The set {rpy1,...,71} is the set of positions of the body block-rows of L(\) relative
to (£7F7 p’ q)'

Proof. First, let us assume that x = 0. By the hypotheses of the theorem, the kth
block-column of L(A) is a wing block-column relative to (£,r,p, ¢). This implies that the
wing block-rows of L(\) and the block-columns of L(\) other than its kth block-column are
not changed after the right-multiplication of L(\) by My(X). Thus, setting IT? = II?, we
obtain that (3.2) holds with M(\) = M (), for some matrix pencil K»()) € F[A]”qxn(q“)
Moreover, we claim that K () is a wing pencil. This claim follows from the fact that K5()\)
is obtained by multiplying K»()) by a block diagonal matrix whose diagonal blocks are I,,
except for the last one, which is equal to X, together with Proposition [2.6] Thus, part (i) is
true when @ = 0. Part (ii.a) also follows immediately. Parts (iii.a) and (iii.b) follow from
Lemma. 2|and the fact that the block-columns of L()) and L()), other than their kth block-
columns, are equal. Finally, parts (iv.a) and (iv.b) follow from Lemma[5.3]

Let us assume, now, that  # 0. By the hypotheses of the theorem, the (k — z)th
block-column of L(\) is a wing block-column relative to (£,r, p, q). Notice that the right-
multiplication of L(\) by the matrix M, (X) only affects the (k — x)th and the (k — 2 + 1)th
block-columns of L()\). Then, to prove all the results, we have to distinguish two cases.
Case I: Assume that the (k — 2 + 1)th block-column of L(\) is a body block-column of L(\)
relative to (¢, r, p, ¢). Thus, the (k —z)th and the (k — 2 + 1)th block-columns of (I} )5 L())

S

are, respectively, of the form [R(\)” O]T and [B(A)T C’()\)T]T, with B(\), R(\)
FA*a+Dxm and C'(\) € F[A]"P*". Then, set

=l:k—-z-Lk—az+Lk—zk—2a+2:k),

and let L(\) := L(M)IIZ. Notice that the submatrices of (IT3)5L()\), (II7)5L()\) and
(IT3)BL(X) formed by their (k — z)th and (k — = + 1)th block-columns are, respectively,
given by

RO BT [RO) BOW][X ] [RO)VX +B() RN

{0 C(/\)} {o C(/\)] [In o]_{ c\) 0 ] and
{R()\) B()\)} {X 1} {0 I}{R()\) R(/\)X+B(>\)].

o oWl olln o 0 )

This implies that all the wing block-columns and the wing block-rows of L()) relative to
(£, r, p, q) remain unchanged after the right-multiplication by M, (X)II}. Therefore, setting
2 := IIYII}, we obtain that holds with K5()\) = Ky(A) and M(\) = M(\) +
R\ X (el ®1,,), for some t € {1 : p+ 1}, where e; denotes the tth column of the (p+ 1) x
(p + 1) identity matrix. Note that (A;(\) ® I;,) R(A\)X = 0 since R(\) is a block-column of
the wing pencil K5(\)T. Thus, from Lemma we obtain that the pencil M () satisfies
the AS condition for P(\), and part (i) follows. Parts (ii.b), (iii.a) and (iii.b) follow from
Lemma applied to L(\) and Z()\), together with the simple fact that the only difference
between L(A) and L()\) is that their (k — :cand (k — x + 1)th block-columns are permuted.

Parts (iv.a) and (iv.b) follow from Lemma 5.3[applied to L()) and L()).

Case II: Assume that the (k — = + 1)th block-column of L(\) is a wing block-column rela-
tive to (£, 1,p, q). Thus, the (k — x)th and the (k — = + 1)th block-columns of (I1})5L(\)

are, respectively, of the form [Ry(\)T O]T and [Ro(\)T O]T, with Ri(\), Ra()) €
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F[A\]*(a+ D)% Then, notice that the submatrix formed by the (k — x)th and the (k —  + 1)th
block-columns of the pencil (T13 )5 L(\) M, (X) is given by

{Rlo(A) RQ(E)\):| LXn I(ﬂ _ [Rl()\)XOJng()\) Rlé)\)

Therefore, setting IIZ = II}!, we obtain that (5.2) holds with M (A) = M(\) and K(\)T =
Ko\ + Ri(\)X (el ® I,,), for some t € {1 : q}, where e; denotes the tth column of the
¢ % ¢ identity matrix. Since K5()\) can be written as BK()), for some nonsingular matrix
B, by Corollary K 2(\) is a wing pencil, and part (i) follows. Note that the body of z()\)
relative to (€, r, p, ) and the body of L(\) relative to (€, r,p, ¢) are the same, and therefore,
the body of L()\) satisfies the AS condition for P(X). Parts (ii.b), (iii.a) and (iii.b) follow
from Lemma applied to L(\) and L()), together with the simple fact that the (k — z)th
and the (k — x + 1)th block-columns of L(X) and L()) are permuted. Parts (iv.a) and (iv.b)
follow immediately from Lemmal[5.3]

Finally, notice that in the proofs of Case I and Case II, we have shown that the (k — z)th
block-column of L()) is a wing block-column (resp. a body block-column) of L()) relative
to (£, T, p, ¢) whenever the (k — =+ 1)th block-column of L(\) is a wing block-column (resp.
a body block-column) of L(\) relative to (€, r, p, g). Thus, part (ii.c) holds. O

6. Fiedler pencils as block Kronecker pencils. In [18, Theorem 4.5] it was proven that
all Fiedler pencils associated with a matrix polynomial P(\) are block Kronecker pencils
with bodies satisfying the AS condition for P()), after permuting some of its block-rows
and block-columns. The main theorem of this section (Theorem [6.3) gives a more detailed
description of this block Kronecker form for Fiedler pencils that will be useful to show that
almost all Fiedler-like pencils associated with P()) are extended block Kronecker pencils
with bodies satisfying the AS condition for P(\), modulo permutations. However, we warn
the reader that Theorem@]is only valid when n = m, in contrast to 18, Theorem 4.5] which
is valid also when n # m.

We start by relating the notation used in [[13] to work with and construct Fiedler pencils
with the index tuple notation introduced in Section ] To this end, we recall the notion of
consecutions and inversions of a permutation q of the set {0 : k£ — 1}.

DEFINITION 6.1. Let k be a positive integer and let q be a permutation of the set
{0:k—1}. Fori € {0: k — 2}, we say that q has a consecution at i if i occurs to the left of
i+ 1in q, and that q has an inversion at ¢ if i occurs to the right of i + 1.

Next, we relate the consecutions and inverstions of a permutation q of {0 : k£ — 1}
with the sets heads(q) and heads(rev(q)) (recall that h(t) denotes the cardinality of the set
heads(t)). In the proof of this lemma and in the rest of the section, we use the following
notation. We denote by i(q) and ¢(q) the total number of inversions and consecutions of q,
respectively. We also denote by €, and J, the set of indices at which the permutation g has a
consecution and an inversion, respectively.

LEMMA 6.2. Let q be a permutation of {0 : k — 1}. Then,

(i) i(q) = b(a) — Land ¢(q) = h(rev(q)) — 1;
(i) k— €, ={k—h:h ¢heads(q)} and k — T, = {k — h : h ¢ heads(rev(q))};
(iii) J,UC, ={0:k—2} and J,NC,=0.

Proof. Note that a permutation q of the set {0 : k¥ — 1} has an inversion at an index i if
and only if ¢ # k — 1 and 7 € heads(q); and q has a consecution at 7 if and only if i # k — 1
and ¢ ¢ heads(q), or equivalently, if ¢ # k& — 1 and ¢ € heads(rev(q)). Thus, taking into
account that k — 1 € heads(q) N heads(rev(q)), we get parts (i) and (). Moreover, part
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follows since q cannot have a consecution and an inversion at the same index and q has
neither a consecution nor an inversion at k — 1. O

Theorem@, the main result of this section, recalls that, modulo block-permutations, FP
are block Kronecker pencils, and identify the body block-rows, the body block-columns, the
wing block-rows and the wing block-columns of any FP relative to some block-permutations
that transform it into a block Kronecker pencil.

THEOREM 6.3. Let P(\) € F[A\]"*" be a matrix polynomial of degree k as in (2.1). Let
q be a permutation of {0 : k — 1} and let

Fq(A\) =AMPE, — MY

be the Fiedler pencil associated with P(\) and q. Then, there exist block-permutation matri-
ces 11 and 11} such that

M(A) ‘ L rev —1(A)T ® In
O\ = (I8 F. (VI — irev(a)] ’ 61
( ) ( l) Cl( ) r Lh(q)—l(A)®In‘ 0 ( )

is a (h(q) — 1,n,b(rev(q)) — 1,n)-block Kronecker pencil with body M (\) satisfying the

AS condition for P(\). Moreover, the following statements hold.

(@) The wing block-columns of (11§ )5 Fy(\) relative to (id, r, h(q) — 1, h(rev(q)) —1) are of
the form —e; @ I, + Aej11 ® Iy, for 1 < i < h(rev(q)) — 1, and are located in positions
k — j, where j € {0 : k — 2} and j ¢ heads(q), or, equivalently, j € {0 : k — 2} and
(q,7) satisfies the SIP.

(b) The wing block-rows of Fq(A)II} relative to (€,id, h(q) — 1, h(rev(q)) — 1) are of the
form —el @ I, + Xel, | @ I,, for 1 <i < h(q) — 1, and are located in positions k — j,
where j € {0 : k — 2} and j ¢ heads(rev(q)), or, equivalently, j € {0 : k — 2} and
(4, q) satisfies the SIP.

(c) The first block-row and the first block-column of Fq(X) are, respectively, the first body
block-row and the first body block-column of F () relative to (€,r,h(q)—1, b(rev(q))—
1). Moreover, the block-entry of M (X) in position (1,1) equals XAy, + Ag—1.

Proof. Let p := h(q) — 1 and ¢ := h(rev(q)) — 1. By [18| Theorem 4.5], and taking into
account part (1) in Lemma there exist block-permutation matrices IIj and II} such that
holds with M () with the so-called staircase pattern for AAg + Ag_1, Ak—2,..., Ao
(see Definition 4.3 and Theorem 4.5 in [18]]). Thus, the FP F () is block-permutationally
equivalent to a (p, n, ¢, n)-block Kronecker pencil. Furthermore, it is not difficult to check
that the staircase pattern of M (\) implies that it satisfies the AS condition for P(\).

We now prove parts (a) and (b). It is clear, by (6.I), that the wing block-columns of
(I13)B Fy () relative to (id, r, p, q) are of the form —e; ® I,, + Ae;41 ® I, for some i < g,
and that the wing block-rows of Fiq(\)II? relative to (£, id, p, q) are of the form —e! ® I,, +
)\eiTH ® I, for some 7 < p. This implies the first claim in parts (a) and (b).

To prove the second claim in parts (a) and (b), notice that the wing block-columns of
Fy(X) relative to (£, r, p, q) and the wing block-columns of (I15)5 Fy, ()) relative to (id, r, p, q)
are in exactly the same positions. Similarly, the wing block-rows of Fg () relative to (¢, r, p, q)
and the wing block-rows of Fg(A)II? relative to (£,id, p, ¢) are located in exactly the same
positions (see also Remark . Thus, to prove the second claim in parts (a) and (b), we
just need to identify the wing block-rows and the wing block-columns of Fi () relative to
(,r,p,q). By Lemma the block-columns (resp. block-rows) of M, 5 of the forme; ® I,
(resp. eI’ ® I,,), for some 1 < i < k, are precisely those not in positions k — heads(q) (resp.
not in positions k& — heads(rev(q)) or, equivalently, by part (ii) in Lemma those in posi-
tions k — &, (resp. k —J,). Taking into account part (c) in Lemma the set of positions of
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the block-columns of the form e; ® I,, and the set of positions of the block-rows of the form
el’ ® I,, are disjoint and their union is {2 : k}. Since MF, = A, & I, (1—1), the blocks of
MP, in positions (i,), with i € {2 : k}, are of the form AI,,. Thus, the block-columns (resp.
the block-rows) of Fyg(X) of the form —e; ® I, + Xej @ I,, (resp. —e] @ I, + Ae] @ I,) for
some i, j € {1 : k} are precisely those in k — &, (resp. k — J,). Hence, the second claim in
parts (a) and (b) follows. The equivalent condition for the position of the wing block-rows and
the wing block-columns in terms of tuples satisfying the SIP property follows from Lemma
[.13]and the definition of reversal tuple.

To prove part (c), notice that, since kK — 1 is the largest index in q, we have k —
1 € heads(q) N heads(rev(q)). Therefore, by parts (b) and (c), the first block-row and
the first block-column of F(\) are not, respectively, a wing block-row of Fg(A)II} rela-
tive to (£,id, p, q), or a wing block-column of (I13)5 Fy () relative to (id,r,p,q). Since
the positions of the wing block-rows (resp. the wing block-columns) of Fq(A)II7 (resp.
(IT)BFy(X)) are the same as the positions of the wing block-rows (resp. wing block-
columns) of Fy(\), the first claim in part (c) follows. The second claim follows from the
fact that M () follows the staircase pattern for NAg + Ag—1, Ag—2,..., 4. O

REMARK 6.4. We note that part (c) in Theorem[6.3|implies that the block-permutations
1} and 11} in (6.1)) are, respectively, of the form I, 112 and I, @Hg, for some permutations

T and £ of the set {1 : k — 1}.

7. The proper GFP as block-Kronecker pencils. In this section, we prove that the
proper GFP are, up to permutations, block Kronecker pencils. The precise statement of this
result is Theorem [7.1] however, we postpone its proof to subsection

Recall from Remark [4.6]the concept of a simple pair associated with a proper GFP.

THEOREM 7.1. Let P(\) = Zf:o AN € FIN™ ™ be a matrix polynomial of grade k,
and let

Kqz(\) =AM} — M7

be the proper GFP associated with P(\) and (q, z). Let (q, h) be the simple pair associated
with Kq z(X). Then, there exist block-permutation matrices 11y and 11} such that

R T
(HZL)BK%Z()\)H:L _ M()‘) ‘ Lh(rev(q))-‘rk—h—Q()‘) ® I (7.1)

L Ly@- 1 (N @ I | 0

isa (h(Q) — 1,n,h(rev(Q)) + k — h — 2,n)-block Kronecker pencil, where the body M ()
satisfies the AS condition for P(\). Moreover, setting p := h(q) — 1 and q := h(rev(q)) +
k — h — 2, the following statements hold.
(a) The wing block-columns of (I1})B Ky 4()\) relative to (id,r,p, q) are of the form
—e; @I, + Aejy1 ® I, for some 1 < i < q, and are located in positions j € {1 : k}
such that (q,k — j) and (z + k, j — 1) satisfy the SIP.

(b) The wing block-rows of Kq (AN relative to (€,id,p, q) are of the form —el ®

I, + )\eiTJrl ® I, for some 1 < i < p, and are located in positions j € {1 : k} such
that (k — j,q) and (j — 1,z + k) satisfy the SIP.

REMARK 7.2. We note that Theorem together with Theorem implies that the
(extended) block Kronecker pencil (115)B K ,(\)IIZ in is a strong linearization of the
matrix polynomial P(\) = Zf:o AN

We start by showing that Theorem [7.1] holds for a subfamily of proper GFP.

THEOREM 7.3. Let P(\) = Zf:o A;NE € FIN™ ™ be a matrix polynomial of grade
k. Let h € {1 : k — 1}, let q be a permutation of the set {0 : h}, and let Ky ,()\) be the
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following proper generalized Fiedler pencil
P P
K Q,z (/\) AMZ k:—h—1 M

associated with P(X). Then, Theorem|7 1| holds for Kq ().

Proof. Let z = (—k : —h — 1). First note that the simple pair associated with Kq ()
is (g, h). By applying Lemmato the pencil K (), which is a also a GFPR, we obtain
that Kq’z()\) can be partitioned as follows

D,(N) | yz(M) | 0O
Kqz(N) = | 2z(A) | c¢(N) | zq(N) |,
0 | yq(A) | Dg(N)

where Dz()\) c F[/\](kfhfl)nx(kfhfl)n7xz()\) c F[)\] X(k—h—1)n Uz ( )
Dg(N) € FIA™Xnh g () € FIA™ %, gy (X) € FA™*™ and ¢()) €
over, Lemma[4.22]also tells us that the pencil

ez
FY = {qu qu]

F[ ](kfhfl)nxn
F[A\]™*"™. More-

is a Fiedler pencil associated with the matrix polynomial Q(\) := N1 Ay, + A" A +-- -+
AA1 + Ag since F(\) = )\M?hfl — Mg?. Similarly, the pencil

o = ) )

is a proper GFP associated with the matrix polynomial Z()\) := \¥=" Ay + A\F=h=14, | +
<+ AMp41 + Ap, since G(\) = )\M}?szil — M(?. Furthermore, a direct matrix multipli-
cation similar to the computations necessary to prove Lemma 4.3 shows that

ANAL
A1
|:l;zz((;\\)):| = Lk,hfl()\)T & In, and |:ycz((>\/\)):| =
AMpyo
Apy1 + Ay

Next, applying Theorem|[6.3]to the pencil F'(\) and to according Remark[6.1] we deduce
that ¢(A) = AAp41 + Aj, and obtain that there exist block-permutation matrices I, =
I, ® Iz and 1y, = I, ® II; such that

g

IF()\)Hrl _ 1, 0 ] [)\Ah+1 + Ay ()\)

0 m) [T Daiy
M) Lm(A)T@ﬂ

LN @1, | 0

[ A+ A (N | Ly (N @ I
ma(A) MQ) | LyN"®1,

| LNeL, L,el, 0
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isa (p, n, q1,n)-block Kronecker pencil for Q(X), withp = h(q)—1 and ¢; := h(rev(q))—1.
Then, notice that

I(k—h—l)n Dz(>\) yz()\) 0 I(k‘—h—l)n
I, 5 :L‘z()\) )\Athl + Ay .’L‘q()\) 1, =
17 0 Ya(A) Dqg(N) Iz |
Dz(X) Yz(A) 0 0 ]
Tz(A)  AApgr+ Ap TIL\}(/\) {th (/\)T ® In,
0 me) M) LyWT el
0 LNeL LWl 0o |
(7.2)

which is block-permutationally equivalent to the matrix pencil

Yz(A) 0 D,(\) 0
AMpi1 + Ap T/@O‘) 25(\) {Lh (/\)T oI,
ma(A) M) 0 LyWN'®I, |- (1.3)
tp(N) ® I zp()\) ®I, 0 0

Thus, there exist matrix permutations I1% and IT? such that (IT})5 K , (M) is a (p,n, q1 +
k — h — 1)-block-Kronecker pencil with body

Ya(N) 0
H\) = [Mpr +Ap ma(N)
mz()\) M()‘)

To prove that the pencil H () satisfies the AS condition for P(\), we decompose H (\) as

Yz(A) 0 0 0
0 0+ My +Ar mi(N)],
0 0 ma(\)  M())
Hi(N) Hay()\)

and notice that
AS(H,s) = AS(Hy,s) + AS(Hz,s) = A,, fors=0:k,

which follows from the structure of the block-vector (), the fact that the body of II§ F(M)IL,,
satisfies the AS condition for Q(\), and the linearity of the antidiagonal sum.

To prove part (a) of Theorem notice first that Theorem [6.3] implies that the wing
block-columns of the FP F'(A) relative to (£1,r1,p, ¢1) are in positions A + 1 — j, where
j €40:h—1} and (q,j) satisfies the SIP. Then, notice that, for ¢ := ¢ + k — h — 2, the
wing block-columns of (I1})5 K, ,()) relative to (id, r, p, q) are in positions {1 : k — h —
1BJUu{(k—h—1)+h+1—4:i€{0: h—1} and (q, ) satisfies the STP}, or equivalently,
in positions

{1:k—h—-1}U{j: je{k—h—1:k}and (q,k — j) satisfies the SIP}.

Note also that, in this case,z+ k = 0: k — h — 1 and (z + k, s) satisfies the SIP if and only
if s € {0 : k—h—2}. Moreover, we observe that all the wing block-columns are of the form
—e; @I, + Aejr1 ® I, for some 1 < ¢ < ¢, which implies part (a).
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Finally, to prove part (b), recall from Theorem that the wing block-rows of F'()\)
relative to (1,11, p, g1) are located in positions h + 1 — j, where 7 € {0 : h — 1} and (5, q)
satisfies the SIP. Then, notice that, no index s is such that (s, z + k) satisfies the SIP and the
wing block-rows of K (M)} relative to (£, id, p, q) are located in positions

{(k—=h—=1)4+h+1—j: j€{0:h—1}and (j,q) satisfies the SIP}

and have the desired form, which implies part (b). O

7.1. Proof of Theorem Armed with Lemma [5.4] and Theorem we are in a
position to prove Theorem|7.1

Proof. (of Theorem Recall from Remark [4.6] that the proper GFP K ,()) can be
written in the form

Kq,Z()‘) = Mrlrjl()‘Mfk::fhfl - MEII\D)v

where § = (—rev(m), q) is a permutation of {0 : h}, and m is a tuple with indices from
{=1: —h}. Additionally, let us introduce the notation m = (—is, —i5_1,...,—i1) for the
indices of the tuple m, and let us write

Kq,z(/\) = M(}iis,—is,l,...,—il)(/\Mfk':—h—l - M(Ijl,.“,is,l,is,q))' (74)
The proof proceeds by induction on the number s of factors in M F . When

(=isy—fs—1,000,—101)
s = 0, we have the pencil A\M ¥, | — MZ. In this case, the result follows from Theorem
Assume, now, that the result is true for the proper GFP

L(N) ::M(P—is,l,“.,—il)(AMfk:—h—l - M(I;,
P P
AM(Z5 i —ki—h—1) — M, q)
and let us show that the result is true for the pencil Kq(\) = MZE, L(X). Since (q,h)
is also a simple pair associated with L(\), the inductive hypothesis implies that there exist
block-permutation matrices H%L and II7! such that

(I12) P LTI = M'(N) | Lygev@sr-n2(N" @ In 75

Lyg)-1(0) @ I, | 0 ’

is an extended (p, n, ¢, n)-block Kronecker pencil, whose body M’ () satisfies the AS condi-
tion for P(\), where p = h(q)—1 and g = h(rev(q))+k—h—2. To prove that the result holds
as well for K 5()), we will apply Lemmal5.4] so we start by showing that the (k —i,)th and
(k—is+1)th block-rows of L()\) are, respectively, a body block-row and a wing block-row of
L()) relative to (€, r, p, q). First, notice that (i, (is,q)) does not satisfy the SIP. Thus, part
(b) of the inductive hypothesis implies that the (k — i)th block-row of L()) is a body block-
row relative to (Z, r,p,q). Next, notice that each index in {0 : k} appears either in the tuple
(is—1,.-.,%1,k : h+1) orin the tuple (is, q), and it appears in those tuples at most one time.
This, in turn, implies that both (is—1, (45, q)) and (k—is, (k—45—_1,...,k—i1,0 : k—h—1))
satisfy the SIP. By part (b) of the inductive hypothesis, it follows, then, that the (k —is + 1)th
block-row of L()) is a wing block-row relative to (£, r, p, q). Therefore, by part (i) of Lemma
[5.4 there exist block-permutation matrices 1T} and IT} such that holds with a body
M () satisfying the AS condition for P(\).
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Now, we show that parts (a) and (b) hold for Kq ,(\). To this end, we introduce the
notation t := (k — i5-1,...,k — 41,0 : Kk — h — 1). Notice that z + k = (m,—k :
—h — 1)+ k = (k — is,t). We start by proving part (a).

Let us denote by {c1,...,c,} the set of positions of the wing block-columns of L(\)
relative to (Z r,p, q). From parts (iiia) and (iiib) of Lemma we obtain that {c1,...,¢4}
is also the set of positions of the wing block-columns of K ,(\) relative to (¢, r, p, ¢). Since
L(\) and K ,()) have the same number of wing block-columns and are located in the same
positions, part (a) for Kq () follows from part (a) for L(\) (which holds by the inductive
hypothesis) if we prove that the tuples (q,k — j) and ((k — is,t),j — 1) satisfy the SIP if,
respectively, the tuples ((is,q),k—j) and (t,j — 1) do. So, let us assume that ((is,q), k — 5)
and (t,j — 1) satisfy the SIP for some j € {1 : k}. The assumptions clearly imply that the
tuple (q, k—j) satisfy the SIP, since this is a subtuple of consecutive indices of ((is,q), k—j).
Then, notice that, since (t,j — 1) satisfies the SIP, since each different index of t appears
only one time in t, and k — i; ¢ t, to prove that the tuple ((k — is,t),j — 1) satisfies the
SIP, it is only necessary to check the case j = k — i5 + 1, that is, we have to prove that
(k —is,t, k — i) satisfies the SIP when ((is,q), s — 1) and (t,k — i5) satisfy the SIP. The
proof proceeds by contradiction. Assume that ((is,q),%s — 1) and (t,k — i) satisfy the
SIP and that (k — is,t,k — i5) does not satisfy the SIP. The latter assumption implies that
k —is+ 1 ¢ t, which, in turn, implies that i, — 1 € q. Since each different index in (is, q)
appears only once, the statement ¢; — 1 € q implies that ((is,q),¢s — 1) does not satisfy the
SIP, which contradicts our assumptions. Thus, (a) follows.

Finally, we prove that part (b) is true. Let us denote by {ry, ..., 7, } the set of positions
of the wing block-rows of L(\) relative to (Z, r,p,q), and recall that k — is & {r1,...,7p}
and k —is+1 € {r,...,rp}. From parts (ii.c) and (ii.d) of Lemma we obtain that the
set of positions of the wing block-rows of K ,()) relative to (£,r,p,q) is ({r1,...,rp} \
{k—is+1}) U{k —is}. Since L(\) and Kq()) have the same number of wing block-
rows, part (b) for K ,()) follows from part (b) for L(\) (by the inductive hypothesis) if
the following three statements hold: (i) since k — i, is the position of a wing block-row of
Kq.(A) relative to (€, r, p, ), the tuples (i, q) and (k — 35 — 1, (k — is,t)) satisfy the SIP;
(i) since k — is + 1 is not a wing block-row of K ,(\) relative to (£,r,p, ¢), one of the
following tuples (is — 1,q) and (k — is, (k — is,t)), or both, does not satisfy the SIP; (iii)
when j # k — is,k —is + 1, if the tuples (k — j, (is,q)) and (j — 1, t) satisfy the SIP, then
(k—j,q) and (j—1, (k—is,t)) also satisfy the SIP. Since (i) and (ii) are immediate to prove,
we focus on proving (iii). Assume that (k — j, (4s,q)) and (j — 1, t) satisfy the SIP, and let
j#k—is,k—is+ 1. First, if j # k — i5 — 1, then the tuple (is,k — j,q) ~ (k — 7,45, 9)
satisfies the SIP, which, in turn, implies that its subtuple (k — j, q) satisfies the SIP as well.
Second, if j = k — i, — 1, the assumption that (i5 + 1, (is, q)) satisfies the SIP, together with
the fact that each different index of (is,q) appears only one time, implies that (is + 1, q)
satisfies the SIP as well. Finally, since k —is ¢ tand j — 1 # k — ig, k —is — 1, we
immediately obtain that (j — 1, (k — 4s, t)) satisfies the SIP. O

8. The GFPR as extended block Kronecker pencils. We prove in this section that all
GFPR associated with a matrix polynomial P()) are, up to permutations of block-rows and
block-columns, extended block Kroneckers pencils with bodies satisfying the AS condition
for P(\). This result is stated in Theorem 8.1} which is one of the main results of this paper.
However, we postpone its proof to Section

THEOREM 8.1. Let P(\) = Zf:o A;NE € FIN™ ™ be a matrix polynomial of grade k,
and let

Lp(A) = Mg, 6. (X, 2)AM — Mg )My x, OV, D) 8.1)
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be a GFPR associated with P(\). Then, there exist block-permutation matrices Iy I such
that

[ M) [ KT
LK) 0

(Ig) P Lp(WILY

is an extended (h(q) + h(k + z) — 2,n, h(rev(q)) + h(rev(k + z)) — 2, n)-block Kronecker
pencil, whose body M () satisfies the AS condition for P(X). Moreover, if K1 (\) and K2()\)
are minimal bases, then (I1})5 L p(A\)II? is a strong linearization of P(\).

REMARK 8.2. We note that the fact that (I1})BLp(\IIZ is a strong linearization of
P(X) if K1(X) and K2 () are minimal bases follows from Theorem[3.7] Thus, in this section,
we focus on proving the first claim in Theorem|[8.1]

The main idea behind the proof of Theorem [8.1]is that right multiplications by elemen-
tary matrices preserve, in some relevant cases, the property of being block-permutationally
equivalent to an extended block Kronecker pencil whose body satisfies the AS condition for
some P()), as we showed in Lemma[5.5] With this result, next we present and prove The-
orems [8.2] and which will be key to prove Theorem Theorems [8.2] and [8.3] can be
seen as particular instances of the general result in Theorem [8.1]together with some structural
information concerning block-rows and block-columns of the particular GFPR they focus on.

THEOREM 8.3. Let P(\) € F[A]™*" be a matrix polynomial of grade k > 2. Let q be a
permutation of {0 : k — 1} and let

Lp(X) = Mg, (X)(AME, — ME)M, (),

be a GFPR associated with P(\). Then, there exist block-permutation matrices IIj and TI}
such that

M) | KoM
KN | 0 ’

(I1)BLp(NIL = (8.2)

is an extended (h(q) — 1,n,h(rev(q)) — 1,n)-block Kronecker pencil, whose body M (\)

satisfies the AS condition for P(X). Moreover, the following statements hold.

(a) The first block-row and the first block-column of Lp(\) are, respectively, the first body
block-row and the first body block-column of L p(\) relative to (€,r,h(q)—1, h(rev(q))—
1). Moreover, the block-entry of M (X) in position (1,1) equals AAy, + Ag—1.

(b) The wing block-columns of (I13)B L p(\) relative to (id, r,h(q) — 1, h(rev(q)) — 1) of
the form —e; @ I, + Aej11 ® I, for 1 <i < b(rev(q)) — 1, are precisely those located
in positions k — j, where j € {0 : k — 2} and j ¢ heads(€,,q,r,), or, equivalently,
j€{0:k—2}and (£4,q,1r4,j) satisfies the SIP.

(c) The wing block-rows of Lp (AL} relative to (£,id, bh(q) — 1, h(rev(q)) — 1) of the form
—elI'el, + )\ea_1 ® I, for 1 <1i < b(q) — 1, are precisely those located in positions
k —j, where j € {0 : k — 2} and j ¢ heads(rev(r,),rev(q),rev(€y)), or, equivalently,
Jj€{0:k— 2} and (vev(ry),rev(q),rev(£y,), j) satisfies the SIP.

Proof. Letp := h(q) — 1 and ¢ := h(rev(q)) — 1. We prove the result by induction on
the number of indices in £, and in r,. If both £, and r, are empty, then Lp()) is a Fiedler
pencil and the result follows by Theorem [6.3]

Assume that £, is such that the result holds for £, and for tuples rj, with at most ¢ indices,
with t > 0. The case of Fiedler pencils above demonstrates that some such £, and t exist,
namely, £, = @ and ¢t = 0. Now, suppose that r, = (r;,x) has ¢ + 1 indices, where
z€{0:k—2} Let Y = ()',Ypy) be an n x n matrix assignment for r,, where )’ and
Yy are, respectively, the matrix assignments for rfI and z induced by ), and let L'()\) :=
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Mg, (X)(AME, — ML )My, (Y'). Since ry has ¢ indices, by the inductive hypothesis, there
exist block-permutation matrices II7, and IIy such that

8.3)
is an extended (p, n, ¢, n)-block Kronecker pencil whose body M’()\) satisfies the AS con-
dition for P(X). Since the index tuple (£,, q,ry, x) satisfies the SIP, by (b) applied to L'()),
the (k — z)th block-column of L’()) is one of its wing block-columns relative to (€, x’, p, ).
Thus, by Lemma [5.5] there exists a block-permutation matrix II}* such that (8.2) holds, with
M (A) satisfying the AS condition for P()).

Now, we prove part (a). By (iv.b) of Lemma together with part (a) for L'(\) (by
the inductive hypothesis), we deduce that the first block-row of Lp(\) is a body block-row
relative to (£, r, p, q). Since z < k — 2, by (a) for L'()) and by part (iii.b) of Lemma[5.5] the
first block-column of Lp () is a body block-column relative to (£, r, p, q). Moreover, since
the right-multiplication by the matrix M, (Yy) does not affect the first block entry of L’(\)
because x < k—2, the block-entry of M () in position (1, 1) equals AAy + Ay_1. Therefore,
part (a) is true for Lp(\).

Next, we prove part (b). We have to distinguish several cases.

Assume, first, that x = 0. Then,

M7)PLp(N) = (TT})P L/ (\) Mo (Yo) = |
[

where N1 () consists of the first & — 1 block-columns of (IT?)2L’()) and, hence, u()\) is
the kth block-column of (ITI})5L/(X). Part (iii.a) in Lemma implies that the wing block-
columns of Lp()) relative to (£,r,p,q) and the wing block-columns of L’(\) relative to
(£,1’, p, q), other than the kth block-column, are equal and are located at the same positions.
Thus, the wing block-columns of (TI})®Lp () relative to (id, r,p, ¢) and the wing block-
columns of (IT})BL/()) relative to (id,r’, p, q), other than the kth block-column, are equal
and are located at the same positions as well.

Since 0 is an index of Type Il relative to (£, g, r/,) by Proposition and in view of
Remark [4.3]

AN | ud) | Tng—1) ® Yo) (8.4)
N | uNYy |, (8.5)

Ny ( )
Ni( )

heads(€,, q, 1y, z) = heads(£,, q, 1)) U {z}.

This, together with Lemma [{.13] and part (iii.a) of Lemma [5.5] implies that, for part (b) to
hold for Lp(\), we only need to show that the kth block-column of (IT)5Lp () is not of
the form —e; ® I, + Ae;+1 ® I,,. Notice that the induction hypothesis and (b) imply that the
kth block-column of (H?)BL’()\) is of the form —e; ® I, + Ae; 11 ® I, forsome 1 < i < g,
which, in turns, implies that the kth block-column of (IT})5L () is not generically of the
form —e; ® I, + Aejy1 ® I,,.

Assume, now, that x # 0. We have

(IF)PLp(N) = (I7)° L' () M, (Yo) (8.6)
= [ M) [ U | oY) ] Ty @ HO Ig}@fﬂ(w_n) (8.7)

_ [ oy | ooy sz I ] No()) } (8.8)
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where N1(A) and Na(\) consist, respectively, of the block-columns 1 : k¥ — z — 1 and
k—ax+2: kof (II})BL/(X\). Let us denote by u;()\) and uz()\) the first and second
block-columns of U (), which are, respectively, the (k — x)th and the (k — = + 1)th block-
columns of (II}')5L’(X). Since (€4, q, ), x) satisfies the SIP, by the inductive hypothesis, the
(k—x)th block-column of (IT})BL/(X), thatis, u1 (), is a wing block-column of (IT})5L/())
relative to (id,r’, p, q) of the form —e; ® I, + Ae; 11 ® I, with i < g. Observe also that
the second block-column uj(X) of U(A) [ }° %], which is the (k — = + 1)th block-column
of (H?)BLP()\), equals uj () and, therefore, it is of the form —e; ® I, + Ae;11 ® I,,, with
i < q. Moreover, the first block-column u} (\) of U(X) [}i‘z Ig’], which is the (k — z)th
block-column of (I1})5 L p(N), equals ua(A) + u1(A)Yo. Thus, the (k — x)th block-column
of (TII7)BLp () is, generically, not of the form —e; ® I, + Aejy1 @ I,.

We consider two cases, namely, the index x is a Type I or a Type II index relative to the
tuple (£4, q, 7).

Case I: Assume that z is a Type I index relative to (£, q, 7). In view of Remark

heads(£,, q, r;, z) = (heads(£,, q, r;) U{z}) \{z -1}

This, together with Lemma and part (iii.a) of Lemma @] implies that, for (b) to hold
for Lp()\) we only need to show that the (k — z)th block-column of (IT})BLp () is not of
the form —e; ® I,, + Ae;41 ® I, (which we already proved above) and the (k — 2 + 1)th
block-column is a wing column of the form —e; ® I,, + Ae; 1 ® I,,, which follows from (ii.b)
in Lemmal[3.3] and the comments above.

Case II: Assume that = is a Type II index relative to (£,,q, ;). In view of Remark

heads(€,, q, 1y, z) = heads(£,, q,r,) U {z}.

This, together with Lemma [{.13] and part (iii.a) of Lemma [5.5] implies that, for part (b) to
hold for Lp(\), we only need to show that the (k — z)th block-column of (II?)5Lp () is
not of the form —e; ® I, + Ae;4+1 ® I,,, which we already proved above.

Finally, we prove part (c). Notice that part (iv.a) in Lemma [5.5] implies that the wing
block-rows of Lp()) relative to (£,r,p,q) and the wing block-rows of L’(\) relative to
(£,x',p,q) are located at the same positions. This, in turn, implies that the wing block-
rows of L'(A\)IIZ relative to (£,id,p,q) and the wing block-rows of Lp(A)II} relative to
(£,id, p,q) are located also at the same positions. Moreover, in view of and (83),
the wing block-rows of L’(A\)IIZ and Lp(A)II} are equal. Additionally, Lemma [4.15]im-
plies heads(z,rev(ry),rev(q),rev(£,)) = heads(rev(r]),rev(q),rev(£,)). Thus, j €
heads(x, rev(ry,), rev(q), rev(€,)) if and only if j € heads(rev(r} ), rev(q), rev(£,)). This,
together with Lemma[4.13] implies part (c).

It now follows that, when this lemma holds for a GFPR of the form My, (X)(AMZ, —
ME), then it also holds for My, (X')(AME,—MZE) M, (J) for arbitrary r, such that (£,, q,r,)
satisfies the SIP and arbitrary matrix assignment ). Since this lemma holds for Fiedler pen-
cils \M*, — ML, we have proven that it holds for (AM*, — ML) M, (Y) for arbitrary r,
such that (q, r,) satisfies the SIP and arbitrary ). We have to show that the lemma holds for
Mg, (X)(AME, — M) M, (), when £, # (. To this end, let Q()) be a GFPR associated
with P()\) for which this lemma holds. We now show that this lemma also holds for Q(\)5.

Let I1% and I1? be block-permutation matrices such that (II})5Q(A)II? is an extended
(p,m, g,n)-block Kronecker pencil whose body satisfies the AS condition for P()\) parti-
tioned as in (3.4). Then,

(MHEQI)E = (I2)BQ(A)PIT) =

MNP | Ky()®
(KsWF |0 ]
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It is not difficult to show that the pencil above is an extended (¢, n, p, n)-block Kronecker
pencil. Moreover, since block-transposition maps each antidiagonal of a block-matrix into it-
self, the pencil M ()\)Z satisfies the AS condition for P()), as M ()) does. Property (a) holds
for Q()\)B because its block-rows and block-columns are, respectively, the block-columns
and the block-rows of Q (), for which property (a) holds by assumption. Furthermore, prop-
erties (b) and (c) for Q(\) imply, respectively, that properties (c) and (b) hold for Q()\)5.
Now, since this lemma holds for Q(\) = (AME, — MZ)M,, (Y) as noted above, it also
holds for Q(\)B = Miey(r,) (rev(Y))AME, — ME ) (recall Lemma . Consider

rev(q)
some arbitrary £, such that (£, q,r,) satisfies the SIP and an arbitrary matrix assignment

X for £,. By the comments above, this lemma also holds for Mey(y,)(rev(Y))(AME, —
M () Mrev(e,) (rev(X)), and hence for Me, (X)(AM L), — Mg') My, (Y). This establishes
the lemma for arbitrary £, and r. O

REMARK 8.4. We note that part (c) in Theorem implies that the block-permutations
I} and 11} in (8.2) are, respectively, of the form I,, ®1IZ and I,, @H%’ for some permutations
T and € of the set {1 : k — 1}.

Another auxiliary result to prove Theorem [8.1]is Theorem 8.3] In the proof of this result,
we will make use of the following properties of elementary matrices:

Ry nM;(B)Rkn = M_j1,(B), fori=0:k—1andarbitrary B, (8.9
Ry M_;(B)Ry,, = My_;(B), fori=1:k and arbitrary B, (8.10)
where R; ,, is the block sip matrix defined in (2.5). Moreover, to keep the notation simple,

we will omit the second index of R, ,, and just write R, since it is going to remain constant
and equal to n throughout the whole proof.

THEOREM 8.5. Let P(\) = Z?:o AN € FIN™ ™ be a matrix polynomial of grade
k > 2. Let z be a permutation of {—k : —1} and let
Lp(A) = Mg (2)(AM, — Mg )My (W),

be a GFPR associated with P(\). Then, there exist block-permutation matrices II}} and II7}
such that

C(\) == II})ELp(N)I2 =

0 | Li(\) } (h(k+z)—1)n

LQ()\)T ‘ N()\) h(rev(k+z))n 8.11)
—— ——

(h(rev(k+z))—1)n bH(k+z)n

where the pencil N () satisfies the AS condition for P()\), and where L1(\) and Lo(\) are
wing pencils. Moreover; the last block-row of C()) is the last block-row of (113 )8 L p(\), and
the last block-column of C()) is the last block-column of Lp(N)IIY, respectively. Addition-
ally, the block-entry of N () in position (h(rev(k + z)), h(k + z)) equals NA1 + Ay.

Proof. Let P()\) := rev(—P(\)) = Y% — A\ and let Lp(\) =: ALy — Lo. Let
us consider the pencil

L()\) :=Ryrev(—Lp(N)) Ry = ARy LoRy, — Ry L1 Ry =
AR My, . (Z,W)ME Ry, — R Me_(Z2)M} M,_(W)Ry.

Since z is a permutation of {—k : —1}, there exists a permutation q of {0 : kK — 1} such
that z = —k + q. Taking into account (8.9)-(8.10) and the fact that R}, is nonsingular with
R ' = Ry, itis not difficult to see that

L) = Miye. (2)AME, = ME) My (W),
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which is a GFPR associated with P()). Notice that if (£.,z,r.) satisfies the SIP, so does
k+ (£.,z,r,). By Theorem there exist block-permutation matrices IIj, and II}, such
that

_ M) | KT
LK) 0

() PL(M)IT;, (8.12)

is an extended (h(q) — 1,n, h(rev(q)) — 1,n)-block Kronecker pencil, whose body M ()

~

satisfies the AS condition for P(A). Then, notice that

— rev(Rp(II3) LI Ry, ) = — rev| Ry (I13) 2 Ry rev(—L(\)) R 117 Ry,
= rev[(Ry, (5B Ry) rev(L(\)) (R 1% Ry,)]
= (Rx(113)" Ry) L(N) (RyILY Ry,)
= () Lp(N)ITY,

where 11y := Rilly Ry and II7! := R,II7, Ry are block-permutation matrices. On the other
hand, setting p := h(q) — 1 and ¢ := h(rev(q)) — 1, from (B:12), we get

T T
~rev(Ry (1) B Ry ) = — rev <Rk { [J\é(a)) KQE)A) } Rk>
_ [ 0 —rev(R,K1 (M) Rpy1) }
_reV(RqKQ()\)Rqul)T —reV(RqulM()\)Rerl)

Note that, if K(\) is a wing pencil, then —rev(RK(A)R) is also a wing pencil. Thus,
letting N(A\) := —rev(Rgp1 M (AN Rpt+1), L1 (A) :== —rev(R,K1(A)Rpt1) and La(N) :=
—rev(R,K2(\)Ry+1), we obtain that holds.

Writing M (\) = AH1+Hy, next, we show that N(\) = —ARq+1HoRp+1—Rgr1Hi1Rp 11
satisfies the AS condition for P()\). As shown above, the pencil M (\)isa (¢+ 1) x (p+ 1)
block-pencil with blocks of size n x n, since (1}, )? E()\)Hf, is an extended (p, n, g, n)-block
Kronecker pencil. Moreover, p + ¢ + 1 = k and M (\) satisfies the AS condition for f’()\)
We observe that [Rg+1M (AN)Rpt1li; = [M(MN)]g+2—ipt+2—;. Thus, using the notation in
Definition[3.6] we have

AS(N,s)= > [-RepHoRpualij+ Y. [~RepiHiRypali
itj=kt2—s itj=ktl—s

=— Z [Holg+2—ip+2—j + Z [Hilg42—ipta—j
itj=k+2—s itj=k+1—s

=- > (Holi,; + > [Hilij ¢ = —(—Ak—(h—s)) = As,

i+j=k+1—(k—s) i+j=k+2—(k—s)

where the third equality follows using the fact that p + ¢ + 1 = k and the fourth equality
follows from the fact that M () satisfies the AS condition for P(\).

Finally, notice that, by part (a) in Theorem [8:2] the first block-row and the first block-
column of the pencil L(\) are, respectively, the first block-row and the first block-column of
the pencil (HZ,)BE()\)H;%, and the block-entry in position (1,1) of M(\) is —AAy — A;.

Since N(\) = —rev(Ry41 M (X)Rp41), the block-entry in position (¢ + 1,p + 1) of N(X)
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is AA; + Ag. Moreover, since Lp(\) = —rev(R,L(A\)Ry) and C(X) = (MH)ELp(N)OR =
- rev[Rk(H})BE(A)Hﬁ, Ry], the claim about the last block-row and the last block-column
of Lp(A) and C () follows. O
We will refer to pencils as in (8:11)) as a reversed extended block Kronecker pencils.
REMARK 8.6. We note that Theorem [82|implies that 11" and 11} in §.T1) are, respec-
tively, of the form 112 ® I, and H%’ @ I,,, for some permutations v and € of the set {1 : k—1}.

8.1. Proof of Theorem 8.1} Armed with Lemma [#.22] together with Theorems [8.2] and
[83] we are in a position to prove Theorem 8.1]

Proof. (of Theorem Let P(\) = Zf:o A" € F[A]™™"™ be a matrix polynomial of
degree k. Let h € {0 : kK — 1} and let g be a permutation of {0 : h}. Let z be a permutation
of {—k : —h — 1} and let Lp(\) be a GFPR as in (4.8). By Lemma[4.22] the pencil Lp())
can be written in the following form:

D,(N) | y=(N) | 0
Lp(A) = | _22(A) | c(N) | 2q(A) |,
0 yq()‘) Dq()‘)

where Dg()\) € F[A]""*"h D, (\) € F\|Mk—h=1xnlk=h=1) "c(X) € FA]"", 2,()\) €
F[)\]nxn(k—h—l)’ xq(}\) c ]F[/\]nxnh’ yz()\) c F[)\]n(k—h—l)xn and yq()\) c F[)\]nhxn. In
addition, let us denote

rove [ 88 58 ) e[ 240 %))

Then, by Theorem[#.22] we get that

F(X) = Mg, (X)AME,_, — M) M, (¥)
is a GFPR associated with Q(\) := N1 A, 1 + A" A, + - + XA, + Ay. Thus, from part
(a) in Theorem we obtain that ¢(\) = AA,1 + Ay,. Also by Theorem|[8.2]and according
to Remark there exist block-permutation matrices I, = I, ® Il and I, = I,, & H'Zl
such that

o= (6 ug) [ ™ B 5 m] -
0 B | - [RGE]
)

Apt1 + Ay mi (/\ ]fg(/\)
ma(A) M) | Ks(N)T
CEY I STV

is an extended (h(q) — 1, n, h(rev(q)) — 1, n)-block Kronecker pencil for Q(A).
Furthermore, by Theorem [#.22] the pencil

G(A) = M. (Z)()‘Mizz+z - M()Z)Mrz (W)

is a GFPR associated with Z()\) := \F=P A+ \F=h=1 A, | ... 4 XA}, 1+ Ay, By Theorem
[8.3] and according to Remark [8.3] there exist block-permutation matrices IT,, = ITz, @ I,
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and II,, = HZQ @ I,, such that
M2 0] [D (\) N Mz, O
B _ |, z Yz T _
leGO\)Hrz | 0 In:| |:1'z(/\) >\Ah,+1 +Ah:| |: 0 In:|
M2 DM, TIE g, () } [0 L
| 2, (M1g, Mips1 + An|
0 | Ti(N t1(N)
NOY mV
na(N) AApgr + A |

To(N)T
| ta(N)T

is a reversed block Kronecker pencil for Z(\). Then, notice that

g, D, N 0 7 (1L,
1, {,Cz()\) )\Athl + Ay xq()\) 1, =
HZ 0 Ya(N) Dqg(A) Iz,

[0 Ty t1(N) 0 0
TN N\ ni(A) 0 0
t2(N)T na(N) Apgr + A mi(A) IEQ(A)T ,

0 0 ma(A) M) EKx(M)T
0 0 Fer (M) KN 0

which is block-permutationally equivalent to the pencil

O b

no A A 1+ , My A t2 by kg A .

0 ZZ(A) } MN | 0 KW ::l HWT\Sz(A) ]
T1()) t1(N) 0 0 0 S1(A) ‘ 0

0 ki(X) Kl()\) 0 0

where S1()) and S2()\) are wing pencils by Theorem 2.8 Thus, to finish the proof, we only
need to check that the pencil H ()) satisfies the AS condition for P()). Indeed, decomposing
the pencil H(\) as follows

N m() o] o 0 0 0 0 0
n2(>\) )\Ah+1 + A, 0] + 0 )\Ah+1 + Ap 7172()\) — 10 )\Ah+1 + A, 0 R
0 0 o] o me(n  MW] |0 0 0
—Hi (M) —Hy(N) —:Hs(\)

and using the linearity of the block antidiagonal sum, we obtain AS(H,s) = AS(H1,s) +
AS(H,, s) — AS(Hs, s), for s = 0 : k. Finally, using that M (\) and N () satisfy the AS
condition for Q(X) and Z(\), respectively, it follows easily from the equation above that the
pencil H(\) satisfies the AS condition for P(\). O

9. Conclusions. In the last decade, many new families of linearizations for a matrix
polynomial have been constructed. The families of square Fiedler-like pencils, that include
the Fiedler pencils, the generalized Fiedler pencils, the Fiedler pencils with repetition and the
generalized Fiedler pencils with repetition, consist of pencils with good properties but whose



44 M. L. Bueno, F. M. Dopico, J. Perez, R. Saavedra, and B. Zykoski

definition involves products of the so-called elementary matrices. This fact is a disadvantage
when proving theorems about these pencils since the proofs can become very involved. Also,
each of these families, although related, are studied separately in the literature. Recently, a
new family of pencils associated with a matrix polynomial P()\), called the block minimal
bases pencils, was introduced. The pencils in this family are defined in terms of their block-
structure and it is straightforward to determine when they are strong linearizations of P(\).
A subfamily of this family, called the block-Kronecker pencils was also identified and it was
proven that the Fiedler pencils are in this family, up to permutations of rows and columns. In
this paper, we prove with considerable effort that, with the exception of the non-proper gen-
eralized Fiedler pencils, all Fiedler-like pencils are, up to permutations, inside a new class of
pencils called extended block-Kronecker pencils that can be easily described in terms of their
block entries. In addition, these extended block-Kronecker pencils are under some generic
nonsingularity conditions strong block minimal bases pencils, and, so, strong linearizations.
As a consequence, essentially all Fiedler-like pencils and their main properties can now be
described in a very simple way, avoiding, if desired, at all the complicated use of index tuples
and matrix products. We expect this result will contribute to get further developments in the
area.
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