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Summary. The results on characterization of orthogonal polynomials and Szegd
polynomials via tridiagonal matrices and unitary Hessenberg matrices, resp., are
classical. In a recent paper we observed that tridiagonal matrices and unitary Hes-
senberg matrices both belong to a wider class of (H, 1)—quasiseparable matrices and
derived a complete characterization of the latter class via polynomials satisfying
certain EGO—type recurrence relations. We also established a characterization of
polynomials satisfying three-term recurrence relations via (H, 1)-well-free matri-
ces and of polynomials satisfying the Szeg6—type two-term recurrence relations via
(H, 1)-semiseparable matrices.

In this paper we generalize all of these results from scalar (H,1) to the block (H,m)
case. Specifically, we provide a complete characterization of (H, m)—quasiseparable
matrices via polynomials satisfying block EGO—-type two—term recurrence relations.
Further, (H, m)-semiseparable matrices are completely characterized by the polyno-
mials obeying block Szegd—type recurrence relations. Finally, we completely charac-
terize polynomials satisfying m—term recurrence relations via a new class of matrices
called (H, m)-well-free matrices.

1 Introduction.

1.1 Classical three—term and two—term recurrence relations and
their generalizations

It is well-known that real-orthogonal polynomials {ry(z)} satisfy three—term
recurrence relations of the form

ri(x) = (o — Op)ri—1(2) — Yo - Tr—2(x), ar # 0,7, > 0. (1)

It is also well-known that Szegé polynomials {gf)k#(x)}, or polynomials or-
thogonal not on a real interval but on the unit circle, satisfy slightly different
three—term recurrence relations of the form
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Noting that the essential difference between these two sets of recurrence rela-
tions is the presence or absence of the  dependence in the (k — 2)—th polyno-
mial, it is natural to consider the more general three—term recurrence relations
of the form

re(z) = (akx — 0k) - re—1(x) — (Brx + V&) - Tr—2(2), (3)

containing both (1) and (2) as special cases, and to classify the polynomials
satisfying such three—term recurrence relations.

Also, in addition to the three—term recurrence relations (2), Szegd poly-
nomials satisfy two—term recurrence relations of the form

)= a2 Lo .

for some auxiliary polynomials {¢x(x)} (see, for instance, [GS58], [G48]). By
relaxing these relations to the more general two—term recurrence relations

EAN ISR
ri(z) Y 1] [ Ok + Ok)ri—1(x) |’
it is again of interest to classify the polynomials satisfying these two—term

recurrence relations.
In [BEGOO0S], these questions were answered, and the desired classifica-

tions were given in terms of the classes of matrices A = [ai_j]?j:l related to
the polynomials {ry(x)} via
1
re(z) = det (zI — A) iy, k=0,...,n, (6)

a1,0042,1 " Gk4+1,k

where A,y denotes the k x k principal submatrix of A. Note that this
relation involves the entries of the matrix A and two additional parameters
a1,0 and a1, outside the range of parameters of A. In the context of this
paper, these parameters not specified by the matrix A can be any nonzero
numbers®. These classifications generalized the well-known facts that real-
orthogonal polynomials and Szegd polynomials were related to irreducible
tridiagonal matrices and almost unitary Hessenberg matrices, respectively,
via (6). These facts as well as the classifications of polynomials satisfying (3),
(5), and a third set to be introduced later, respectively, are given in Table 1.
Furthermore, the classes of matrices listed in Table 1 (and formally defined
below) were shown in [BEGOO08] to be related as is shown in Figure 1.
While it is likely that the reader is familiar with tridiagonal and unitary
Hessenberg matrices, and perhaps quasiseparable and semiseparable matrices,

3 More details on the meaning of these numbers will be provided in Section 2.1.
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Table 1. Correspondence between recurrence relations satisfied by polynomials and
related subclasses of quasiseparable matrices, from [BEGOO08].

lRecurrence relations ‘Matrices ‘
real-orthogonal three—term (1) irreducible tridiagonal matrices
Szegd two—term (4)/three—term (2)|almost unitary Hessenberg matrices
general three-term (3) (H,1)-well-free (Definition 4)
Szegb—type two—term (5) (H,1)-semiseparable (Definition 3)
EGO-type two—term (16) (H, 1)—quasiseparable (Definition 1)
K / (H, 1)-semiseparable \\
(H, 1)—quasiseparable matrices r.r. (5)
matrices r.r. (16) Unitary
Hessenberg matrices
r.r. (4) only
(H, 1)-well-free matrices Unitary \
rr. (3) Hessenberg matrices
Irreducible rr. (4) & (2)
tridiagonal matrices

\ rr. (1) \ J

Fig. 1. Relations between subclasses of (H,1)-quasiseparable matrices, from
[BEGOO0S].

the class of well-free matrices is less well-known. We take a moment to give
a brief description of this class (a more rigorous description is provided in
Section 5.1). A matrix is well-free provided it has no columns that consist of
all zeros above (but not including) the main diagonal, unless that column of
zeros lies to the left of a block of all zeros. That is, no columns of the form
shown in Figure 2 appear in the matrix.

0 .
. | something
-| nonzero
0

E)

Fig. 2. Illustration of a well.
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As stated in Table 1, it was shown in [BEGOO08] that the matrices related
to polynomials satisfying recurrence relations of the form (3) are not just
well-free, but (H, 1)-well-free; i.e., they are well-{ree and also have an (H,1)—
quasiseparable structure, which is defined next.

1.2 Main tool: quasiseparable structure

In this section we give a definition of the structure central to the results of
this paper, and explain one of the results shown above in Table 1. We begin
with the definition of (H, m)—quasiseparability.

Definition 1 ((H,m)—quasiseparable matrices). Let A be a strongly upper
Hessenberg matrixz (i.e. upper Hessenberg with nonzero subdiagonal elements:
a;; =0 fori>j+1, and a;11, # 0 fori=1,...,n—1). Then over all
symmetric* partitions of the form

A= {* Alﬂ’

*| %

(i) if max rank Ao = m, then A is (H,m)—quasiseparable, and
(ii)if max rank Ao < m, then A is weakly (H,m)—quasiseparable.

For instance, the rank m blocks (resp. rank at most m blocks) of a 5 x 5
(H, m)—quasiseparable matrix (resp. weakly (H,m)—quasiseparable matrix)
would be those shaded below:

1.3 Motivation to extend beyond the (H,1) case

In this paper, we extend the results of these classifications to include more
general recurrence relations. Such generalizations are motivated by several
examples for which the results of [BEGOO08] are inapplicable as they are not
order (H,1); one of the simplest of such is presented next.

Consider the three—term recurrence relations (1), one could ask what
classes of matrices are related to polynomials satisfying such recurrence rela-
tions if more than three terms are included. More specifically, consider recur-
rence relations of the form

T-rp_1(x) = —aprrr(T) —ap_1kTe—1(T) = = ap_q-1),k - Th——1)(®) (7)

YA =Al:kk+1:n),k=1,...n—1in the MATLAB notation.
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It will be shown that this class of so—called [-recurrent polynomials is
related via (6) to (1, — 2)-banded matrices (i.e., one nonzero subdiagonal
and [ — 2 nonzero superdiagonals) of the form

ap,1 -+ Qo—1 0 0
a1,1 a1,2 ail
0 a 0
A — 2,2 (8)
Ap—(1—1),n
: Ap—2,n—2
| O 0 p—1n—1 Gpn—-1n

This equivalence cannot follow from the results of [BEGOO08| as summa-
rized in Table 1 because those results are limited to the simplest (H,1)—
quasiseparable case. As we shall see in a moment, the matrix A of (8) is
(H,l — 2)—quasiseparable.

Considering the motivating example of the matrix A of (8), it is easy to
see that the structure forces many zeros into the blocks Ao of Definition
1 (the shaded blocks above), and hence the ranks of these blocks can be
small compared to their size. It can be seen that in the case of an (1,m)-
banded matrix, the matrices A3 have rank at most m, and so are (H,m)—
quasiseparable.

This is only one simple example of a need to extend the results listed
in Table 1 from the scalar (H, 1)—quasiseparable case to the block (H,m)—
quasiseparable case.

1.4 Main results

The main results of this paper are summarized next by Table 2 and Figure 3,
analogues of Table 1 and Figure 1 above, for the most general case considered
in this paper.

Table 2. Correspondence between polynomial systems and subclasses of (H,m)-
quasiseparable matrices

|

[Recurrence relations

[Matrices ‘

Classical real-orthogonal three—term (1) irreducible tridiagonal
Szegd two-term (4)/three-term (2)|almost unitary Hessenberg
general three-term (3) (H,1)—well-free (Def. 4)

[BEGOO0S] |Szegb—type two-term (5) (H, 1)-semiseparable (Def. 3)
EGO-type two—term (16) (H, 1)—quasiseparable (Def. 1)
general [~term (45) (H, m)-well-free (Def. 5)

This paper |Szegé—type two—term (32) (H, m)-semiseparable (Def. 3)
EGO-type two—term (15) (H,m)—quasiseparable (Def. 1)
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(H, m)-semiseparable matrices
(H, m)-quasiseparable matrices r.r. (32)
r.r. (15)

(H, m)-well-free matrices
r.r. (45)

Fig. 3. Relations between subclasses of (H, m)-quasiseparable matrices.

Table 2 and Figure 3 both mention (H, m)-well-free matrices. It is not
immediately obvious from the definition of (H, 1)-well-free matrices how one
should define an (H, m)-well-free matrix in a natural way. In Section 5, the
details of this extension are given, but we briefly describe the new definition
here. A matrix is (H, m)—well{ree if

rank Bi(m) = rank Bi(m'H) i=1,2,... 9)
where the matrices BZ-(m) are formed from the columns of the partition A5 of
Definition 1, as

B§m+1) Bém+l)
—~ —~N
A12 = ﬂm ce
~— ~—
B§m) Br-()m,)

We show in this paper that (H,m)-well-free matrices and polynomials satis-
fying

Ti(2) = Okt + €l ) h—1(2) + -+ + (Okgm—2,8T + Ektm—2,k)Tktm—3(T),

m + 1 terms
(10)
provide a complete characterization of each other.
Next, consider briefly the m = 1 case to see that this generalization reduces
properly in the (H,1) case. For m = 1, this relation implies that no wells of
width m = 1 form as illustrated in Figure 2.

2 Correspondences between Hessenberg matrices and
polynomial systems

In this section we give details of the correspondence between (H,m)-quasi-
separable matrices and systems of polynomials defined via (6), and explain
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how this correspondence can be used in classifications of quasiseparable ma-
trices in terms of recurrence relations and vice versa.

2.1 A bijection between invertible triangular matrices and
polynomial systems

Let 7 be the set of invertible upper triangular matrices and P be the set of
polynomial systems {ry} with degry = k. We next demonstrate that there
is a bijection between 7 and P. Indeed, given a polynomial system R =
{ro(z),r1(x),...,ro(z)} € P satisfying deg(ry) = k, there exist unique n—
term recurrence relations of the form

ro(7) = ao0, T 7Tk-1(2) = apt1k TE(T) = Qg TE-1(2) — - — ark - To(T),
ar+1, 70, k=1,...,n

(11)

because this formula represents « - 1,1 € Py (Py being the space of all poly-

nomials of degree at most k) in terms of 7, 7x_1,7k—2, ..., 70, which form a

basis in Py, and hence these coefficients are unique. Forming a matrix B € 7
from these coefficients as B = [ai»j]zg‘:o (with zeros below the main diagonal),
it is clear that there is a bijection between 7 and P, as they share the same
unique parameters.

It is shown next that this bijection between invertible triangular matrices
and polynomials systems (satisfying degry(x) = k) can be viewed as a bijec-
tion between strongly Hessenberg matrices together with two free parameters
and polynomial systems (satisfying deg () = k). Furthermore, the strongly
Hessenberg matrices and polynomial systems of this bijection are related via
(6). Indeed, it was shown in [MB79] that the confederate matriz A, the strongly
upper Hessenber matrix defined by

ao,1 @o0,2 @0,3 ag,n
a1,1 @12 413 s ain
A= 0 az2a23 K : ) (12)
An—2.n
0 -~ 0 Ap—1,n—1 Gn—1,n
or in terms of B as
@0,0|00,1 Go,2 A0,3 ao,n
0 |a11a12a13 - ain ap,o
. . 0
0 0 a22 423 . . ] A
B— = : , (13)
Ay
n—2,n 0
: 0 -+ 0 ap1n-10an-1n 0 |0---0ann
L 0]0 -+ 0 0 an,n |
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is related to the polynomial system R via (6). This shows the desired bijection,
with ag ¢ and ay, serving as the two free parameters.

Remark 1. Based on this discussion, if R = {rg,r1,...,7—1,7s} is related to
a matrix A via (6), then R, = {aro, %Tl, ol %rn_l,brn} for any nonzero
parameters a and b provides a full characterization of all polynomial systems
related to the matrix A.

2.2 Generators of (H, m)—quasiseparable matrices.

It is well known that Definition 2, given in terms of ranks is equivalent to
another definition in terms of a sparse representation of the elements of the
matrix called generators of the matrix, see, e.g., [EG99a] and the references
therein. Such sparse representations are often used as inputs to fast algorithms
involving such matrices. We give next this equivalent definition.

Definition 2 (Generator definition for (H, m)—quasiseparable matri-
ces). A matriz A is called (H, m)—quasiseparable if (1) it is upper Hessenberg,
and (ii) it can be represented in the form

dx
gibJ5h;
P2

Pndn—-1\_ d,

(14)

where bj; = biy1---bj1 for j > i+ 1 and b; = 1 for j = i+ 1. The
elements
{Prs ar, iy gy bre, hic

called the gemerators of the matriz A, are matrices of sizes

Pk+14k dy, gk by, hi,
sizes 1x1 1x1 1 X ug Up—1 X Uk |Up—1 X 1

rangelk € [1,n — 1]|k € [1,n]|k € [1,n — 1]|k € [2,n — 1]|k € [2,n]

subject to maxy ur = m. The numbers ug, k = 1,...,n — 1 are called the
orders of these generators.

Remark 2. The generators of an (H,m)-quasiseparable matrix give us an
O(nm?) representation of the elements of the matrix. In the (H,1)—quasi-
separable case, where all generators can be chosen simply as scalars, this
representation is O(n).
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Remark 3. The subdiagonal elements, despite being determined by a single
value, are written as a product pgyi1qr, £k = 1,...,n — 1 to follow standard
notations used in the literature for quasiseparable matrices. We emphasize
that this product acts as a single parameter in the Hessenberg case to which
this paper is devoted.

Remark 4. The generators in Definition 2 can be always chosen to have sizes
ui = m for all k by padding them with zeros to size m.

Also, the ranks of the submatrices A2 of Definition 1 represent the
smallest possible sizes of the corresponding generators. That is, denoting by
Agg) = A(1:k,k+1:n) the partition Ay5 of the k—th symmetric partition,
then

rankAg) < ug, k=1,...,n.

Furthermore, if generators can be chosen such that
E
max rank A§2) = maxuy = m,
k k

then A is an (H, m)—quasiseparable matrix, whereas if

(

k
m}gx rank Alz) < m}gmx up =m,

then A is a weakly (H,m)—quasiseparable matrix, following the terminology
of Definition 1. As stated above, we will avoid making explicit distinctions
between (H,m)—quasiseparable matrices and weakly (H, m)—quasiseparable
matrices.

For details on the existence of minimal size generators, see [EG05].

2.3 A relation between generators of quasiseparable matrices and
recurrence relations for polynomials.

One way to establish a bijection (up to scaling as described in Remark 1) be-
tween subclasses of (H,m)—quasiseparable matrices and polynomial systems
specified by recurrence relations is to deduce conversion rules between gener-
ators of the classes of matrices and coeflicients of the recurrence relations. In
this approach, a difficulty is encountered which is described by Figure 4.

recurrence relations
generators coefficients

1 3
(1) @) (3)

matrix -«——p polynomial

Fig. 4. Relations between subclasses of (H,m)—quasiseparable matrices and poly-
nomials.
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The difficulty is that the relation (2) shown in the picture is one-to—one
correspondence but (1) and (3) are not. This fact is illustrated by the next
two examples.

Ezample 1 (Nonuniqueness of recurrence relation coefficients). In contrast to
the n—term recurrence relations (11), other recurrence relations such as the
[~term recurrence relations (45) corresponding to a given polynomial system
are not unique. As a simple example of a system of polynomials satisfying more
than one set of recurrence relations of the form (45), consider the monomials
R={l,x,22,... 2"}, easily seen to satisfy the recurrence relations

ro(z) =1, rg(x)=x-re—1(z), k=1,...,n
as well as the recurrence relations
ro(x) =1, r(z) =z rp_1(x),
r(x) =(x+1) - rp_1(x) —x-rp_a(z), k=2,...,n.

Hence a given system of polynomials may be expressed using the same recur-
rence relations but with different coefficients of those recurrence relations.

Ezample 2 (Nonuniqueness of (H,m)-quasiseparable generators). Similarly,
given an (H,m)-quasiseparable matrix, there is a freedom in choosing the
set of generators of Definition 2. As a simple example, consider the matrix

012 0--0
20 37

03 0 .0
el
_6...0%(2)_

corresponding to a system of Chebyshev polynomials. It is obviously (H,1)—
quasiseparable and can be defined by different sets of generators, with either
gk =1 by =For gp = 5, hp = 1.

Remark 5. To overcome the difficulties of the nonuniqueness demonstrated
here, we can define equivalence classes of generators describing the same ma-
trix and equivalence classes of recurrence relations describing the same poly-
nomials. Working with representatives of these equivalence classes resolves the
difficulty.

We begin classification of recurrence relations of polynomials with con-
sidering EGO-type two—term recurrence relations (15) in Section 3 and as-
sociating the set of all (H, m)—quasiseparable matrices with them. Section 4
covers the correspondence between polynomials satisfying (32) and (H,m)—
semiseparable matrices. In Section 5 we consider [-term recurrence relations
(45) and (H, m)-well-free matrices.
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3 (H, m)—quasiseparable matrices & EGO-type
two—term recurrence relations (15)

In this section, we classify the recurrence relations corresponding to the class
of (H,m)-quasiseparable matrices. The next theorem is the main result of
this section.

Theorem 1. Suppose A is a strongly upper Hessenberg matriz. Then the fol-
lowing are equivalent.

(i) A is (H, m)—quasiseparable.

(#1) There exist auxiliary polynomials { Fy,(x)} for some ay, Bk, and vy of sizes
mxm, mx1 and 1 xm, respectively, such that the system of polynomials
{re(z)} related to A via (6) satisfies the EGO—type two-term recurrence

relations
01
Fo(z) : Fio(z) ak V(@
| i (15)
0
L ro(x) | laoel [ re(x) J U w  |0kx + 0] lri—1(2) ]

Remark 6. Throughout the paper, we will not distinguish between (H,m)—
quasiseparable and weakly (H,m)-quasiseparable matrices. The difference
is technical; for instance, considering an (H,2)—quasiseparable matrix as a
weakly (H,3)—quasiseparable matrix corresponds to artificially increasing the
size of the vectors Fj(x) in (15) by one. This additional entry corresponds to
a polynomial system that is identically zero, or otherwise has no influence on
the other polynomial systems. In a similar way, any results stated for (H,m)—
quasiseparable matrices are valid for weakly (H,m)-quasiseparable matrices
through such trivial modifications.

This theorem, whose proof will be provided by the lemma and theorems
of this section, is easily seen as a generalization of the following result for the
(H,1)—quasiseparable case from [BEGOO0S].

Corollary 1. Suppose A is a strongly Hessenberg matrixz. Then the following
are equivalent.

(i) A is (H,1)—quasiseparable.

(ii) There exist auxiliary polynomials {Fy(x)} for some scalars oy, Bi, and i

such that the system of polynomials {ri(x)} related to A via (6) satisfies
the EGO-type two—term recurrence relations

e P R B o | e B
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In establishing the one—to—one correspondence between the class of polyno-
mials satisfying (15) and the class of (H, m)—quasiseparable matrices, we will
use the following lemma which was given in [BEGOTO07] and is a consequence
of Definition 2 and [MB79].

Lemma 1. Let A be an (H,m)—quasiseparable matrixz specified by its gener-
ators as in Definition 2. Then a system of polynomials {ry(x)} satisfies the
recurrence relations

k—2
1 X
Tk(il,') = P (fE - dk)rkfl(m) - jz:;)gj+1bj+17khkrj(x) ’ (17)

if and only if {rr(x)} is related to A via (6).

Note that we have not specified the sizes of matrices g, by, and hy in (17)
explicitly but the careful reader can check that all matrix multiplications are
well defined. We will omit explicitly listing the sizes of generators where it is
possible.

Theorem 2 (EGO—type two—term recurrence relations = (H,m)—
quasiseparable matrices). Let R be a system of polynomials satisfying the
EGO-type two—term recurrence relations (15). Then the (H, m)—quasiseparable
matriz A defined by

[— % — 7201 — 730201 —F7aa30201 -+ —F V@ 10m 3+ a3aaf ]
F -2 —5:302  —3vaasfe 0 e YaQno10m_g - asf
0 é _% _i’yﬁlﬁ’S _i’Ynanfl -~-O[4ﬂ3
1 0
0 0 5= —5
: . . - . _ip)/nﬂnfl
1 917,
0 . 0 0 o —4» |
(18)
with generators
0
dk:_éla kj:lv y 1y gk ‘:‘ ﬁlz ‘7]{;:17 ,Tl—l,
k
L] g
Pe+19k = —» kzla an_lv h = =<kl > k:27 y 1y
0 O
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corresponds to the system of polynomials R via (6).
Proof. Considering EGO-type recurrence relations (15) we begin with
r(x) = (0px + Ok)ri—1(x) + Vi Fr—1(x). (19)
Using the relation Fy_1(z) = ax—1Fr—2(z) + Br—17k—2(x), (19) becomes
re(7) = (Orr + O )ri—1(z) + VeBr—17k—2(2) + Ve —1Fk—2() (20)

The equation (20) contains Fj,_s(x) which can be eliminated as it was done on
the previous step. Using the relation Fy_o(z) = ag—oFr—3(x) + Br—ork—3(x)
we get

re(z) = (6, + Ok)re—1(2) + Ve Br_17r—2(z)+
+ Yrok—1r—27k—3(x) + Yeap—10k—2F_3(x).

Continue this process and noticing that Fj is the vector of zeros we will obtain
the n—term recurrence relations

ri(2) = (0px + Op)rk—1(2) + VeBr—1Tk—2() + Vrok—1Fk—2mk—3(x) (21)
FY—10—2k—3Tk—a(z) + - - + Yu—1 . .. 2P0 (),

which define the matrix (18) with the desired generators by using the n—term
recurrence relations (17).

Theorem 3 ((H, m)—quasiseparable matrices = EGO—-type two—term
recurrence relations). Let A be an (H, m)-quasiseparable matriz specified
by the generators {pk, qi, dk, gk, bk, hi. }. Then the polynomial system R corre-
sponding to A satisfies

C 0T
Fo(a) || | - Fi(x) a Fi(x
| : (22)
0
L ro() | laoe) | re(x) J U w  |owx + 0] lrp—1(2) ]

with
Dk 1
ap = blz;7 ﬁk - ggv
Pk+1 Pr+1
1 d
o= pl 6= = ——"
Pk+19k Pr+19k Pr+19k
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Proof. Tt is easy to see that every system of polynomials satisfying degr, = k
(e.g. the one defined by (22)) satisfy also the n—term recurrence relations

ri(x) = (o — ag—1,k) - Th=1(T) — ag—2k - Th—2(x) — ... —aok - ro(z) (23)

for some coefficients ay, ar—1,k,...,a0,5. The proof is presented by showing
that these n—term recurrence relations in fact coincide with (17), so these
coeflicients coincide with those of the n—term recurrence relations of the poly-
nomials R. Using relations for ry(z) and Fy_;(x) from (22), we have

1
Pk+14k

(:c — dk)Tk_l(I) — gk_lhkrk_g(x) +pk_1h£b£_1Fk_2(£C) .
(24)
Notice that again using (22) to eliminate Fj_s(x) from the equation (24)
will result in an expression for r(x) in terms of rp_1(x), rr—2(x), re—s(z
Fy._3(x), and ro(z) without modifying the coeflicients of ri_1(x), rp—o(x
or ro(z). Again applying (22) to eliminate Fj_s(z) results in an expression
in terms of rip_1(z), rk—2(x), rk—3(x), TE—a(x), Fr—a(x), and ro(z) without
modifying the coefficients of ri_1(z), rg—2(x), rx—3(x), or ro(z). Continuing
in this way, the n—term recurrence relations of the form (23) are obtained
without modifying the coefficients of the previous ones.
Suppose that for some 0 < j < k—1 the expression for () is of the form

Tk (CC) =

);
)

)

1
r(@) = (& = )i (@) = grorharya(@) = -
Pr+14k
T
o= b by (@) + P b () Fy(@)] . (25)

Using (22) for Fj(z) gives the relation

Fj(x) (pia;b] Fi—1(x) — gig; rj—1()) - (26)

Py

Inserting (26) into (25) gives

re(x) = P [(x —dp)ri—1(x) — gr—1hire—2(x) — - -

T
e g hirioa (@) 4 phE (B Fj_l(:c)}. (27)

Therefore since (24) is the case of (25) for j = k — 2, (25) is true for each
j=k—-2k—3,...,0, and for j = 0, using the fact that Fy = 0 we have

1
TL\r) =
( ) Pr+19k

[(x—dk)rkq(fﬂ) —Gr—1hEri—2(x)—-- '_glbikhkro(l‘)} . (28)

Since these coefficients coincide with (17) that are satisfied by the polynomial
system R, the polynomials given by (22) must coincide with these polynomials.
This proves the theorem.
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These last two theorems provide the proof for Theorem 1, and complete
the discussion of the recurrence relations related to (H, m)—quasiseparable
matrices.

4 (H, m)—-semiseparable matrices & Szeg6—type
two—term recurrence relations (32)

In this section we consider a class of (H,m)-semiseparable matrices defined
next.

Definition 3 ((H, m)—semiseparable matrices). A matriz A is called
(H, m)-semiseparable if (1) it is strongly upper Hessenberg, and (ii) it is of
the form

A= B+ triu(Ay, 1)

with rank (Ay) = m and a lower bidiagonal matriz B, where following the
MATLAB command triu, triu(Ay,1) denotes the strictly upper triangular
portion of the matriz Ay .

Paraphrased, an (H, m)-semiseparable matrix has arbitrary diagonal en-
tries, arbitrary nonzero subdiagonal entries, and the strictly upper triangu-
lar part of a rank m matrix. Obviously, an (H, m)-semiseparable matrix is
(H,m)—quasiseparable. Indeed, let A be (H,m)-semiseparable and n x n.
Then it is clear that, if Aﬁ’? denotes the matrix A5 of the k-th partition of
Definition 1, then

rankAg;) =rank A(1: k,k+1:n) =

=rankAy(1:k,k+1:n)<m, k=1,...,n—1,

and A is (H, m)—quasiseparable by Definition 1.

Ezample 3 (Unitary Hessenberg matrices are (H,1)—semiseparable). Consider
again the unitary Hessenberg matrix

—POP1 —PGIP2 —POHIM2P3 t —POMIK2HS * Bn—1Pn
p1 o —pip2 —Pip2ps o —PIH2M3 - Hn—1Pn
H=| 0 2 —p3p3s ottt —P3H3 Hn—1Pn (29)
0 e 0 fin—1 —Pn—1Pn

which corresponds to a system of Szegoé polynomials. Its strictly upper trian-
gular part is the same as in the matrix
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—PoP1 —poHip2 —PpHAMaP3 =PI H2E  fn1 P |
. —pip2 —pip2ps o —pipias - fin-1pn
B = — — 5 —p2p3 0 —PaH3 Hn—1Pn
P10y 1 P20y, 1 ps.pZ_l *
|~ Hip2Hn—1 H2R3Hn-1 M3kafn-1 “Pn—1Pn |
30)

which can be constructed as, by definition®, up # 0, k = 1,...,n — 1. It
is easy to check that the rank of the matrix B is one®. Hence the matrix
(29) is (H,1)-semiseparable. Recall that any unitary Hessenberg matrix (29)
uniquely corresponds to a system of Szegd polynomials satisfying the recur-
rence relations

[ﬁbo(ﬂﬁ)] :1[1] [¢k(9€)} :1[ 1 —,OZ] [ ¢k—1(9€)} (31)
@] o 1] [ef @] e L=pn 1] [o0] ()

The next theorem gives a classification of the class of (H,m)-semiseparable
matrices in terms of two—term recurrence relations that naturally generalize

the Szegb—type two term recurrence relations. Additionally, it gives a classifi-
cation in terms of their generators as in Definition 2.

Theorem 4. Suppose A is a strongly upper Hessenberg n x n matrixz. Then
the following are equivalent.

(i) A is (H, m)-semiseparable.

(ii) There exists a set of generators of Definition 2 corresponding to A such
that by is invertible for k=2,...,n.

(151 )There exist auziliary polynomials {Gy(x)} for some ay, Bk, and v of sizes
mxm, mx1 and 1 xm, respectively, such that the system of polynomials
{re(z)} related to A via (6) satisfies the Szego—type two-term recurrence

relations
a0
Go(z) : Gr(x) ak Gro_i(x
0,0
ro(x) | laool L re(@) J L[ w1 L0k + O)ri—1(z) ]

(32)

5 The parameters u associated with the Szegd polynomials are defined by ur =
1 —|pr|? for 0 < |pr| < 1 and pr =1 for |pi| = 1, and since |pi| < 1 for all k&,
we always have u # 0.
5 Every i-th row of B equals the row number (i — 1) times p}_/pi_opi—1
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This theorem, whose proof follows from the results later in this section,
leads to the following corollary, which summarizes the results for the simpler
class of (H,1)-semiseparable matrices as given in [BEGOO08].

Corollary 2. Suppose A is an (H, 1)—quasiseparable matriz. Then the follow-
ing are equivalent.

(i) A is (H,1)-semiseparable.

(ii) There exists a set of generators of Definition 2 corresponding to A such
that by, # 0 for k=2,...,n.

(111 )There exist auxiliary polynomials {Gy(x)} for some scalars oy, B, and vy
such that the system of polynomials {ri(z)} related to A via (6) satisfies
the Szego—type two—term recurrence relations

Go(x) | _ [ao0 Gr(z) | _ o Bk Gr-1(x) (33)
ro() a0 |’ () v 1 (Opx + O )ri—1(z) |
4.1 (H, m)—semiseparable matrices. Generator classification.

We next give a lemma that provides a classification of (H, m)-semiseparable
matrices in terms of generators of an (H, m)—quasiseparable matrix.

Lemma 2. An (H, m)—quasiseparable matriz is (H, m)-semiseparable if and
only if there exists a choice of generators {pg, qx,dk, gk, br, hi} of the matriz
such that matrices by, are nonsingular” for allk=2,...,n— 1.

Proof. Let A be (H,m)-semiseparable with triu (A,1) = triu(A4y, 1), where
rank (Ay) = m. The latter statement implies that there exist row vectors g;
and column vectors h; of sizes m such that Ay (i,7) = g;h; for all 4,7, and
therefore we have Aij = gih]’, 1< jor Aij e gibixjhj, i < j with by = I,,.
Conversely, suppose the generators of A are such that by are invertible

matrices for k = 2,...,n — 1. Then the matrices
b h; ifl<i<j<n . .
o F1<isj<n di Hl<i=j<n
Ay = lgxl 1 i le i< B=4{pig; ifl<i+1l=j5<n
gi(bj_1i41) " hy L <j<i<m 0  otherwise
0 ifj=lori=n

are well defined, rank (Ay) = m, B is lower bidiagonal, and A = B +
triu (Ay, 1).

Remark 7. We emphasize that the previous lemma guarantees the existence of
generators of a (H, m)-semiseparable matrix with invertible matrices by, and
that this condition need not be satisfied by all such generator representations.
For example, the following matrix

" The invertibility of by implies that all b, are square m X m matrices.
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111110
112220
11330
1140
110
11

is (H,1)-semiseparable, however it is obviously possible to choose a set of
generators for it with b5 = 0.

4.2 (H, m)—semiseparable matrices. Recurrence relations
classification.

In this section we present theorems giving the classification of (H,m)—
semiseparable matrices as those corresponding to systems of polynomials sat-
isfying the Szegd—type two—term recurrence relations (32).

Theorem 5 (Szegb-type 2-term recurrence relations = (H, m)—-semi-
separable matrices). Let R = {ro(x),..., rn—1(x)} be a system of poly-
nomials satisfying the recurrence relations (32) with rank(al — Bryk) = m.
Then the (H, m)—semiseparable matriz A defined by

- -

*% *%VQ(Oélfﬁl’Yl)ﬁo *i’yn(an—lfﬁn—l’yn—l)-“(a1*5171)[30

0 .

ﬁ *%ﬂﬁ . *i’yn(anfl*ﬁnf171L71)"'(a2*ﬁ272)ﬁ1
1 34
; . en

On+vnbBn_1
- on
1
L 0 0 3 J

with generators

0 _ 1
dk:*Lkﬂkla k:]-v"'ana pk—&-lqk:*vk:lv'--an*lv
6k 6k
‘ 9k ‘:’ ﬁ]{-l ‘7k:17"'7n_17
bz = Op—1 7ﬁk7] Ve—1 ) k= 27"%77'7 17
1
1
= : ) h :75 bk k| » k:27 2
1

corresponds to the R via (6).
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Proof. Let us show that the polynomial system satisfying the Szego—type two—
term recurrence relations (32) also satisfies EGO-type two-term recurrence
relations (15). By applying the given two—term recursion, we have

[Gk(l‘)] _ |:04ka—1($) + Bk (0, + Ok)rr—1(2)

r(z) kG (2) + (6% + O )1 (2) (35)

Multiplying the second equation in (35) by (i and subtracting from the first
equation we obtain

Gr(z) — Berk(x) = (ar — Beve) Gr-1(2). (36)

Denoting in (36) Gx—1 by Fy and shifting indices from k to k — 1 we get the
recurrence relation

Fr(x) = (ak—1 — Br—1Vk—1)Fr—1(z) + Br—17rrp—1(2). (37)

In the same manner substituting (36) in the second equation of (35) and
shifting indices one can be seen that

re(z) = ye(ag—1 — Br—1Yk—1)Fr—1(x) + (Opx + Ok + ViBr—1)Tk—1(x). (38)

Equations (37) and (38) together give necessary EGO-type two—term recur-
rence relations for the system of polynomials:

] IS S R ] B C)

The result follows from Theorem 2 and (39).

Theorem 6 ((H,m)-semiseparable matrices = Szegé—type 2-term
recurrence relations). Let A be a (H,m)-semiseparable matriz. Then for
a set of generators {pk, i, dk, gk, bk, he} of A such that each by, is invertible,
the polynomial system R corresponding to A satisfies (32); specifically,

Gr(z U — 91 Gr-1(x
1
 Pe41k (40)

| k() | IHRACY IS L un(2)rk—1(2) |

with  up(z) =z —dj, + gby, "hi, Vi = Pea1arbir — gh1 b (00) 7

Proof. According to the definition of (H,m)—semiseparable matrices the given
polynomial system R must satisfy EGO-type two—term recurrence relations
(15) with by, invertible for all k. For the recurrence relations



20 T. Bella, V. Olshevsky, and P. Zhlobich
Fe(e)] _ 1 [peawbi —argf | [ Fe-1(x) (41)
re(@) | praae | pehi @ —di ] [ re-a(@) |

let us denote pr+1Fi(x) in (41) as Gi(x), and then we can rewrite these
equations as

Gr-1(2) = b Gr2() — gi -1 (),

[thk,Q(Qi) + (CC - dk)rk,l(:v)} . (42)

TeL(r) =
(@) Pr+19k

Using the invertibility of by we are able to derive the Gj_2(x) from the first
equation of (42) and inserting it in the second equation we obtain

1 _
Tk(.’[) = — [h{(b{)ilefl({E) + (CU - dk + gkbk 1hk)rk,1(x)] . (43)
Pk+19k
The second necessary recurrence relation can be obtained by substituting (43)

in the first equation of (42) and shifting indices from k£ — 1 to k.

Gr(z) = [(pmlq;cbfﬂ — ghi1hi (03) ) Grr(z)—

Pr+19k
— gpq (x —dy + gkbglhk)rk—l(z)} (44)
This completes the proof.

This completes the justification of Theorem 4.

5 (H, m)—well-free matrices & recurrence relations (45).

In this section, we begin by considering the [-term recurrence relations of the
form

ro(z) = a0, Tk (i + ei)rim1(x), k=1,2,...,1—2,

Mw

=1

k (45)
Z divt +ei)rim1(z), k=1-11,....,n
i=k—1+2

As we shall see below, the matrices that correspond to (45) via (6) form a new
subclass of (H,m)—quasiseparable matrices. As such, we then can also give a
generator classification of the resulting class. This problem was addressed in
[BEGOO0S] for the [ = 3 case; that is, for (3)),

ro(z) = aoo, 71(z) = (ux —61) - ro(2), (46)
re(z) = (akx — 0k) - re—1(x) — (Brx + V&) - Tr—2(). (47)
and was already an involved problem. To explain the results in the general

case more clearly, we begin by recalling the results for the special case when
l=3.
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5.1 General three—term recurrence relations (3) & (H,1)-well-free
matrices

In [BEGOO08], it was proved that polynomials that satisfy the general three—
term recurrence relations (46) were related to a subclassf (H, 1)—quasiseparable
matrices denoted (H, 1)-well-{ree matrices. A definition of this class is given
next.

Definition 4 ((H,1)—well-free matrices).

o Annxn matriv A = (A; ;) is said to have a well of size one in column
l<k<nifAr=0frl<i<kandthere exists a pair (i,j) with
1<i<kand k<j<n such that A; ; # 0.

e A (H,1)—quasiseparable matriz is said to be (H,1)—well—free if none of
its columns k= 2,...,n — 1 contain wells of size one.

Verbally, a matrix has a well in column £ if all entries above the main diagonal
in the k—th column are zero, except if all entries in the upper-right block to
the right of these zeros are also zeros, as shown in the following illustration.

something
nonzero

The following theorem summarizes the results of [BEGO08] that will be gen-
eralized in this section.

Theorem 7. Suppose A is a strongly upper Hessenberg n x m matrix. Then
the following are equivalent.

(i) A is (H,1)-well-free.

(ii) There exists a set of generators of Definition 2 corresponding to A such
that hy, #0 fork=2,...,n.

(1ii)The system of polynomials related to A via (6) satisfies the general three—
term recurrence relations (46).

Having provided these results, the next goal is, given the [-term recurrence
relations (45), to provide an analogous classification. A step in this direction
can be taken using a formula given by Barnett in [B81] that gives for such
recurrence relations a formula for the entries of the related matrix. For the
convenience of the reader, a proof of this lemma is given at the end of this
section (no proof was given in [B81]).
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Lemma 3. Let R = {ro(x),..., rn_1(x)} be a system of polynomials satisfy-
ing the recurrence relations (45). Then the strongly Hessenberg matriz

ail ai2 a3 T ain
1
5. %22 423 ce A2n
1
A= |0 55 a8 - asn (48)
1
0 0 On—1,m—1 nn

with entries

1 di—1,j =
ij = =5 —— e+ Zaisésj

Oi—1,i—1 py (49)

Y—0, vy bij=eij =0, i<j—I1+2

corresponds to R via (6).

Remark 8. While Lemma 3 describes the entries of the matrix A corresponding
to polynomials satisfying the [-term recurrence relations (45), the structure
of A is not explicitly specified by (49). Indeed, as surveyed in this section,
even in the simplest case of generalized three—term recurrence relations (3),
the latter do not transparently lead to the characteristic quasiseparable and
well—free properties of the associated matrices.

5.2 (H, m)—well-free matrices.

It was recalled in Section 5.1 that in the simplest case of three—term re-
currence relations the corresponding matrix was (H, 1)—quasiseparable, and
moreover, (H,1)-well-free. So, one might expect that in the case of I-term
recurrence relations (45), the associated matrix might turn out to be (H,1—2)—
quasiseparable, but how does one generalize the concept of (H, 1)-well-free?
The answer to this is given in the next definition.

Definition 5 ((H, m)—well-free matrices).

o Let A be an n x n matriz, and fix constants k,m € [1,n — 1]. Define the
matrices

BE™ = ALk j ki j+k+(m=1), j=1...n—k—m.
Then if for some j,
rank (B D) > rank (B*™),

the matriz A is said to have a well of size m in partition k.
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e A (H,m)—quasiseparable matrixz is said to be (H, m)—well-free if it con-
tains no wells of size m.

One can understand the matrices Bj(k’m) of the previous definition as,
for constant £ and m and as j increases, a sliding window consisting of m
consecutive columns. Essentially, the definition states that as this window is
slid through the partition A5 of Definition 1, if the ranks of the submatrices
increase at any point by adding the next column, this constitutes a well. So a
(H, m)—well-free matrix is such that each column of all partitions A5 is the
linear combination of the m previous columns of A;,.

B+ B
——
ﬂm - 7
~—
Bk BgF™

Notice that Definition 5 reduces to Definition 4 in the case when m = 1.
Indeed, if m = 1, then the sliding windows are single columns, and an increase
in rank is the result of adding a nonzero column to a single column of all zeros.
This is shown next in (50).

Bj-1B;j Bj1
*|0|*
*[0|* (5())

*|0|*

In order for a matrix to be (H, 1)-quasiseparable, any column of zeros in A,
must be the first column of Aj; that is, in (50), 7 = 1. Thus a well of size
one is exactly a column of zeros above the diagonal, and some nonzero entry
to the right of that column, exactly as in Definition 4.

With the class of (H,m)-well-free matrices defined, we next present a
theorem containing the classifications to be proved in this section.

Theorem 8. Suppose A is a strongly upper Hessenberg n x n matrixz. Then
the following are equivalent.

(i) A is (H,m)-well-free.
(ii) There exists a set of generators of Definition 2 corresponding to A such

that by are companion matrices for k =2,...,n—1, and hy = e for k =
2,...,n, where ey is the first column of the identity matriz of appropriate
size.

(iwi)The system of polynomials related to A via (6) satisfies the general three—
term recurrence relations (45).

This theorem is an immediate corollary of Theorems 9, 10, and 11.
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5.3 (H, m)—well-free matrices. Generator classification.

Theorem 9. An (H, m)—quasiseparable matriz is (H, m)-well-free if and only
if there exists a choice of generators {pg, qr, dk, gk, bk, hi} of the matriz that
are of the form

00 ---0 5k,1 7] 1
10 . 0

be= o1 .0 ¢ |.k=2..n-1 h=|:], k=2..n
.'.'-.ogkm_l :
[0+ 01 &m | 0

(51)

Proof. Let A = (a;j) be an (H, m)-well-free matrix. Then due to the low
rank property of off-diagonal blocks, its entries satisfy

j—1
Qi = Z ais0g5, if i<j—m. (52)

s=j—m

It is easy to see that an (H,m)-well-free matrix B with

dp =ar, k=1,...,n, DPry1qkx = g1k, k=1,...,n—1,
gk = [k kst Qhkim], K=1,...,n—1, hy=[10--- 07, k=2,...,n,
[0 0 "'Oak—m+1,k+1_
10"’ ;
be=1¢0 1 . °: , k=2,...,n—1.

0 ag—1kt1
_0~'~ 01 Ak k41

(53)
coincides with A.
Conversely, suppose A is an (H,m)-quasiseparable matrix whose genera-
tors satisfy (51). Applying (14) from Definition 2 it follows that

Vi 54 i=1,...,n j=t,...i+m
o ax i,5—1 yeees ) )
aij = gib; ;h; = -1 ] o (54)
E :s:j—nL ais£j—m,s—j+m+1 i=1,....n j=i+m+1l,..n.

This is equivalent to a summation of the form (52), demonstrating the low—
rank property, and hence the matrix A is (H, m)-well-free according to Defi-
nition 5.

This result generalizes the generator classification of (H, 1)-well-free ma-
trices as given in [BEGOO08], stated as a part of Theorem 7.



Title Suppressed Due to Excessive Length 25
5.4 (H, m)—well-free matrices. Recurrence relation classification.

In this section, we will prove that it is exactly the class of (H, m)-well-free
matrices that correspond to systems of polynomials satisfying [-term recur-
rence relations of the form (45).

Theorem 10 (I-term recurrence relations = (H,! — 2)—well-free ma-
trices). Let A = (a;;)}';—; be a matriz corresponding to a system of polyno-
mials R = {ro(x),..., rn—1(x)} satisfying (45). Then A is (H, m)-well-free.

Proof. The proof is presented by demonstrating that A has a set of generators
of the form (51), and hence is (H, m)-well-free. In particular, we show that

1
dk:akkv k:]-u"'vna karlqk:ivk:lv"'an_lv
Okk

gk = [ak k1 Gk pri—2], k=1,...,n—1,
he=[10---00", k=2,...,n,
N———
-2
00 ---0 Ok kpl—2

Okgl—2,kt+l—2

(55)

be=101 "." ,k=2,...,n—1,

_ Ok4i—dkt1-2
gk+l—2,k+l—2
ktl—3,k+1—2

L kpl—2,kfl—2 -

=0 if i>n—-1014+2.
0jj

forms a set of generators of A. We show that with this choice, the entries of
the matrix A coincide with those of (49). From Definition 2, the choice of
dy, as the diagonal of A and choice of pyy1qr as the subdiagonal entries of
(48) produces the desired result in these locations. We next show that the
generators gi, by and hy define the upper triangular part of the matrix A
correctly.

Consider first the product ¢;b;11b;12 - - - b;1¢, and note that

Gibit1biva - biyr = [Qiiper1 - Qiigeyi—2]- (56)

Indeed, for t =0, (56) becomes

i = [@iit1 - Qijipi—2],

which coincides with the choice in (55) for each i, and hence the relation is
true for t = 0. Suppose next that the relation is true for some ¢. Then using
the lower shift structure of the choice of each by of (55) and the formula (49),
we have
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gibi+1bi+2 ce bi+t+1 = [ai,i+t+1 te ai,i+t+l—2] bi+t+1 =

i+t+1—2
Z _aip(sp,i+t+l71

= | Qi i4t+2 " Qg i4t41—2 5 1 1
it tHl—1 i+t +1—

p=it+t+1
= [@iitt+2 - Qiiperi-1] - (B7)
And therefore
gibjhy = laij -+ aijrs—1]hj = ai, j>i
so (55) are in fact generators of the matrix A as desired.

Theorem 11 ((H, m)—well-free matrices = (m + 2)-term recurrence
relations). Let A be an (H, m)-well-free matriz. Then the polynomials sys-
tem related to A via (6) satisfies the l—term recurrence relations (45).

Proof. By Theorem 9, there exists a choice of generators of A of the form

dk:Vk,Oa kil,...,n, pk+1‘]k:llk7k:17---7”*1a
gk:[yk,l"'yk,m]v k:17"'7n_17
he=0[10---00", k=2,...,n,
—

[00 -0 &1 ] (58)
. . '."Oé-k:,mfl
[0+ 01 &m |

We present a procedure to compute from these values the coefficients of
(45).

1. Take
1 . .
s =17,
0ij = Mg 59
Y {—‘W j=m+2,...n i=j—m,...,j—1. (59)
Hjj
2. Calculate g;; and 6;5 for j =2,...,m+1, i=1,...,j—1 as any solution

of the following system of equations:

- j—1 =1
Vij—i = = (Eij + 2o Vi,sfifssj) P
— < A b (60)
1=2,..., m

i—1
Vij—i = — b (5%173‘/%71 +ei+ >0 Vi,sfi(ssj)



Title Suppressed Due to Excessive Length 27

3. Find the remaining ¢;;-coefficients using

V1,0 .
— i=j=1,
l/J 0 . .
_ i=j>1
€ij = o J=1jHi—1 J>1, (61)
Vij—i j—1 j=m+2,....n
- 1;]. - — 6i—1,jl-j/i—l - s—q Vi,s— 155]

The proof immediately follows by comparing (55), (58) and using (49). Note
that the coefficients of the [-term recurrence relations depend on the solution
of the system of equations (60), which consists of

. om(m+1
ZZZ (2+)

equations and defines m(m + 1) variables. So for the generators (58) of an
(H, m)—well-free matrix there is a freedom in choosing coefficients of the re-
currence relations (45) for the corresponding polynomials.

This completes the justification of Theorem 8 stated above. In the m =1
case, this coincides with the result given in [BEGOO08], stated as Theorem 7.

5.5 Proof of Lemma 3

In this section we present a proof of Lemma 3, stated without proof by Barnett
in [B81].

Proof (Proof of Lemma 3). The results of [MB79] allow us to observe the
bijection between systems of polynomials and dilated strongly Hessenberg
matrices. Indeed, given a polynomial system R = {ro(x),..., rn—1(x)}, there
exist unique n—term recurrence relations of the form

zrj-1(®) = ajr5 0 1(w) +aj;ri—1(z) + 0+ an; o),

. 62
(lj+1’j7é0, ]:1,...,TL—].. ( )

and a1 j,...,a;541,; are coefficients of the j-th column of the correspondent
strongly Hessenberg matrix A.
Using d;; = €45 = 0, % < j — [ + 2, we can assume that the given system of

polynomials R = {ro(x),..., rn—1(z)} satisfies full recurrence relations:
J
=> Gz +egria(x), j=1,...,n—1 (63)
i=1

The proof of (49) is given by induction on j. For any ¢, if j = 1, it is true that
ay1 = — 31, Next, assuming that (49) is true for all j = 1,...,k — 1. Taking
j=kin 63) we can write that
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k—1

1
%m(m) - @ml(m) ~3 ;(&-kx +ei)ric(z).  (64)

xrp—1(x) =

From the induction hypothesis and equation (62) we can substitute the ex-
pression for zr;_; into (64) to obtain

k—1 i+1
1 e 1
xrp—1(z) = @m(x) - ﬁrkﬂ(w) ™ ; l&-k ; agsirs—1(x) + sikrm(rc)]
(65)

After grouping coefficients in (65) we obtain

k k—1
1 1 di 1k
rry—1(z) = ark(x) - @ ; [&’Lil + ik + Sz:; azsésk‘| ri—1(z). (66)

Comparing (62) and (66) we get (49) by induction.

6 Relationship between these subclasses of
(H, m)—quasiseparable matrices

Thus far it has been proved that the classes of (H,m)-semiseparable and
(H, m)—well-free matrices are subclasses of the class of (H, m)—quasiseparable
matrices. The only unanswered questions to understand the interplay between
these classes is whether these two subclasses have common elements or not,
and whether either class properly contains the other or not.

It was demonstrated in [BEGOO08] that there is indeed a nontrivial inter-
section of the classes of (H,1)-semiseparable and (H,1)-well-free matrices,
and so there is at least some intersection of the (weakly) (H,m) versions of
these classes. In the next example it will be shown that such a nontrivial in-
tersection exists in the rank m case; that is, there exist matrices that are both
(H, m)-semiseparable and (H, m)—well-{ree.

Ezample 4. Let A be an (H, m)—quasiseparable matrix whose generators sat-
isty

00 ---01 1
10 .11 0

by = 01 -.0: e cmxm, hi = c| ec™.
[0--- 0 11] 0

Regardless of the other choices of generators, one can see that these generators
satisfy both Lemma 2 and Theorem 9, and hence the matrix A is both (H,m)—
well-free and (H, m)-semiseparable.
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The next example demonstrates that an (H, m)—semiseparable matrix need
not be (H, m)—well-free.

Ezample 5. Consider the (H, m)—quasiseparable matrix

10001
11001
A=1|01111
00111
00011

Because of the shaded block of zeros, it can be seen that the matrix is not
(H, 2)—well{ree. However, one can observe that rank (triu(A4,1)) = 2, and
hence A is (H,2)-semiseparable. Thus the class of (H, m)-semiseparable ma-
trices does not contain the class of (H, m)-well-free matrices.

To see that an (H, m)-well-free matrix need not be (H, m)-semiseparable,
consider the banded matrix (8) from the introduction. It is easily verified to
not be (H, m)-semiseparable (for m < n—1), however it is (H, [ —2)-well-free.

This completes the discussion on the interplay of the subclasses of (H, m)—
quasiseparable matrices, as it has been shown that there is an intersection, but
neither subclass contains the other. Thus the proof of Figure 3 is completed.

7 Conclusion

To conclude, appropriate generalizations of real orthogonal polynomials and
Szego polynomials, as well as several subclasses of (H, 1)—quasiseparable poly-
nomials, were used to classify the larger class of (H, m)-quasiseparable matri-
ces for arbitrary m. Classifications were given in terms of recurrence relations
satisfied by related polynomial systems, and in terms of special restrictions
on the quasiseparable generators.

References

[ACR93] G. Ammar, D. Calvetti and L. Reichel, Computing the Poles of Autore-
gressive Models from the Reflection Coefficients, Proceedings of the Thirty-
First Annual Allerton Conference on Communication, Control, and Comput-
ing, Monticello, IL, October, 1993, pp. 255-264.

[AH95] G. Ammar and C. He, On an Inverse Eigenvalue Problem for Unitary Hes-
senberg Matrices, Linear Algebra Appl., 218: 263-271 (1995).

[BC92] M. Bakonyi and T. Constantinescu, Schur’s algorithm and several appli-
cations, in Pitman Research Notes in Mathematics Series, vol. 61, Longman
Scientific and Technical, Harlow, 1992.

[B81] S. Barnett, Congenial Matrices, Linear Algebra Appl., 41: 277-298 (1981).



30 T. Bella, V. Olshevsky, and P. Zhlobich

[BEGKOO07a] T. Bella, Y. Eidelman, I. Gohberg, I. Koltracht and V. Olshevsky,
A Bjorck-Pereyra-type algorithm for Szeg6-Vandermonde matrices based on
properties of unitary Hessenberg matrices, to appear, Linear Algebra and its
Applications, 2007.

[BEGKOO7b] T. Bella, Y. Eidelman, I. Gohberg, I. Koltracht and V. Olshevsky,
A fast Bjorck-Pereyra-like algorithm for solving Hessenberg-quasiseparable-
Vandermonde systems, submitted.

[BEGOTO7] T. Bella, Y. Eidelman, I. Gohberg, V. Olshevsky, and E.Tyrtyshnikov
Fast inversion of Hessenberg-quasiseparable Vandermonde matrices, submit-
ted.

[BEGOO08] T. Bella, Y. Eidelman, I. Gohberg, V. Olshevsky Classifications of three—
term and two—term recurrence relations and digital filter structures via sub-
classes of quasiseparable matrices, submitted to SIAM Journal of Matrix Anal-
ysis (SIMAX)

[BH95] Bunse-Gerstner, Angelika and He, Chun Yang On a Sturm sequence of poly-
nomials for unitary Hessenberg matrices. (English summary) SIAM J. Matrix
Anal. Appl. 16 (1995), no. 4, 1043-1055.

[BK86] A.Bruckstein and T.Kailath, Some Matrix Factorization Identities for Dis-
crete Inverse Scattering, Linear Algebra Appl., 74: 157-172 (1986).

[BK87a] A.Bruckstein and T.Kailath, Inverse Scattering for Discrete Transmission
Line Models, STAM Review, 29: 359-389 (1987).

[BK87b] A.Bruckstein and T.Kailath, An Inverse Scattering Framework for Several
Problems in Signal Processing, IEEE ASSP Magazine, January 1987, 6-20.

[EG99a] Y. Eidelman and I. Gohberg, On a new class of structured matrices, Inte-
gral Equations and Operator Theory, 34 (1999), 293-324.

[EG99b] Y. Eidelman and I. Gohberg, Linear complexity inversion algorithms for
a class of structured matrices, Integral Equations and Operator Theory, 35
(1999), 28-52.

[EG02] Y. Eidelman and I. Gohberg, A modification of the Dewilde-van der Veen
method for inversion of finitestructured matrices, Linear Algebra Appl., 343-
344 (2002), 419-450.

[EGO05] Y. Eidelman and I. Gohberg, On generators of quasiseparable finite block
matrices, CALCOLO, 42 (2005), 187-214.

[EGOO05] Y. Eidelman, I. Gohberg and V. Olshevsky, Eigenstructure of Order-One-
Quasiseparable Matrices. Three—term and two—term Recurrence Relations, Lin-
ear Algebra and its Applications, Volume 405, 1 August 2005, Pages 1-40.

[G48] L. Y. Geronimus, Polynomials orthogonal on a circle and their applications,
Amer. Math. Translations, 3 p.1-78, 1954 (Russian original 1948).

[G82] W. B. Gragg, Positive definite Toeplitz matrices, the Arnoldi process for
isometric operators, and Gaussian quadrature on the unit circle (in Russian).
In : E.S. Nikolaev (Ed.), Numerical methods in Linear Algebra, pp. 16-32,
Moskow University Press, 1982.

English translation in : J. Comput. and Appl. Math., 46(1993), 183-198.

[GS58] U. Grenader and G. Szegd, Toeplitz forms and Applications, University of
California Press, 1958.

[KP83] T. Kailath and B. Porat, State-space generators for orthogonal polyno-
mials. Prediction theory and harmonic analysis, 131-163, North-Holland,
Amsterdam-New York, 1983.

[LK84] H.Lev-Ari and T.Kailath, Lattice filter parameterization and modeling of
nonstationary processes, IEEE Trans on Information Theory, 30: 2-16 (1984).



Title Suppressed Due to Excessive Length 31

[LK86] H.Lev-Ari and T.Kailath, Triangular factorization of structured Hermitian
matrices, in Operator Theory : Advances and Applications (I.Gohberg. ed.),
vol. 18, 301-324, Birkhauser, Boston, 1986.

[MB79] J. Maroulas and S. Barnett, Polynomials with respect to a general basis. I.
Theory, J. of Math. Analysis and Appl., 72 (1979), 177 -194.

[098] V. Olshevsky, Eigenvector computation for almost unitary Hessenberg ma-
trices and inversion of Szego- Vandermonde matrices via Discrete Transmission
lines. Linear Algebra and Its Applications, 285 (1998), 37-67.

[0O01] V. Olshevsky, Associated polynomials, unitary Hessenberg matrices and
fast generalized Parker-Traub and Bjorck-Pereyra algorithms for Szego-
Vandermonde matrices invited chapter in the book “Structured Matrices: Re-
cent Developments in Theory and Computation,” 67-78, (D.Bini, E. Tyrtysh-
nikov, P. Yalamov., Eds.), 2001, NOVA Science Publ., USA.

[R95] P. A. Regalia, Adaptive IIR filtering in signal processing and control, Marcel
Dekker, New York, 1995.

[S17] I. Schur. Uber potenzreihen, die in Innern des Einheitskrises Beschrnkt Sind.
J. Reine Angew. Math., 147:205-232, 1917. English translation in: I. Schur
Methods in Operator Theory and Signal Processing, I. Gohberg, ed., Birkhuser,
1986, 31-89.

[S05] Simon, Barry Orthogonal polynomials on the unit circle. Part 2. Spectral
theory. American Mathematical Society Colloquium Publications, 54, Parts 1
& 2. American Mathematical Society, Providence, RI, 2005.

[SB92] J. Stoer, R. Bulirsch, Introduction to Numerical Analysis, Springer-Verlag,
1992. 277-301.

[T92] A. V. Teplyaev, The pure point spectrum of random orthogonal polynomials
on the circle, Soviet Math. Dokl. 44 1992, p. 407-411.



