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Summary

The content of this thesis is part of the areas of approximation theory and
special functions, in particular, of the matrix orthogonality theory. It is com-
posed by two parts. The first part is an introduction with the corresponding
preliminaries, goals, summary of the results, discussion and conclusions. The
second part is formed by two published papers:

— A. J. Duran and V. Sanchez-Canales Orthogonal matriz polynomials
whose differences are also orthogonal. J. Approx. Theory, (2014) 179,
112-127.

— A. J. Durdn and V. Sanchez-Canales Rodrigues’ Formulas for Orthogo-
nal Matriz Polynomials Satisfying Second-Order Difference Equations.
Integral Transform. Spec. Funct. (2014) 25, 849-863.

In these works we study four important properties of matrix orthogonal
polynomials which are also eigenfunctions of a second order difference oper-
ator. We show what happens with four of the characterization properties of
the classical discrete polynomials and the relations between all of them in
the matrix case. We obtain new results that establish important differences
between the scalar case and the matrix one: we prove that for orthogonal
matrix polynomials the scalar characterizations for classical discrete fami-
lies are no longer equivalent. More precisely, we prove that the equivalence
between the orthogonality of the differences of orthogonal polynomials and
the discrete Pearson equation for the associated weight matrix remains true
for orthogonal matrix polynomials. Besides, under suitable Hermitian as-
sumptions, they also imply that the associated orthogonal polynomials are
eigenfunctions of certain second order difference operator, but the converse
is, in general, not true.

We also study the question of the existence of Rodrigues’ formulas for
families of orthogonal matrix polynomials which are also eigenfunctions of a
second order difference operator. We develop a method to find such formulas
and, using it, we produce the first discrete Rodrigues’ formulas in arbitrary
size for two families of orthogonal matrix polynomials.

Finally, we include two original and relevant examples of families of or-
thogonal matrix polynomials illustrating our results.
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1.1 Preliminaries

1.1.1 Orthogonal polynomials and classical families

The first examples of orthogonal polynomials appeared at the end of the
XVIII century, as a tool in the resolution of celestial mechanical problems:
some difficulties in the Newton’s Theory of Gravity were solved by A. M.
Legendre in 1785 by introducing the first family of orthogonal polynomials,
called Legendre polynomials. This family was generalized by C. G. J. Jacobi
in 1859 receiving the name of Jacobi polynomials, [62]. Some years later, in
1864, C. Hermite published in [59] a new family of orthogonal polynomials,
the Hermite polynomials, with the aim to generalize certain functions series
to the case of several variables. Another important family are the Laguerre
polynomials, introduced in 1879 by E. N. Laguerre in [65] as the solution of
the differential equation of Laguerre.

Hermite, Laguerre and Jacobi polynomials are the most important fami-
lies of orthogonal polynomials and they are called the classical families. Clas-
sical families have several interesting properties in common, for instance, they
and only them ([4]) are eigenfunctions of a second order differential operator

d? d

(1.1) D:a(:z:)@—lﬂ'(x)%,

where o(z) and 7(x) are polynomials of degree at most 2 and exactly 1,
respectively.

The second order differential equation associated to the operator (1.1)
has important applications in quantum physic: Hermite polynomials appear
in the resolution of the one-dimensional harmonic oscillator, and Laguerre
polynomials and Gegenbauer polynomials (a particular case of Jacobi polyno-
mials) appear in the resolution of the Schrodinger equation for the hydrogen
atom.

A discretization in the lattice x(s) = s of the differential equation asso-
ciated to the operator (1.1) is the following difference equation, known as
difference equation of hypergeometric kind:

(1.2) o(2)AVp,(x) + 7(2) Apa(z) + Anpn(z) = 0,
where A and V are the usual first order difference operators
Af(z) = fx+1) = f(z), Vf(z)=flz) - flz-1).

The families of orthogonal polynomials satisfying equations of the form (1.2)
(where o and 7 are independent of n) are called the classical discrete families.

13



14 INTRODUCTION

There are four of such families: Charlier, Meixner, Krawtchouk and Hahn
polynomials.

These families appeared at the end of the XIX century and the beginning
of the XX century. In 1905, C. V. L. Charlier introduced the Charlier poly-
nomials in [10], where certain problems related to astronomic measurements
are studied. This family is orthogonal with respect to the discrete measure
(a>0)

e “a”
@)= 5y
In 1929, M. Krawtchouk discovered a new family of discrete orthogonal poly-
nomials by following the ideas of Chebyshev (who published and improved
the discrete Chebyshev polynomials in [11] and [12], respectively). This fam-
ily is nowadays known as Krawtchouk polynomials and it is orthogonal with
respect to (0 <p<1l,n< N —1)

r=0,1,2,...

NIp*(1 — p)¥

0<z<N+1
TN+1l—ol(@t1) 7=

w(x) =

Subsequently, in 1934, J. Meixner introduced Meixner polynomials in [73]
when he was solving a problem related to generating functions (usually used
in probability theory). Meixner polynomials are orthogonal with respect to
the discrete measure (¢ > 0,0 < a < 1)

a’I'(z + )

_ =0,1,2,...
Tz +1) =70

w(r) =

In 1935, W. M. Hahn published in [57] the Hahn polynomials, which can
be seen as a discretization of Jacobi polynomials. This familiy is orthogonal
with respect to the discrete measure (o, 5 > =1, n < N — 1)

I'N+a—x)T(B+xz+1)

“@) = =Ny 0 0STSN

Lets notice that the classical discrete measures associated to the Char-
lier, Meixner, Krawtchouk and Hahn polynomials correspond to the discrete
probability distributions of Poisson, Pascal, binomial and Pdlya (or hyper-
geometric), respectively.

One of the most important problems in the theory of orthogonal polyno-
mials consists of determining the common properties of the classical families.
The problem for discrete families was considered for the first time in 1931
by E. H. Hildebrandt (see [60]) and in a more wide scope by Hahn (see [58]).
Classifications theorems were obtained by O. E. Lancaster in [66] and P.
Lesky in [67].

14



1.1. PRELIMINARIES 15

In our research we focus in four of these characterizations, formulated in
the following theorem.

Theorem 1. Some characterizations of classical discrete families are the
following:
1. The classical discrete polynomials are eigenvalues of a second order
difference operator of the form

d(-) = f<1(2)81() + fo(2)So(-) + f1(x)86:1("),

where §; denotes the shift operator §,(f(z)) = f(z +1) and f;, i =
—1,0,1, are polynomials of degree not larger than 2 (independent of n)
satisfying that deg(X)llz1 *f) <k, k=0,1,2.

2. The sequence of differences (Vp,)n is again orthogonal with respect to
a measure.

3. Every classical discrete measure w satisfies a discrete Pearson equation

Alga(r)w(r)) = g1(z)w(z),
where, go and g1 are polynomials of degree at most 2 and exactly 1,
respectively.
4. They can be defined by a discrete Rodrigues’ formula:
A (@) [Ty ol — m))

w(x)

(1.3) Pn()

where w 1s the corresponding classical discrete weight.

Y

An in-depth study of characterization theorems can be found in [1, 3,13,
70].

The purpose of this thesis is to show what happens with all these four
properties when we consider the matrix case. We point out here that some
of them are no longer equivalent for orthogonal matrix polynomials. We
illustrate our results with some original and relevant examples.

1.1.2 Orthogonal matrix polynomials

The theory of orthogonal matrix polynomials started with two papers by
M. G. Krein in 1949, [63, 64].
A matrix polynomial can be defined by a matrix whose entries are scalar
polynomials:
pu(z) - pin(z)
P(z) = - )
pni(z) -+ pyn(T)

15



16 INTRODUCTION

or by a polynomial which coefficients are matrices of the same size:
Po(z) = Apz™ 4+ Ap_12™ 4+ -+ Ag.

A weight matrix W is an N x N matrix of measures supported in the real
line satisfying that

1. W(A) is positive semidefinite for any Borel set A € R,
2. W has finite moments of every order (u, = [ 2"dW (z)),

3. [ P(t)dW (t)P*(t) is nonsingular if the leading coefficient of the matrix
polynomial P is nonsingular.

Condition 3 is necessary and sufficient to guarantee the existence of a se-
quence (P,), of matrix polynomials orthogonal with respect to .
All the examples considered in this memory are discrete weight matrices

of the form
W=> W),

zeN

For a discrete weight matrix W = > _ W(x)d, supported in a countable
set X of real numbers, the Hermitian sesquilinear form defined by (P, Q) =
[ PAWQ* takes the form

(P,Q) =Y Px)W(x)Q"(x).

We say that a weight matrix reduces to scalar measures if there exist a
nonsingular matrix 7" (independent of z) and a diagonal matrix weight D(x)
such that W(x) = TD(x)T*. The study of this kind of weight matrices
belongs to the scalar theory more than to the matrix one. Because of this
reason, we are only interested in weight matrices that do not reduce to scalar
weights.

A sequence of matrix polynomials (P,), will be orthogonal with respect
to W if it satisfies that every P,, n > 0, has degree exactly n and non
singular leading coefficient, and f P,dWP}y =T1,0,m, where I';,, n > 0, is a
positive definite matrix. When T',, = I, we say that the polynomials (P,),
are orthonormal.

There are several reasons that point out the importance of matrix orthog-
onality within the field of approximation theory.

On the one hand, orthogonal matrix polynomials are useful in the res-
olution of scalar theory problems, because scalar orthogonality has a non-
trivial representation as matrix orthogonality. At the end of the eighties it
was asked whether a sequence of scalar polynomials (p,,), satisfying certain
higher order recurrence relation enjoys some kind of canonical orthogonality

16



1.1. PRELIMINARIES 17

(Favard’s Theorem answers a particular case of the problem, when the recur-
rence relation has order three). The solution of that problem, which provides
an extension to higher order recurrence relations of the well-known Favard’s
Theorem, was found by A. J. Durdn in 1993 (see [19] and [20]) and shows the
following connection between scalar polynomials satisfying higher order re-
currence relations and orthogonal matrix polynomials: If (p,), is a sequence
of scalar polynomials satisfying certain higher order recurrence relation, then
they can be splited up in some way to form a sequence of matrix polynomials
(P,)n which is orthogonal on the real line with respect to a weigh matrix.
Reciprocally, given a sequence (FP,), of orthogonal matrix polynomials with
respect to a weight matrix, a sequence of scalar polynomials satisfying certain
higher order recurrence relation can be constructed from the polynomials on
the rows of each P, (see also [50]).

On the other hand, some specificities of the matrix structure, like the
existence of singular matrices without inverse, and the non-commutativity of
the matrix product, introduce important changes that demand the develop
of new techniques and original ideas to deal with the resolution of matrix
problems. These differences become specially important in the looking for
families of orthogonal matrix polynomials satisfying second order differential
or difference equations.

There are also several connections between matrix orthogonal polynomi-
als and other researching areas. For instance, the relation with probability
theory showed in [53], with random matrices showed in [61] or with quantum
physics in [34]. We can find more applications of matrix orthogonality theory
in [76].

In the last twenty years, a systematic study of matrix orthogonality has
been developed, turning orthogonal matrix polynomials into one of the main
areas of study in the theory of orthogonal polynomials. For instance, asymp-
totic properties are studied in [15,16,23,44,71,72], algebraic aspects, proper-
ties of the zeros and Gaussian quadrature formulas in [17,21,39,45,47,76], and
density problems and problems regarding matrix moments in [40-42,68,69].

Recurrence formulas and an extension of Favard’s Theorem can be found
in [19,20,50]. In that way, an analogous of the three terms recurrence relation
takes, in the matrix case, the form

1Py () = Any1 Poa () + BoPy() + AL Poa(2),

(where we take P_; = 0). In that formula the coefficients B, have to be
hermitian, and since each of the polynomials P, has nonsingular leading
coefficient, it follows that the coefficients A, have to be nonsingular. This
equivalence is, in fact, a consequence of the symmetry of the operator of

17



18 INTRODUCTION

multiplication by z with respect to the hermitian sesquilinear form defined
in the linear space of matrix polynomials by a weight matrix supported on
the real line.

A very attractive subject in the field of orthogonal matrix polynomials
are the examples of families satisfying second order differential equations.
Related results can be found in [5-9,22,24-27,29-38, 51, 5456, 74, 75]. A
parallel and recently opened field is formed by matrix families satisfying
second order difference equations (see [2,28,46,48,49]). New and innovator
methods have been developed to find these families, but some other will be
needed to get classifications theorem like those of Bochner and Lancaster for
the classical and classical discrete families. We go in depth in this subject in
the following section.

More details about matrix orthogonal polynomials theory can be found
in [14] and [43], and references therein.

1.1.3 Second order difference operators

In the last years a big amount of papers has been devoted to introduce
and study families of orthogonal matrix polynomials satisfying second (and
higher) order differential equations of the form

(1.4) P!'(z)Fy(z) + P (z)Fi(x) + Py(x)Fo = AP, n >0,

where Fy, F} and Fy are matrix polynomials (which do not depend on n) of
degree less than or equal to 2, 1 and 0, respectively. With the paper [28],
Antonio Durdn opened in 2012 the issue of orthogonal matrix polynomials
satisfying difference equations of the form

(1.5) Py(x —1)F_1(z) + Py(2)Fo(z) + Po(z + 1) Fi(z) = A Po(x), n >0,

where I}, i« = —1,0,1, are matrix polynomials of degree not larger than
2 (independent of n) satisfying that deg(3>.,_,I*F)) < k, k = 0,1,2. In
28], A. J. Durén introduces the first non-trivial examples of weight matrices
whose orthogonal polynomials satisfy second order difference equations (by
non-trivial we mean that the weight matrix is not a diagonal matrix with
discrete classical measures on the diagonal and the difference operator is not
a diagonal matrix with the associated difference operators on its diagonal,
or some other examples what can be reduced to that situation). It is the
initial motivation for this thesis, exploring new phenomena, and looking for
new examples of discrete families what could contribute in the elaboration
of a general classification theorem.

18



1.1. PRELIMINARIES 19

New examples of orthogonal matrix polynomials (P,),, satisfying second
order difference equations like (1.5) appeared in the last 2 years [2,48,49].

Equations (1.4) and (1.5) are equivalent to looking for second order dif-
ferential and difference operators of the form

(1.6 DO) = A (VBw) + - (VR() + ()R,
and
(1.7 D() = 51()F1(&) + 8oV Fo(w) + §:()Fi (),

respectively, having the polynomials (P, ),, as eigenfunctions, that is, D(P,) =
A, P,.

Let us notice that the difference operator acts on the right, and the eigen-
values A,, multiply on the left. The main reason for this election is that it
keeps the left-linearity of the operator: A right difference operator D is left-
linear, but not right-linear, that is, for a matrix function P and a constant
matrix A, we have

D(AP) = AD(P), D(PA)+# D(P)A (in general).

It can be developed an analogous theory considering second order difference
operators acting on the left, with right hand side eigenvalues, but it would
be convenient to use the family (P¥),, as well as the inner product (P, Q)w =
f Q" ()W (1) P(0).

Nevertheless, to consider right hand side eigenvalues and difference opera-
tors acting also on the right lacks in interest, at first, because the considered
inner product is not right linear, it means that D(P,) lose in general the
orthogonality when we take the equation D(P,) = P,A,. And secondly, be-
cause the weight matrix associated to the solution of this kind of equation
can be reduced to scalar weights. On the contrary, an equation like (1.5)
does generate non trivial examples.

Families of orthogonal matrix polynomials satisfying second order differ-
ential or difference equations are among those that are likely to play in the
case of matrix orthogonality the role of the classical or classical discrete fam-
ilies in the case of scalar orthogonality. From the theoretical and applied
point of view, this is the reason why their recent discovery and study have
raised such an expectation. Very important differences have been found be-
tween matrix and scalar case. The first difference is related to the difficulty
to find these kind of examples and to solve the associated second order dif-
ferential (or difference) matrix equations. It has imposed the necessity to
carry out new and powerful techniques. Another difference is the flexibility

19
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of matrices, what provides a richness and complexity much more bigger than
in the scalar case, where there are only a small number of classical families,
compared to the plenty of examples barely found in the matrix case.

1.1.4 Matrix discrete Pearson equation

Examples of orthogonal matrix polynomials satisfying second order differ-
ence equation like (1.5) have been essentially found by solving an appropriate
set of commuting and difference equations. This set includes a matrix anal-
ogous to the scalar Pearson equation

(1.8) Fi(z —1)W(zx —1) = W(x)F*{(z),
and the commuting equation
(1.9) FoW = WE.

Equations (1.8) and (1.9) are also called symmetry equations. Under cer-
tain boundary conditions they imply that the orthonormal polynomials with
respect to W are eigenfunctions of the second order difference operator

(1.10) L(-) = 81 (-) Foa(2) + So() Fo(x) + () Fi(x)

with Hermitian (left) eigenvalues A,; that is, L(P,) = A, P,, n > 0.

1.1.5 A functional approach

Sometimes is more convenient to use a functional approach instead of that
of weight matrices. Since we use this approach in the first paper composing
this thesis, it is convenient to finish this section with a brief summary of
functional notation.

Lets denote by

— CNV*N: the set of matrices of size N x N whose elements are complex

numbers.

— PV the linear space of matrix polynomials in one real variable with

coefficients in CV*¥,

— PY: the linear subspace of PV formed by those matrix polynomials

with degree at most n.
— IP: the linear space of polynomials with complex coefficients.
A moment functional u is a left linear functional

u: PN — CVN o w(AP + BQ) = Au(P) + Bu(Q),

20



1.1. PRELIMINARIES 21

with A, B € CN*¥ and P,Q € PV. For a moment functional u and a matrix
polynomial P € PV, the duality bracket is defined by

(P,u) = u(P).

We associate to each moment functional u a bilinear form in the linear
space of matrix polynomials defined by

(1.11) (-, Yy PV x PN — VNV ZA (z"91,u)B;,

where P = > A,2" and Q) = > B,z". We then say that a sequence of
matrix polynomials (P,),, P, of degree n with nonsingular leading coefficient,
is orthogonal with respect to the moment functional u if (P, Py)y, = Angn,
where A,, is a nonsingular matrix for n > 0.

The basic operations such as multiplication by polynomials or the first
order difference operators will be defined by duality. In particular, for a
polynomial P =) A,2" and a moment functional u, we define the moment
functionals Pu and uP as

Pu(Q) = u(QP), uP(Q) =) u(Qz")A,

n

Notice that for a polynomial p € P, we have p/u = upl. With this definitions,
one straightforwardly has (P, @), = (P,uQ*). These definitions agree with
the usual product of a polynomial P times a weight matrix W.

For a moment functional u, the new moment functionals Au and Vu are
defined, respectivelly, by

Au(P) = —u(VP), Vu(P) = —u(AP).

We say that a moment functional u is quasi-definite if det(A,,) # 0 for
every n > 0, where A,, is the Hankel-block matrix

Ho M1 Hon
A = ,LL'1 A%z T /ﬁn'+1
MUn Hpt1 - Hon

and i is the moment of order k& with respect to u: py, = (x*I,u). Notice
that the moments py, &k > 0, of u define uniquely both the moment funcional
w and the bilinear form (-, -), (1.11). It turns out that a moment functional
u has a sequence of orthogonal polynomials if and only if u is quasi-definite
(see [6]).

21
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Given a moment functional u with moments u, k& > 0, we define its
(complex) adjoint u* as the moment functional with moments pj, & > 0. If
the moments p, & > 0, of a moment functional v are Hermitian matrices,
i.e. u=u*, we say that u is Hermitian. If, in addition, det(A,,) > 0 for every
n > 0, we say that u is positive definite.

Moment functionals can always be represented by integration with re-
spect to a matrix of measures: using [18], one can see that given a moment
functional u there exists a matrix of measures W supported in the real line
(whose entries are Borel measures in R) such that (P,u) = [, PdW. The
most interesting case is when the matrix moment functional is defined by
a weight matrix W. It follows from [39] that a moment functional can be
represented by a weight matrix if and only if it is positive definite.

1.2 Goals: characterization theorems and new
examples

As we mentioned above, striking developments in the area of orthogonal
matrix polynomials have appeared: the discovery of many new phenomena
that are absent in the well known scalar theory. One of these phenomena is
that the elements of a family of orthogonal matrix polynomials can be eigen-
functions of several linearly independent second order differential or difference
operators like (1.6) and (1.7), respectively, (see [6,8,24,52,56] for differential
operators, and [28] for difference operators; and references therein), while
each of the classical families in the scalar case can be eigenfunctions of only
one linearly independent second order differential or difference operator, re-
spectively.

Another new phenomena is that the same matrix operator can be sym-
metric for several essentially different weight matrices. We say that a ma-
trix operator D is symmetric with respect to a weight matrix W if it sat-
isfies (D(P),Q) = (P, D(Q)), for all matrix polynomials P and @, where
(P,Q) = [ PdAWQ*. It provides a new problem of mathematic relevance:
the study of the convex cone of weight matrices associated to certain matrix
operator (see [38] and [46]).

In 2003 and 2004 the first examples of matrix families satisfying second
order differential equations like (1.4) were introduced in the literature [29,55].
In the same way, in 2012 the first matrix families satisfying second order
difference equations like (1.5) were published in [28]. In comparison with the
scalar theory, the matrix theory seems to be much more wide in this aspect if
one take into account the bunch of families of orthogonal matrix polynomials

22



1.2. GOALS 23

which have been found being eigenfunctions of second order differential or
difference operators. This is the reason why the matrix theory takes on
more interest, opening a new field of possibilities when we are looking for
new examples. One of the more outstanding goals in this field could be the
elaboration of a general classification theorem, in the same way as Bochner
classification theorem for the classical families [4] or Lancaster classification
theorem for the classical discrete families [66]. However, currently, we are far
from these classifications.

One of the main purposes of this thesis is to show that for orthogonal
matrix polynomials the scalar characterizations for classical discrete families
(Theorem 1 in Preliminaries) are no longer equivalent. More precisely, we
prove that the equivalence between the orthogonality of the differences of
orthogonal polynomials and the discrete Pearson equation for the associated
weight matrix still remains true for orthogonal matrix polynomials. Under
suitable Hermitian assumptions on the functionals Gou and Giu, they also
imply that the associated orthogonal polynomials are eigenfunctions of cer-
tain second order difference operator, but the converse is, in general, not
true. The differential version of this result was obtained in 2007 by Cantero,
Moral and Velazquez ([6]).

The other part of this thesis is devoted to the question of the existence of
Rodrigues’ formulas for these families of orthogonal matrix polynomials, that
is, assuming that W satisfies the commuting and difference equations (1.8)
and (1.9), is there any efficient and canonical way to produce a sequence of
orthogonal matrix polynomials with respect to W7 Say in an analogous way
as to (1.3) produces the orthogonal polynomials with respect to a classical
discrete weight w.

Even if F'; and W commute in the strong way that F_;(z)W(y) =
W(y)F_1(x), z,y in the support of W, orthogonal matrix polynomials which
are eigenfunctions of a difference operator like (1.10) do not seem to satisfy,
in general, a scalar-type Rodrigues’ formula of the form

(1.12) P,(x) = C,A" (W(m) H F q(z— m)) Wlz), n>0,

where C,, n > 0, are nonsingular matrices.
(In this thesis we consider discrete weight matrices of the form W = >~ /W (x)d,,
but implicitly assume that the function W (x) is an entire function in the
whole complex plane so that the right hand side of (1.12) makes sense for
z € C).

Instead of (1.12), these orthogonal matrix polynomials seem to satisfy
some modified Rodrigues’ formula. The first instance of that modified Ro-
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drigues’ formula appeared in [28]: the expression
a® 1+ ab®n + b%2? bx )
P, =A"| ——

defines a sequence of orthogonal matrix polynomials with respect to the
discrete weight matrix

- a”® 1+ %% ba
1.13 W = E — 0.
(1.13) prs ['(x+1) ( bx 1
Since now, we take ﬁ = 0 if y is a negative integer, so that the function

1/T'(x) is entire.
Similar Rodrigues’ formulas of the form

(1.14) Po(w) = A"(&u(2)W ™ (z),

have been found for other families of orthogonal polynomials of size 2 x 2
(see [28]). In all these examples, the functions &, are simple enough as to
make the Rodrigues’ formula (1.14) useful for the explicit calculation of the
sequence of orthogonal polynomials P, with respect to W.

Under mild conditions on the functions &, in (1.14), one can easily prove
that P, is orthogonal with respect to any polynomial of degree less than n (by
performing a sum by parts). The difficulty to find Rodrigues’ formulas like
(1.14) is that, in general, it is rather involved to guarantee that P, defined
by (1.14) is a polynomial of degree n with nonsingular leading coefficient. In
the extant examples, this requirement on P, has been checked by a direct
computation. As a consequence of this, only examples of small size have been
worked out (actually size 2 x 2) before our work in this thesis.

In this thesis we develop a method to find discrete Rodrigues’ formulas
like (1.14) for orthogonal matrix polynomials which are also eigenfunctions
of a second order difference operator. Using it, we produce the first discrete
Rodrigues’ formulas in arbitrary size for two illustrative examples.

1.3 Summary of the results, discussion and
conclusions

1.3.1 Characterization theorems

The following Theorem is one of the main and original results of this the-
sis. It proves the equivalence between property 2 and property 3 in Theorem
1 (section Preliminaries) for matrix moment functionals.
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Theorem 2. Let u be a quasi-definite moment functional. Consider a se-
quence of orthogonal matriz polynomials (P,), with respect to w. Then, the
following conditions are equivalent:

(1) The functional u satisfies the discrete Pearson equation

AulGy) = uGh,

where Gy = Goox® + Goax + Gao and Gy = Gz + Gy are matriz
polynomials of degree not bigger than 2 and 1, respectively, satisfying
that (n — 1)Gaa + Gy is not singular for n > 1.
(2) The sequence (V Pyi1)n is a family of orthogonal matriz polynomials
with respect to a quasi-definite moment functional u.
Furthermore, u = uGS,.

The following original result ensures that, under additional assumptions,
the discrete Pearson equation A(uG3) = uG7 implies that the orthogonal
polynomials (P,), with respect to u are eigenfunctions of a second order
difference operator.

Theorem 3. Let u be a quasi-definite moment functional. Consider a se-
quence of orthogonal matriz polynomials (P,,), with respect to w. Assume that
the moment functional u satisfies the discrete Pearson equation A(uG) =
uGy, and the Hermitian conditions Gou = uG and Giu = uG5, where G
and G1 are polynomials of degree at most 2 and 1, respectively. Consider the
second order difference operator

(1.15) D(-) = AV(-)Gy + A(+)G;.
Then D(P,) = A, Py, for certain matrices A,,.

For the differential version of these theorems see [6].

At the end of this section we illustrate Theorem 2 and Theorem 3 with
two examples in arbitrary size.

We now display an example in size 3 X 3 showing that the hermitian
condition uG3 = Gu is needed in Theorem 3.

Consider the weight matrix

G aw x *\ T
(1.16) W:ZE(IJrA) (I + A%)70,,
=0
where A is an arbitrary upper triangular nilpotent matrix of size 3 x 3
0 U1 Vs
A= 0 0 v |,
0 0 0

25



26 INTRODUCTION

where vy, vy # 0.

Using Maple, it is straightforward to show that there always exist poly-
nomials G5 and G of degrees not bigger that 2 and 1, respectively, such that
A(WG3) = WGT (only lineal equations are needed). In fact, the dimension
of the linear subspace

{G, € P} : there exists G} € PY with A(WG%) = WG3}

is in general equal to 9.
However, it is not difficult to see that only when v3 = 0 and the parame-
ters v; and vy satisfy

(1.17) alv[*lva]* = 2Jva|* + 2Jv1 > = 0

(restrictions (1.25) for N = 3), one of these polynomials satisfies also the Her-
mitian condition GoW = WG, This means that the polynomials (VP,1)n>0
are always orthogonal with respect to a moment functional but this moment
functional can be represented by a weight matrix (in the sense defined in the
Preliminaries) only when v3 = 0 and the parameters v; and vy satisfy (1.17).

Take, for instance, particular non null values of the parameters v, = vy =
vy = 2 and @ = 1. Using Maple it is not difficult to generate the first few
orthogonal polynomials with respect to W:

1 00
P=[0 1 0
0 01
82 34 2
69 69 69
| s 1 1w
P = 6 T %9 69
_2 _ 22 _ 17
69 60 T 7 %9
2 5051 5017 7788 . 3308 11300 136
xr 560 £ T 569 569 569 560 L T 569
_ 500 1068 9 1411, 137 404 4
Py = 569L T 569 x 569 © 569 569 T 569
4, 136 380, 124 .2 411, 41
569% 1 569 560% T 560 7 — 5602 T 569

One can then check that the polynomials P,, n > 0, can not be common
eigenfunctions of a second order difference operator of the form (1.26) (only

26
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lineal equations are needed). This shows that the hypothesis Gou = uG% can
not be removed in Theorem 3.

With the following example we show that the converse of Theorem 3 is,
in general, not true. This example is a particular case of an N x N weight
matrix introduced in [2].

Consider the discrete 2 x 2 weight matrix defined by

(k+1) 1 Zha(r—k)\ (1 fhe(r—k) :
W= Zx'f‘k+1—x)(0 1 0 1 O

where k£ is a positive integer.

The orthogonal polynomials (P, ), (a finite family in this case) associated
to W are eigenfunctions of a second order difference operator, however this
weight matrix W does not satisfy any discrete Pearson equation. Using
Maple is easy to check that there do not exist any polynomials G5 and G,
of degrees not bigger than 2 and 1, respectively, such that A(WG%) = WGT
(only lineal equations are needed). In particular, the family (V P, 11)n>0 can
not be orthogonal with respect to any moment functional. This shows that in
the matrix orthogonality, the discrete Pearson equation for the weight matrix
W is independent of whether the orthogonal polynomials with respect to W
are eigenfunctions of a second order difference operator of the form (1.15).

1.3.2 Rodrigues’ formula

As we wrote before, one of the purpose of this thesis is to develop a
method to explore the existence of Rodrigues’ formulas of the form (1.14)
for orthogonal matrix polynomials of arbitrary size (for Rodrigues’ formulas
for orthogonal matrix polynomials which are eigenfunctions of second order
differential operators see [26]). The key of this method is to exploit the
symmetry equations (1.8) and (1.9) for the weight matrix W, and to use the
following lemma as the main tool:

Lemma 4. Let Fi, Fy and F_1 be matriz polynomials satisfying that

1
(1.18) deg (Z l’“F,) <k, k=012

I=-1

Let W and R, be N x N matriz functions defined in a discrete set ) =
{0,1,2,...,7}, where T can be a positive integer or infinity. Assume that W
s nonsingular for x € Q) and satisfies the equations

(1.19) FEW =WF;, Fx—1)W(x—-1)=W(x)F* (x).
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Define the functions P,, n > 1, by
(1.20) P, = A"(R,) WL
If for a matriz A,,, the function R, satisfies

S, (R FY) + 6, [zm <(”‘£ 1) A*FF — nAF*, + Fl)]

+R,, (—nA’F} + nAF; + Fy) = AR,

(1.21)

for x € Q, then the function P, satisfies
(1.22) 5 _1(Pp)F_1+50(P,)Fo +5:(P,) 1 = AP, z €.

Once we have a weight matrix W satisfying the equations (1.8) and (1.9),
and an appropriate choice of eigenvalues A,, n > 1, the method consists in
using a solution of the equation (1.21) to produce a sequence of orthogonal
matrix polynomials with respect to W by means of the Rodrigues’ formula
(1.20). According to the previous lemma, the function P,, given by (1.20)
satisfies the difference equation (1.22).

It turns out that, in general, these difference equations are not enough
to guarantee that P,,, n > 1, is a polynomial of degree n with nonsingular
leading coefficient, because the eigenvalues A,,, n > 1, have, in general, non
disjoint spectrum. However, the method seems to work very efficiently as long
as the weight matrix W satisfies the equations (1.8) and (1.9) for a couple of
linearly independent sets of coefficients F_; 1, Fo1, F11 and F_q 9, Fyo, Fio.
In this case, one can do a suitable choice of the eigenvalues A, ; and A,
and real constants aq,as such that the spectrum of the linear combination
a1y + a2\, 2 is disjoint for n > 1, from where one can deduce that P, is
a polynomial of degree n with nonsingular leading coefficient. Moreover, the
functions R,,, n > 1, provided by this method have a so surprisingly simple
expression that it suggests the existence of a certain hidden pattern.

1.3.3 Examples

Besides of the obtained results, this thesis would not be concluded without
mentioning the examples that illustrate the previous theorems.
Example 1

The interest of the first example lies on that this family satisfies all the
four properties of classical families mentioned in the introduction translated
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to the matrix case: the polynomials (P,),, are eigenfunctions of a second or-
der difference operator like (1.10) (in fact of at least two linearly second order
difference operators), their differences are again orthogonal polynomials, they
can be defined by a matrix Rodrigues’ formula, and the corresponding weight
matrix satisfy the matrix analogous to the discrete Pearson equation. Be-
sides, they satisfy one more property associated to the classical families, that
is, the successive differences (V¥P, ), are still orthogonal polynomials for
k> 0.

This example is related to the Charlier weight w(z) = r(g—in
This first example is the family of weight matrices
oo al,
1.23 Wx) = — (I 4+ A)*(I + A")*0,,
(123 0 =3 o+ A4
where A is the N x N nilpotent matrix
N-1
(1.24) A= Z vi&iit1,
i=1
a>0,and v;, i =1,--- ;N — 1, are complex numbers satisfying that

(1.25) (N —i— Dalv|*lon_1]* = i(N — i)|Joy_1* + (N — 1)|vi]* = 0.

The matrix &;; stands for the matrix with entry (,7) equal to 1 and 0
otherwise. For i = N — 1, the condition (1.25) is an identity. For N = 2,
this example depends on just one parameter v; and gives the weight matrix
(1.13). For N = 2, the condition (1.25) always fulfils.

Let us note that since A is nilpotent of order N then (I + A)*(I + A*)*
is a matrix polynomial of degree 2N — 2.

This family was introduced in [2] where it is proved that, without any
restriction for the parameters v;, the orthogonal polynomials with respect to
W are also eigenfunctions of a second order difference operator of the form

(126) Dl() = 5_1(')F_1,1(I> +50('>F071(l’) +51(')F171(I),
where
Faix)=I+A)" 2, Fa@)=-J—-I+A) "2, F=a(l+A),

and J denotes the diagonal matrix J = Zi]il(N — )&
Denote by A the set formed by all nilpotent matrices of the form (1.24)
whose entries v;, i = 1,--- | N — 1, satisfy the constrains (1.25).
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We then construct matrix polynomials G and Gy of degrees 2 and 1,
respectively, such that

AWGE) = WG, GoW = WG

What is equivalent to say that W satisfies the matrix discrete Pearson equa-
tion (1.8) and the commuting equation (1.9). As a consequence of Theorem
2, we get that the orthogonal polynomials (P,), with respect to W have
differences (V P, 41)n>0 which are also orthogonal.

The orthogonality weight matrix for (V P, 1)n>0 is W = Go,W which it
turns to be a weight matrix again (supported in the set of positive integer
{1,2,---}). Moreover, we prove that W is essentially of the form (1.23):
indeed, there are a nonsingular matrix M and a nilpotent matrix Ae A
(both independet of x) such that

W(z) = MWi(x —1)M*,z > 1.

In particular, this implies that for all £ > 1, the differences of order k,
(VFPik)n>0 are again orthogonal polynomials.

Theorem 3 also implies that the orthogonal polynomials (P, ), are eigen-
functions of the second order difference operator

Dy()) = AV(-)Gs + A()G:
=5_1(-)F12(2) + So(-) Fo(x) + 6:1(-) Fr2(w)
where

Floaa(@)=[(I+ A" —1]a?+ (EJ + J) .,

alvy_1/?
Fiaa)=[I+A)" =12+ (I+A) " —ad+2] - NI)z
N -1
T+A) | —=T+J) I+ A
vall+ ) (ot +7) (14,

Foo(z) = — Fy9(z) — Fia(x).

This difference operator is however linearly independent to (1.26).
The Rodrigues’ formula provided by our method for this example is the
following;:

Theorem 5. Assume that the moduli of the entries |v;|, i =1,...,N —1,
of the matriz A (1.24) satisfy (1.25). Then, a sequence of orthogonal poly-
nomials with respect to the weight matric W (1.23) can be defined by using
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the Rodrigues’ formula

(1.27)

Falw) = A7 (F(x —n+1)

aiE

(I+ AL, .1(I+ A*)z> wil(z), n>1,

where £, 1 1s the diagonal matriz independent of v and with entries

-1

(1.28) Cor = i:; ];[ ( a;‘[l”’“i)) Eii

(for i > j we take =1).

=1

The assumption (1.25) on the parameters seems to be necessary. We have
symbolic computational evidence which shows that if (1.25) does not hold
then, for any choice of the matrix £, (diagonal or not), the polynomial P,
in (1.27) has degree bigger than n or singular leading coefficient.

Example 2

The second example is as interesting as the first one. On the one hand, it
also satisfies the four classical properties mentioned above, and on the other
hand, it is, as far as we know, the first time this example appears in the
literature.

This example is related to the Meixner weight w(z) = %
This example is the family of weight matrices
1.29 W = — [+ A I+ J)(I+ A%,
(1.29) Zx+1)(+) (x4 )+ ) (I + A7)

>0

where A is defined by (1.24), 0 < a < 1, ¢ > 0, J is the diagonal matrix

(1.30) J =Y (N—i)&,

and the complex numbers v;, i = 1,--- , N — 1, satisfy that

(N —i— Dalv;]*lon_1|?
1—a

(1.31) — (N —i)|ony_1 >+ (N = D)|v|> = 0.

The properties of the matrices A (nilpotent of order N) and J (diagonal)
imply that (I+A)*T ((z + )l + J) (I+A*)*/T'(x+c) is a matrix polynomial
of degree 2N — 2.
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This weight matrix satisfies the symmetry equations (1.8) and (1.9) for a
couple of sets of linearly independent coefficients F'_y ;, Fo ;, F1;, j = 1,2.

Dz() = 5—1(-)F_17i(l’) +50()F0,z<x) +51(‘)F1,¢($), i = 1’ 2
where
Foyq={+A)"" 2, Fi1=alz+a(I+A)(cI+]), Fop = —J—(al + (I + A)7 ")z,

and

P =l = (4 ay e+ (SO ) s
W -1@-1)

Fio=[I-(I+A) "2*+a(l+A
=l = (1) e a(r ) (B

I—J> (cI + J + A%)

+K(a_ 1)<|i\;1’12 - N>+a>1+ (a —2)J +aA(cl +J) — (I +A)~ Yz,

Foo=—F_12—Fpo.

It is proved that for the set of coefficients Fj;, i = —1,0, 1, the symmetry
equations (1.8) and (1.9) are fulfilled. As a consequence of Theorem 2, it is
obtained that the differences (V P,1), are again orthogonal polynomials.

The Rodrigues’ formula provided by our method for this example is the
following;:

Theorem 6. Assume that the moduli of the entries |v;|, 1 =1,...,N — 1,
of the matriz A (1.24) satisfy (1.31). Then, a sequence of orthogonal poly-
nomials with respect to the weight matriz W (1.29) can be defined by using
the Rodrigues’ formula (n > 1)

aﬂ?

P (z) = A (F(

m([ + AT ((x+ )+ J) Lo(I + A*)f”) W (x),

where £, 9 is the diagonal matriz independent of v and with entries

Al an|vg|?
(1.32) 2= (1 + a>> Ei.
; k=i
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Abstract

We characterize orthogonal matrix polynomials (Py), whose differences (V P, 1), are also orthogonal
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1. Introduction

Classical discrete orthogonal polynomials (Charlier, Meixner, Krawtchouk and Hahn) are
characterized by a number of equivalent properties. The following ones are three of them:

1. They are eigenfunctions of a second order difference operator of the form
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where o and t are polynomials of degrees not bigger than 2 and 1, respectively, and A
and V denote the usual first order difference operators A(p) = p(x + 1) — p(x) and
V(p) = p(x) — p(x — D).

2. The sequence of its differences is again orthogonal with respect to a measure.

3. Each classical discrete weight measure w satisfies a discrete Pearson difference equation
A(gow) = gyw, where g1 and g are polynomials of degrees at most 1 and 2, respectively.

The purpose of this paper is to show that for orthogonal matrix polynomials these three properties
are no longer equivalent. More precisely, we prove that the equivalence between (2) and (3) above
still remains true for orthogonal matrix polynomials. Under suitable Hermitian assumptions on
wg> and wg1, they also imply the property (1), but the converse is not true.

A matrix moment functional is a (left) linear functional u : PY — CN*N where PV
denotes the linear space of N x N matrix polynomials. In this paper, we consider orthogonality
with respect to a matrix moment functional, that is, with respect to the bilinear form (-, -), :
PY x P¥ — CVXV defined by (P, Q)u = Y_; ; Aiu(x'*/I)BY, where P = }°, A,x" and
Q = ), B,x". We then say that a sequence of matrix polynomials (P,),, P, of degree n with
nonsingular leading coefficient, is orthogonal with respect to u if (P, Pk)y = Andk.n, Where A,
is a nonsingular matrix for n > 0. We say that the moment functional u is quasi-definite if it
has a sequence of orthogonal polynomials. The most interesting case appears when the moment
functional is defined by a weight matrix W. A weight matrix W is a N x N matrix of measures
supported in the real line such that W (A) is positive semidefinite for any Borel set A C R, having
finite moments and satisfying that f P(x)dW (x)P*(x) is nonsingular if the leading coefficient
of the matrix polynomial P is nonsingular. Each weight matrix W defines a matrix moment
functional, which we denote also by W: W(P) = [ PdW. The corresponding bilinear form is
then defined by (P, Q)w = [ PdW Q*. The theory of matrix valued orthogonal polynomials
starts with two papers by M. G. Krein in 1949, see [9,10].

The paper is organized as follows. Section 2 will be devoted to basic definitions and facts.
In particular, we define the operational calculus with moment functionals. As usual, the basic
operations such as multiplication by polynomials or the first order difference operators will be
defined by duality. In particular, for a polynomial P = ) A,x" and a moment functional u, we
define the moment functionals Pu and u P as

Pu(Q) =u(QP), (1.1)
uP(Q) =) u(Qx")A,. (12)

n
Notice that for a polynomial p € P, we have plu = upl. With these definitions, one
straightforwardly has (P, Q), = (P, uQ¥). These definitions agree with the usual product of a

polynomial P times a weight matrix W. For a moment functional u#, the new moment functionals
Au and Vu are defined by

Au(P) = —u(VP), Vu(P) = —u(AP), (1.3)

respectively.
In Section 3, we prove the equivalence between the properties (2) and (3) above for matrix
moment functionals. More precisely, we prove the following theorem.

Theorem 1. Let u be a quasi-definite moment functional. Consider a sequence of orthogonal
matrix polynomials (P,), with respect to u. Then, the following conditions are equivalent:
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(1) The functional u satisfies the discrete Pearson equation A(uG3) = uGy, where G, =
Gz,zxz + G2.1x 4+ Goo and G; = G1,1x + G1,0 are matrix polynomials of degrees not
bigger than 2 and 1, respectively, satisfying that (n — 1)Goy 4+ G11 is not singular for n > 1.

(2) The sequence (V P,1), is a family of orthogonal matrix polynomials with respect to a quasi-
definite moment functional u.

Furthermore, u = uG3.

In Section 4, we prove that, under additional assumptions, the discrete Pearson equation
A(uG3) = uG7 implies that the orthogonal polynomials (P,), with respect to u are eigen-
functions of a second order difference operator.

Theorem 2. Let u be a quasi-definite moment functional. Consider a sequence of orthogonal
matrix polynomials (Py,), with respect to u. Assume that the moment functional u satisfies the
discrete Pearson equation A(uG3) = uG7, and the Hermitian conditions Gou = uG} and
Giu = uG7y, where Gy and G are polynomials of degrees at most 2 and 1, respectively.
Consider the second order difference operator

D = AV()Gy + A()G;.
Then D(P,) = A, Py, for certain matrices A,.

For the differential version of these theorems see [2].
In Section 5 we display some illustrative examples. For a positive real number a > 0, and

non null complex numbers v;, i = 1,..., N — 1, we first consider the family of N x N weight
matrices
0 ax
W= Z—(I+A)X(I+A*)x5x, (1.4)
= x!

where A is the nilpotent matrix (of order N)

0 v 0O .- 0
0O 0 v --- 0
e (1.5)
0 O 0 e+ UN-—1
o 0 o0 -- 0

These weight matrices were introduced in [1] where it is proved that the orthogonal polyno-
mials with respect to W are also eigenfunctions of a second order difference operator of the form

AV()F, + A Fy + - Fy. (1.6)
In this paper, we assume that the parameters v;, i = 1,..., N — 1, satisfy the constraints
(N —i — Dalv;i*loy—1]* + (N = D]vi|* =i (N — i)|oy—1|* = 0. (1.7)

Denote by A the set formed by all nilpotent matrices of the form (1.5) whose entries v;, i = 1,
.., N — 1, satisfy the constraints (1.7).
We then construct matrix polynomials G, and G of degrees 2 and 1, respectively, such
that AGWG?}) = WGT, and Go,W = WGJ. As a consequence of Theorem 1, we get that the
orthogonal polynomials (P,), with respect to W have differences (V P,41),>0 which are also
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orthogonal. The orthogonality weight matrix for (V P,11),>0 is W= G, W which it turns to be
a weight matrix again (supported in the set of positive integer {1, 2, ...}). Moreover, we prove
that W is essentially of the form (1.4): indeed, there are a nonsingular matrix M and a nilpotent
matrix A € A such that W(x) = MW3(x — 1)M* for all x > 1. In particular, this implies that
for all k > 1, the differences of order k, (VX Py +k)n>0 are again orthogonal polynomials.

Theorem 2 also implies that the orthogonal polynomials (P,), are eigenfunctions of the
second order difference operator

D = AV()G2 + A()G.

This difference operator is however linearly independent to the one found in [1]. This shows once
again one of the striking developments in this area: the discovery of many new phenomena that
are absent in the well known scalar theory. One of these phenomena is that the elements of a
family of orthogonal matrix polynomials can be eigenfunctions of several linearly independent
second order difference operators while the elements of each of the classical discrete families
in the scalar case are eigenfunctions of only one linearly independent second order difference
operator, respectively (see [5] for more details; for the differential version of this result see [4,6]
and the references therein).

We study in more detail the case 3 x 3, where we consider the weight matrix W defined by
(1.4) where A is now an arbitrary 3 x 3 upper triangular nilpotent matrix

0 V1 U3
A=10 0 v
0 0 O

We show that there are always polynomials G and G of degrees not bigger than 2 and 1,
respectively, such that A(WG}) = WGT. However, only when v3 = 0 and the parameters vy
and vy satisfy (1.7), one of these polynomials G, # O satisfies also the Hermitian condition
G, W = WG?3. This means that the polynomials (V P, 1),>0 are always orthogonal with respect
to a moment functional but this moment functional can be represented by a weight matrix (in
the sense defined above) only when v3 = 0 and the parameters vy and v; satisfy (1.7). We also
show that, in general, the orthogonal polynomials (P, ), are not eigenfunctions of a second order
difference operator (unless v3 = 0). This shows that the hypothesis GoW = WG cannot be
removed in Theorem 2.

We finally display a weight matrix W whose orthogonal polynomials (7, ), are eigenfunctions
of a second order difference operator of the form (1.6). However this weight matrix W does not
satisfy any discrete Pearson equation. This shows that in the matrix orthogonality, the discrete
Pearson equation for the weight matrix W is independent of whether the orthogonal polynomials
with respect to W are eigenfunctions of a second order difference operator of the form (1.6).

2. Preliminaries

We will denote by CV*¥ the set of matrices of size N x N whose elements are complex
numbers, and by PV the linear space of matrix polynomials in one real variable with coefficients
in CV XN The linear subspace of PV formed by those matrix polynomials with degree at most n
will be denoted by IP’,[@V . P will stand for the linear space of polynomials with complex coefficients.

A moment functional u is a left linear functional u : PY — CN*N: y(AP + BQ) =
Au(P) + Bu(Q), with A, B € CV*N and P, Q € PV. For a moment functional u and a
matrix polynomial P € PV, the duality bracket is defined by (P, u) = u(P). We will use the
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duality bracket (P, u) instead of the functional notation u(P). Notice that we write the moment
functional in the right hand side of the bracket contrarily to the standard notation. This is because
of the following reason. As we will explain below a moment functional can always be represented
by integrating with respect to a matrix of measures W: (P, u) = f P(t)dW (t). We write the
moment functional in the right hand side of the bracket to stress that in this representation the
matrix of measures is multiplying on the right.

We associate to each moment functional u a bilinear form (-, -}, : PV x PN — CN*N in the
linear space of matrix polynomials defined by

(P, Q)4 _ZA (x'T 1, u)B?, 2.1

where P = ), A,x" and Q = ) B,x". We then say that a sequence of matrix polynomials
(Pp)n, Py, of degree n with nonsingular leading coefficient, is orthogonal with respect to the
moment functional u if (P,, Px)y = AnSk.n, where A, is a nonsingular matrix for n > 0. An
easy consequence of the orthogonality is that orthogonal polynomials (P,), with respect to a
moment functional satisfy a three term recurrence relation

xPy(x) =y Pry1(x) + B Pa(x) + Y Pro1(x), n >0, (2.2)

where P_1 = 0, and «;,, ¥4, n > 1, are non-singular matrices.
We say that a moment functional u is quasi-definite if det(4,) # O for every n > 0, where
A, is the Hankel-block matrix

Mo Mn1 s Mn
M1 n2 cr Mn4d
Mn  Mp+1 -+ MU2n

and p is the moment of order k with respect to u: px = (x*1I, u). Notice that the moments i,
k > 0, of u define uniquely both the moment functional u and the bilinear form (-, -), (2.1). It
turns out that a moment functional u has a sequence of orthogonal polynomials if and only if u
is quasi-definite (see [2]).

Given a moment functional u with moments g, k& > 0, we define its (complex) adjoint u*
as the moment functional with moments uz, k > 0. If the moments ug, k > 0, of a moment
functional u are Hermitian matrices, i.e. u = u™, we say that u is Hermitian. If, in addition,
det(4,) > 0 for every n > 0, we say that u is positive definite.

Moment functionals can always be represented by integration with respect to a matrix of
measures: using [7], one can see that given a moment functional u there exists a matrix of
measures W supported in the real line (whose entries are Borel measures in R) such that
(P,u) = fR PdW. The most interesting case is when the matrix moment functional is defined
by a weight matrix W. A weight matrix W is an N x N matrix of measures supported in the
real line such that W (A) is positive semidefinite for any Borel set A C R, having finite moments
and satisfying that f P(x)dW (x) P*(x) is nonsingular if the leading coefficient of the matrix
polynomial P is nonsingular. It follows from [8] that a moment functional can be represented by
a weight matrix if and only if it is positive definite.

Along this paper, we will use without an explicit mention the usual properties listed below of
the difference operators A and V
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VA=AV =A-V.
Af(x) =Vfx+1).
Alf(x)gx)] = f(x)Agx) + [Af ()] gx + 1),
VIf(x)g)] = fx —DVgx) +[Vfx)]gx).

b

Yo F@ @) = g — ShT AT gx + 1,
b

6. Yhi1 F@IVE() = f0g(0)| = X0 V0] g0r = 1),

The difference operators A and V acting on moment functional are defined by

Al

(P, Au) = —(V(P), u), (P, Vu) = —(A(P), u). (2.3)
A simple computation gives that

A(Pu) = P(x + 1)Au + (AP)u, V(Pu) = P(x — 1)Vu + (VP)u,
AwP) = (Au)P(x+ 1) +uAdP, VwuP)= Vu)P(x —1)+uVP.

Given a discrete weight matrix

b
W = Z W (x)8y,
X=da

supported in {a,a+1,...,b—1, b} (a can be —oo and b can be +00), the matrices of measures
AW and VW are defined in the usual way by

b

AW = ) W+ 1) = W), (2:4)
x=a—1

b+1
VW =) (W(x) — Wx — 1)s,, (2.5)

X=a
respectively, where by definition W(b + 1) = W@ —-1) = 0(ifa = —oco or b = o0, we
take a — 1 = —oo or b + 1 = 400, respectively). It is worth noting that the support of AW is
{a—1,a,a+1,...,b—1, b} and that it is different to the support of W, except when a = —o0.

In the same way, the support of VW is {a,a + 1,...,b — 1, b, b + 1} and it is different to the
support of W, except when b = 4-00. A simple computation shows that if we consider the weight
matrix W as a moment functional these definitions of AW and VW agree with (2.3).

We finish this section introducing the concept of quasi-orthogonal polynomials with respect
to a moment functional u#. A family of polynomials (P,),, P, of degree n with nonsingular
leading coefficient, is quasi-orthogonal of order r with respect to a moment functional u if
(Pp,x*1), =0fork=0,....,n—r —1.

Theorem 3.4 of [3] shows that if (P,), are orthogonal with respect to the moment functional
u and quasi-orthogonal of order r with respect to the moment functional u then there exists a
matrix polynomial Q of degree r such that ' = u Q.

3. Orthogonal polynomials whose differences are also orthogonal

In this section we prove Theorem 1 in the Introduction.
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Proof. (1) = (2). A simple computation using the definitions and basic properties introduced in
the previous section gives

(VPy, x*I)ugy = (VPu, uG3x") = —(Py, AG3x"))
= —(Py, AG3)(x + D* +uG3A"Y))
= —(Pp, @ + D G1)u = (Pa, AGN)G2)u.
If0 <k <n—2,since (x + D*G; and A(x¥)G, are polynomials of degree at most n — 1, we
get
(V Py, x5 = 0. (3.1)
For k =n — 1, we have
(VP ")yt = —(Po, 0+ D" G 1)y — (Pa, A" G2)y
= —(Py, xn”u Tl — (n— 1) (Py, xnl)uGzz
= —(Py, x"1)u[G11 + (n — 1)G22]". (3.2)
Since both matrices (P,, x"*I), and GTl + (n — 1)G;2 are nonsingular matrices, we get that also
(VP,, x"! I)uG§ is a nonsingular matrix.
This proves the orthogonality of the family (V Py, 1), with respect to uG?.

(2) = (1). We start writing P, as a linear combination of VP,_1, VP, and V P, 1.
Since (P,), 1s a family of orthogonal polynomials, they satisfy a three term recurrence relation

xXPy =0y Pyt + B Py +vuPr—1, n=>0,

where we define P_; = 0.
Applying now the operator V, we get

(VX)Py + (x = 1)VP, =0y, VPyy1 + By VP + VP,
and thus
Py =ayVPyy1 —xVPy+ By + DVP, + y VPy1. (3.3)

On the other hand, since (V P, 1), 1s also a family of orthogonal polynomials, they satisfy a
three term recurrence relation

XV Py =&y VPl + BuVPy+ 7 VPi_1, n>1.
Replacing in (3.3) we obtain

Py =,V Py — 0V Pt — BuV Py — PV Pu 1+ By + DVPy+ yu VP
= a,VP,1+b,VP, +c,VP,_1, (3.4)

where a, = o, — dp, by, = B + 1 — En and ¢, = Yy — Vn-
We now prove that (P,), is quasi-orthogonal of order 2 with respect to %, i.e., (P,, x*I)7 = 0
fork=0,...,n—3.
Since (V P,41), is orthogonal with respect to u, it follows that (V P, xk1 Yo =0fork <n-2,
thus
(P, x*I); = <anVPn+1 4 b, VP, + chPn_l,ku> —0 (3.5)

u
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for k from O to n — 3. Theorem 3.4 of [3] implies that there exists a matrix polynomial G5 of
degree 2 such that ¥ = uGj3.
We next show that (P,), are quasi orthogonal of order 1 with respect to A(uG?). Indeed

(Pas x“I) awgs) = (X Pu, 1) awey) = (8" Pu, AG3)) = —(V(x* P,), uG3)

= —((x = D"V Py, uG3) — (V") Py, uG3)

= —(VPy, uG3(x — D) = (P, uG3V (x")

= —(VPy, (x = D*I)ugs — (Pa, V&) )3
The orthogonality of V P, ;1 with respect to uG> and (3.5) imply that (P, xk1) AWGE) = 0 for
0 < k < n — 2. This proves that (P,), is a quasi-orthogonal family of order 1 with respect to
A(uG?), and according to Theorem 3.4 of [3] there exists a matrix polynomial G7 of degree 1
such that A(uG}) = uG7.

We finally prove that the matrices G1; + (n — 1)Gy, are nonsingular for n > 1. Indeed,
proceeding as in the proof of (1) = (2), we get (see (3.2))

(VPy, X"y = —(Pa, X" DulG11 + (n = DGna]".

Since the matrix (VP,, x"~'I) UG is nonsingular for n > 1, we conclude that also G11 + (n —
1)G7; is nonsingular. [

It is easy to see that, under the additional assumption u G’ = G»u, the condition
(VPu, x*I)ygs =0, k<n—2
(see (3.1)) is equivalent to
VP,Gy = fnPny1+ gnPp+ hnPuri,

for certain matrices f;, g, and h,. In the scalar orthogonality, this last identity is usually called
the first structure relation. The identity

(see (3.4)) is called the second structure relation. Hence, in the previous proof we have also
shown the equivalence between the conditions of Theorem 1 and the first and second structure
relations (under the additional assumption uG3 = Gou).

4. Discrete Pearson equations and second order difference operators

In this section we prove Theorem 2 in the Introduction.

To do that, we introduce the concept of symmetry. For a linear operator D : PV — PV we
say that D is symmetric with respect to the moment functional u if (D(P), Q), = (P, D(Q)),,
for all polynomials P, Q € PV.

Lemma 4.1. Let D be a symmetric operator with respect to the quasi-definite moment functional
u. Assume that in addition we have deg(D(P)) < deg(P) for every polynomial P € PN. Then,
the orthogonal polynomials with respect to u are also eigenfunctions of D.
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Proof. Indeed, one can write D(P,) = ZZ:O ArPr. Thenfork =0, ...,n — 1, we have
Ar(Pr, Pr)y = (D(Py), Px)u = (Pn, D(Pr))u =0,

(since D(Py) is a polynomial of degree less than n) and thus Ay = 0. Hence D(P,) =
A, P,. O

We are now ready to prove Theorem 2.

Proof. Using the previous lemma, it is enough to prove that deg(D(P)) < deg(P) for all
polynomials P € P, and that the operator D is symmetric with respect to the moment functional
u. The first condition follows easily taking into account that deg(G>) < 2 and deg(G1) < 1. The
symmetry of D with respect to u is equivalent to prove that (D(x'I), x/I), = (x'I, D(x/I)),,
i,j>0.

Taking into account that Gou = uG§ and Giu = uG’l", the Pearson equation can be
rewritten as A(Gou) = Gpu. It is easy to see that this equation is equivalent to the equation
V(Giu+ Gou) = Gu. Using it, the proof now follows from the following computations (where
we use the definitions and basic properties of first order difference operators which can be found
in Section 2).

(D(x'T1), x' 1), = (DD, ux’ 1) = (AVx) Gy 4+ (AxH)G1, ux’)
(AVX'T, Goux?) + (Ax'I, Giux/)

(x'I, VA(Gaux’)) — (x'I, V(G ux’))

(x'I, V(AGru)(x + 1)) + GouAx) — Giux’))

(x'I, V((Gau + Gru) Ax'))

(x'I, (V(Gau + Giu)) A(x — 1) + (Gou + Gu)V Ax/)
(

(

(

(

X' GiuA(x — 1) + Gu(Ax? — A(x — 1)) + GouV Ax/)
x'I, GouVAxT + Glquj)

x'1, uGéVij + uGTij)

X', (VAX)HGy + (Ax)HG)y = (X'T, D(x'1)),. O

5. Examples

In this section we consider three illustrative examples. Examples 1 and 2 illustrate Theorems 1
and 2 (in particular, that the assumptions GoW = WG and G|W = WGT are necessary in
Theorem 2). Example 3 shows that in the matrix orthogonality, the discrete Pearson equation
for the weight matrix W does not imply that the orthogonal polynomials with respect to W are
eigenfunctions of a second order difference operator of the form (1.6).

Example 1. For a positive real number @ > 0, and non null complex numbers v;, i = 1,
.., N — 1, we consider the family of N x N weight matrices

oo X
W= Z%(Z+A)X(I+A*)x6x, (5.1)
x=0 7"

where A is the nilpotent matrix defined by (1.5).
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Consider also the diagonal matrix

N -1 0 -+ 0 0
0 N-2 --- 0 0
J = : : aE
0 0 .- 10
0 0 -+ 0 0

and the weight matrix W defined by

x

S x N -1 *\ X
“ LGt (a|vN_1|2’+J) (A0 52)

x=1

The following theorem provides an example with arbitrary size N x N of a weight matrix whose
orthogonal polynomials have differences which are also orthogonal with respect to a weight
matrix.

Theorem 3. Let W and W be the weight matrices defined by (5.1) and (5.2), where we assume

that the parameters vi, i = 1, ..., N — 2, satisfy the constraints
(N —i = Dalvil*loy1]* + (N = DI > = i(N = Doy 1> = 0. (5.3)
Let G, and G be the matrix polynomials of degrees 2 and 1, respectively, given by
1 ) N -1
Gow) = [+ A7 = 1] (o T ), (5.4)
alvy—i|
Gi(x) = |J—(N+——=)I-aA+U+A) X
alvy—1l
N —
+a(l + A) (—21 + J) (I + A"). (5.5)
alvy—i|

Then, we have

1. W= G2W, and hence GoW = WG?.
2. A(GoW) =G W, and so G{W = WGT.

Moreover, if we write (Py), for a sequence of orthogonal polynomials with respect to W, then
they are eigenfunctions of the second order difference operator

AV()G2 + A()G, (5.6)
and the sequence (V Py,41),>0 is orthogonal with respect to w.

Proof. To simplify the writing, we set

~ N-—1
J=—I+1J, (5.7)
aloy—1/?
so that
w ~
I X k\ X
W= Z _1)'(I+A) J(I + A%)* 5,

We assume the following claim which will be proved later.
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Claim. For a nonnegative integer x, we have

Go(x)(I + A)* = (I + A)* Jx, (5.8)
Gi(x)I +A) =+ A" [al + AT + A% — fx] . (5.9)
We now proceed in three steps.
Step 1. W = GoW and G, W = WG;LV
Indeed, since G, (0) = 0, we have W(0) = 0 = G2(0)W(0). For x > 1, using (5.8), we get

X X

(I + A TU + AN = (1 + A Tx(I + A%
(x—1! x!

X

- %Gz(x)(l + A+ AN = Ga(x)W (x).

Wx) =

Since W is Hermitian, we also get the Hermitian condition G, W = WG7.

Step 2. A(GoW) = G W and G1W = WGT.
Since G7(0) = 0, we have (see (2.4))

A(GaW) =Y (Galx + DW(x + 1) — Go(x) W(x))8y.
x=0

Using now (5.9) and the first step, we have for x > 0,
AG,W)(x) = AW)(x) = W(x + 1) — W(x)
X
= a—‘(l + A [a(l + AT + A% — Tx] (I + A%
X!

ax
= ;Gl(x)(l + A + A = G1(x)W(x).
Then G1W = A(G,W) = A(WG}) = WGT.
Step 3. The polynomials (Py), are eigenfunctions of the second order difference operator (5.6)
and the polynomials (V P,41),>0 are orthogonal with respect to the weight matrix W.

The first statement follows straightforwardly from Theorem 2.
The definition of G, and G (see ((5.4) and (5.5)) show that

N -1
alvy—1

Since this matrix is upper triangular, we get
N . N-1
det(n — DG+ G =[[(1-i—- ——=) #0
1 alvy—-1|

(since a > 0). The orthogonality of (VP,41),>0 with respect to the weight matrix W now
follows from Theorem 1 and steps 1 and 2.
We now prove the claim (in two steps).

Step A. For a nonnegative integer x, we have
Ga(x)(I + A = (I + A)* Tx.

Taking into account the definition of G, (5.4), this is equivalent to

(I 4+ AT — T+ A = —Ax(I + A" L. (5.10)
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We now call Fi(x) = (I + A)"J — J(I + A)* and Fa(x) = —Ax(I + A)*~L. Since A is a
nilpotent matrix of order N, F and F; are both polynomials of degree not bigger than N. So, it
will be enough to prove that

A¥F1(0) = AKF(0), k=0,...,N.
Since
AR+ A = (I + A AF = AR + A7, (5.11)
AF(x (T 4+ A)Y) = x(I + A AF + k(1 + AT AR (5.12)
a simple computation gives
ARF (x) = AR(T + A) T — T + A)* AF,
A Fy(x) = —x AMTL (T + AT — kAR + A
And hence fork =0, ..., N.
AXF(0) = AKT — TAX, A¥Fy(0) = —kA*,

A simple computation using the definition of T (5.7) gives
o N-1
AT — TA% = —k Z ViVit1 - Vipk—1Er ik = —kAK
i=1

And the step A is proved.

Step B. For a nonnegative integer x, we have
G+ A" = (I + A [a(I + A)T (I + A%) — Tx].

The constraints (5.3) on the parameters v; are used in this step (and hence in the step 2 above).
We proceed as before. Call

Hi(x) = (I + A [a + AT + A" — Jx],
Hy(x) = Gi(x)(I + A)".

Again, Hy and H; are both polynomials of degree not bigger than N. Hence it will be enough to
prove thatfork =0,..., N

A*H L (0) = AFH,(0).
Writing G1(x) = G11x + G0, a simple computation gives for k = 0
Hy(0) = a(I + A)J(I + A*) = G19 = Hy(0).
For k > 1, from (5.11) and (5.12) we get straightforwardly
AHL(x) = (I 4+ A)F [a(l + A)ART(T + A% — xART — kAL A)f] ,
AYHy(x) = [xG11A + kG 11 (I + A) + G1oA] (I + A)¥ AR
Hence,
AYH(0) = (I + A)A [a AT + AY) — kT,
ARHY (0) = k[G11(I + A) + GpA] AL
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It is easy to see that the equality A* H;(0) = A H,(0) can be rewritten in the form
ARG 1o — G1oA* = kG 11 (T + A)AF! 4 k(I + A)A*1T

The only component of this equation appears in the positions (i,i + k — 1), (i,i + k) and
(i,i 4+ k + 1) of the matrix, and a careful computation shows that the equation holds by using
(1.7). The step B is also proved. [

Write A for the set formed by all nilpotent matrices A = A(vy, ..., vy—1) defined by (1.5)
whose parameters vy, ..., vy satisfy the constraints (5.3). For a matrix A € A, we denote by
W4 the weight matrix (5.1). We now prove that, for every matrix A € A the weight W (5.2)
ii’ up to a normalization and a shift in the variable, again of the form W3 for a certain matrix
Ae A

Proposition 5.1. Given non null complex numbers v;, i = 1,..., N — 1, satisfying the con-
straints (5.3), define new complex numbers wj, i = j,...,N — 1, by
)\‘ .
wj =ty (5.13)
Aj

where Aj = \/(N—j)alvN_1|2+N—1 e R Write A = A(vy,...,vN_1) and A =
A(wy, ..., wn—1). Then

1. The parameters w;, i =1, ..., N — 1, also satisfy the constraints (5.3), and hence Ac A.

2. Moreover, if we write M for the matrix of numbers
M - O

ad+A1: - 1, (5.14)
0 - An

M =

UN-1

then, ﬁ/(x) =MW3;(x — 1)M*, x > 1, where W is the weight matrix (5.2).

Proof. Part 1 is an easy consequence of the definition of w; and (5.3).
In order to prove part 2, we have to check that for x > 1

X x—1

(I + AT + A% =

Tx—1 Trnx—1 g %
Gl (x—l)!M(I+A) I+ A" M,

where J is defined by (5.7).
The previous identity is a consequence of the following one

M + A = Ja + A TV2,

We denote then E1(x) = M (I + ;f)x_l and E>(x) = Ja(I + A)* 71/2, and proceeding as in the
proof of Theorem 3 (steps A and B), we prove that AKE (1) = AKE,(1) fork =0,..., N — 1.
Since both E; and E, are polynomials of degree N — 1, we then have E; = E». Using that
AR(T 4+ A = (I + A)* A, we get

AYE (1) = M A*, AXEy (1) = Ja(l + A) AR T2,
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We have then to prove that
MAK = Ja(l + A)A* T2,

But this identity follows from the definition of M if we take into account that

Al .- O
\/EJNW:; SRR
U_l . . .
N -
A - ONTY /A -0
i Al .o
0 AN 0 AN

Corollary 5.2. Let W be the weight matrix defined by (5.1), where we assume that the param-
eters vj, i = 1,..., N — 2, satisfy the constraints (5.3). Then for k > 1, the polynomials
(VK P+ 1)n are again orthogonal with respect to a weight matrix.

The weight matrices (5.1) were introduced in [1] without the constraints (5.3). It is proved
there that the orthogonal polynomials with respect to W are eigenfunctions of the following
second order difference operator

D=AVOU + A) 'k + AQ) [au +A) — I+ A)‘lx] + () lall + A) — J].

According to Theorem 1, when the parameters v;, i = 1,2,..., N — 1, satisfy the constraints
(1.7), the orthogonal polynomials (VP,),>; are also eigenfunctions of the second order
difference operator (5.6). This difference operator is however linearly independent to the one
found in [1]. This phenomenon never happens in the scalar case where the elements of each of
the classical discrete families of orthogonal polynomials are eigenfunctions of only one linearly
independent second order difference operator, respectively (see [5] for more details).

Among other things, we next show that for the weight matrix W (5.1) the constraints (5.3)
seem to be necessary for the existence of polynomials G, and G (of degrees at most 2 and
1, respectively) satisfying the Pearson equation A(WG}) = WGY and the Hermitian condition
GW = WG;

Example 2. Consider the weight matrix

o0 X
W=+ A+ AN, (5.15)
x!
x=0
where A is now an arbitrary upper triangular nilpotent matrix of size 3 x 3
0 V] U3
A=10 0 wuv],
0 0 O

where vy, v # 0.

Using Maple, it is straightforward to show that there always exist polynomials G, and G of
degrees not bigger than 2 and 1, respectively, such that A(WG7) = WG7 (only linear equations
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are needed). In fact, the dimension of the linear subspace
{G2 € PY : there exists G| € PY with A(WG3) = WG}

is in general equal to 9.

However, it is not difficult to see that only when v3 = 0 and the parameters v; and v, satisfy
(5.3), one of these polynomials satisfies also the Hermitian condition G, W = W G75. This means
that the polynomials (V P,1),>0 are always orthogonal with respect to a moment functional
but this moment functional can be represented by a weight matrix (in the sense defined in the
introduction) only when v3 = 0 and the parameters v; and v; satisfy the constraints (5.3).

Take now particular non null values of the parameters. Using Maple it is not difficult to
generate the first few orthogonal polynomials with respect to W. For instance for vy = vy =
v3 =2 and a = 1, we have

1 00
Ph=10 1 O
00 1
(_3w 314 2
69 69 69
58 17 10
Pl: _ X — — —_—
69 69 69
2 2 17
—_— — —_— — x__
\ 69 69 69
, 5051 5017 7788 3308 11300 136
( — X — — x +
569~ T 569 569 569 569 569
o 500 1068 , 141137 404 4
2= 5697 T 560 7 T 5697 T 369 569 ' 569
4 136 380 124 , 411 4l
K —— X+ — —— X+ — X5 = —Xx+ —
569" " 569 569" " 569 569" " 569

One can then check that the polynomials P,, n > 0, cannot be common eigenfunctions of a
second order difference operator of the form (1.6) (only linear equations are needed). This shows
that the hypothesis Go W = WG cannot be removed in Theorem 2.

Example 3. We finally display a weight matrix W whose orthogonal polynomials (P,), are
eigenfunctions of a second order difference operator, however this weight matrix W does not
satisfy any discrete Pearson equation. Indeed, consider the discrete 2 x 2 weight matrix defined

by
L o o\ (1 2 o\
w=>" PER )>( PERS )>5x
x=0 1 0 1

where k is a positive integer. This weight matrix is a particular case of an N x N weight matrix
introduced in [1]. The orthogonal polynomials (P, ) 0 ! with respect to W (they are now finitely
many) are also eigenfunctions of a second order dlfference operator. Using Maple is easy to
check that there do not exist any polynomials G, and G of degrees not bigger than 2 and 1,
respectively, such that A(WG3) = WGY (only linear equations are needed). In particular, the

family (V P,41),>0 cannot be orthogonal W1th respect to any moment functional. This shows that
in the matrix orthogonality, the discrete Pearson equation for the weight matrix W is independent

I'(k+1) 1
x\I'k+1—x)
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of whether the orthogonal polynomials with respect to W are eigenfunctions of a second order
difference operator of the form (1.6).
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1. Introduction and results

It is well known that the orthogonal polynomials of Charlier, Meixner, Krawtchouk and Hahn
have a number of very interesting extra properties. Among those properties are the following
two:

(1) each one of these classical discrete families is eigenvalues of a second-order difference
operator of the form

fo1(s-1 + fo(x)so + f1(x)s1,

where s; denotes the shift operator s;(f) = f(x+ 1) and f;, i = —1,0, 1, are polynomials of
degree not larger than 2 (independent of n) satisfying that deg(} 11:_1 Ik ) <k, k=0,1,2;
(2) they can be obtained using a discrete Rodrigues’ formula:

A" (w(x) [Ty for (x — m))

w(x)

pn(x) = ; (1.1)
where A is the first-order difference operator A(f) =f(x+ 1) —f(x) and w is the corre-
sponding classical discrete weight.

Each one of these characterizations is the result of a different effort, and they are usually
associated with the names of O. Lancaster and W. Hahn, respectively. Actually, these prop-
erties can be seen to follow from the so-called Pearson discrete equation for the weight w:
f-1()w(x) = fi(x — Dw(x — 1), which also characterizes the four classical discrete weights of

*Corresponding author. Email: vscanales @us.es

(© 2014 Taylor & Francis
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Charlier, Meixner, Krawtchouk and Hahn. (For a historical account of this and other related
subjects, see, for instance, [1,2]).

The theory of orthogonal matrix polynomials starts with two papers by Krein in 1949, [3,4].
Each sequence of orthogonal matrix polynomials (P,), is associated with a weight matrix W and
satisfies that P,, n > 0, is a matrix polynomial of degree n with nonsingular leading coefficient
and f P,dWP; =T,6,,, , where I',, n > 0, is a positive-definite matrix. When I',, = I, we say
that the polynomials (P,), are orthonormal.

However, the first examples of orthogonal matrix polynomials (P,),, which are eigenfunctions
of a second-order difference operator of the form

L() = s1()F-1(x) + s0(-)Fo(x) + 51 () F (%), (1.2)

(with left eigenvalues) appeared in 2012 [5-7]. Here F_;, Fy and F; are matrix polynomials
satisfying deg(Y,__, I*F)) <k, k =0,1,2.

These examples have been essentially found by solving an appropriate set of commuting and
difference equations. This set includes a matrix analogous to the Pearson equation of the scalar
case and is the following one

FoW = WF?, (1.3)
Fi(x— DWx — 1) = W@F*, (x). (1.4)

Under certain boundary conditions, these equations imply that the orthonormal polynomials with
respect to W are eigenfunctions of the second-order difference operator (1.2) with Hermitian
(left) eigenvalues A,; thatis, L(P,) = A,P,, n > 0.

The families of orthogonal matrix polynomials found using these methods are among those
that are likely to play in the case of matrix orthogonality and the role of the classical discrete
families of Charlier, Meixner, Krawtchouk and Hahn in the case of scalar orthogonality.

This paper is devoted to the question of the existence of Rodrigues’ formulas for these fam-
ilies of orthogonal matrix polynomials, that is, assuming that W satisfies the commuting and
difference equations (1.3) and (1.4), and is there any efficient and canonical way to produce a
sequence of orthogonal matrix polynomials with respect to W? Say in an analogous way as to
(1.1) produces the orthogonal polynomials with respect to a classical discrete weight w.

Even if F_; and W commute in the strong form that F_;(x) W(y) = W(y)F_;(x), x,y in the
support of W, orthogonal matrix polynomials which are eigenfunctions of a difference operator
like (1.2) do not seem to satisfy, in general, a scalar-type Rodrigues’ formula of the form

n—1

P,(x) = C,A" (W(x) 1_[ F_i1(x— m)) W_l(x), n>0, (1.5)

m=0

where C,,, n > 0, are nonsingular matrices.

(In this paper, we consider discrete weight matrices of the form W = Y °2 ) W (x)$,, but implic-
itly assume that the function W (x) is an entire function in the whole complex plane so that the
right-hand side of (1.5) makes sense for x € C.)

Instead of (1.5), these orthogonal matrix polynomials seem to satisfy some modified
Rodrigues’ formula. The first instance of that modified Rodrigues’ formula appeared in [5]: the

expression
a* 1 4 ab’n + b>x*>  bx _1
Px)=A"| — W
() (F(x—n—l—l)( bx 1 ()
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defines a sequence of orthogonal matrix polynomials with respect to the discrete weight matrix

o0
a 1 +b°x* bx
W = E e — Oy 1.6

x=0 F(x+ 1) ( bx 1) ( )

Along this paper, we take 1/I"(y + 1) = 0 if y is a negative integer, so that the function 1/ I"(x)
is entire.
Similar Rodrigues’ formulas of the form

P,(x) = A"(E,x)W ! (x) (1.7)

have been found for other families of orthogonal polynomials of size 2 x 2.[5] In all these exam-
ples, the functions &, are simple enough as to make Rodrigues’ formula (1.7) useful for the
explicit calculation of the sequence of orthogonal polynomials P, with respect to W.

Under mild conditions on the functions &, in (1.7), one can easily prove that P, is orthogo-
nal with respect to any polynomial of degree less than n (by performing a sum by parts). The
difficulty to find Rodrigues’ formulas like (1.7) is that, in general, it is rather involved to guar-
antee that P, defined by (1.7) is a polynomial of degree n with nonsingular leading coefficient.
In the extant examples, this requirement on P, has been checked by a direct computation. As a
consequence of this, only examples of small size have been worked out (actually size 2 x 2).

The purpose of this paper is to develop a method to explore the existence of Rodrigues’ formu-
las of the form (1.7) for orthogonal matrix polynomials of arbitrary size (for Rodrigues’ formulas
for orthogonal matrix polynomials, which are eigenfunctions of second-order differential opera-
tors, see [8]). The key of this method is to exploit the set of commuting and difference equations
(1.3) and (1.4) for the weight matrix W, and use the following lemma as the main tool:

LEMMA 1.1 Let Fy, Fy and F_, be matrix polynomials satisfying that
1
deg (Z lkFl) <k, k=0,1,2. (1.8)
I=—1

Let W and *R,, be N x N matrix functions defined in a discrete set Q = {0,1,2,...,t}, where
T can be a positive integer or infinity. Assume that W is nonsingular for x € Q2 and satisfies the
equations

FoW =WF;, Fix—1DW(x—1)=WxX)F*(x). (1.9)

Define the functions P,,n > 1, by
B, = A"R)W. (1.10)

If for a matrix A, the function R, satisfies

5 1 (R, FT) + 51 [9%,1 ((" er 1) A’FF —nAF* | + Fil)]

+ R, (—nA’F} + nAFf + F) = AR, (1.11)
for x € Q, then the function P, satisfies
5,1(P,1)F,1 +50(Pn)F0 +51(Pn)F1 :AnPn’ x € Q. (112)

Once we have a weight matrix W satisfying Equations(1.3) and (1.4), and an appropriate
choice of eigenvalues A,, n > 1, our method consists in using a solution of Equation (1.11) to
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produce a sequence of orthogonal matrix polynomials with respect to W by means of Rodrigues’
formula (1.10). According to the previous lemma, the function P,, given by (1.10) satisfies the
difference equation (1.12).

It turns out that, in general, these difference equations are not enough to guarantee that p,,
n > 1, 1s a polynomial of degree n with nonsingular leading coefficient, because the eigenvalues
A,, n > 1, have, in general, non disjoint spectrum. However, the method seems to work very
efficiently as long as the weight matrix W satisfies Equations (1.3) and (1.4) for a couple of
linearly independent sets of coefficients F_; 1, Fo 1, F11 and F_;5, Fo», Fi,. In this case, one
can do a suitable choice of the eigenvalues A, ; and A, and real constants a;, a, such that the
spectrum of the linear combination a; A, + a; A, > is disjoint for n > 1, from where one can
deduce that P, is a polynomial of degree n with nonsingular leading coefficient. Moreover, the
functions R, n > 1, provided by this method have a so surprisingly simple expression that it
suggests the existence of a certain hidden pattern.

The existence of orthogonal matrix polynomials being eigenfunctions of several linearly
independent second-order difference operators as (1.2) is a new phenomenon of the matrix
orthogonality (see [5]; for differential operators see [9-13], and the references therein).
In the scalar case, the classical discrete families of Charlier, Meixner, Krawtchouk and
Hahn are eigenfunctions of only one second-order difference operator, up to multiplicative
constants.

Using our method, we have found Rodrigues’ formulas for the following two illustrative
examples.

The first example is the weight matrix

ax X K\ X
lezr(x—_i_l)(l-i-A) (I + A*)*S,, (1.13)

x>0

where A is the N x N nilpotent matrix

N—1
A= viEii, (1.14)
i=1
a>0,andv;,i=1,...,N — 1, are complex numbers satisfying that
(N —i— Dalv;*vy_1* —i(N — i)lvw_1* + (N — D|v;]* = 0. (1.15)

The matrix &;; stands for the matrix with entry (i, /) equal to 1 and O otherwise. Fori =N — 1,
the condition (1.15) is an identity. For N = 2, this example depends on just one parameter v; and
gives the weight matrix (1.6). For N = 2, the condition (1.15) always fulfils.

Let us note that since A is nilpotent of order N, (I + A)*(I + A*)" is a matrix polynomial of
degree 2N — 2.

It was proved in [6] and [7] that this weight matrix satisfies Equations (1.3) and (1.4) for a
couple of sets of linearly independent coefficients F_; , Fo;, F1j, j = 1,2 (see (4.1) and (4.3)
below). Rodrigues’ formula provided by our method for this example is the following:

THEOREM 1.2 Assume that the moduli of the entries |v;|, i=1,...,N — 1, of the matrix A
(1.14) satisfy (1.15). Then, a sequence of orthogonal polynomials with respect to the weight
matrix Wy (1.13) can be defined by using Rodrigues’ formula

X

O

I+ AL, U +A*)") wil), n>1, (1.16)
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where £, is the diagonal matrix independent of x and with entries

e :iﬁ [l N o (1.17)
" i=1 k=i k(N =k )~ .

(for i > j we take jé:i =1).

The assumption (1.15) on the parameters seems to be necessary. We have symbolic compu-
tational evidence which shows that if (1.15) does not hold then, for any choice of the matrix
£.1 (diagonal or not), the polynomial P, in (1.16) has degree bigger than n or singular leading
coefficient.

The second example is the weight matrix

W =S AT I+ +A*S 1.18
2_;F(x+l)(+) ((x+ O +J)U + A%, (1.18)

where A is defined by (1.14),0 < a < 1, ¢ > 0, J is the diagonal matrix

N
J=> (N-i&, (1.19)

i=1
and the complex numbers v;, i = 1,...,N — 1, satisfy that

(N —i— Dalvi*lvy—1|?

1—a

—i(N = Dlvy_1]> + (N = D|wi]*> = 0. (1.20)

The properties of the matrices A (nilpotent of order N) and J (diagonal) imply that (I +
AT ((x+ ) +J)UI +A*)*/T'(x + ¢) is a matrix polynomial of degree 2N — 2.

As far as we know, this is the first time this weight matrix appears in the literature. We show
that this weight matrix satisfies Equations (1.3) and (1.4) for a couple of sets of linearly indepen-
dent coefficients F_y j, Foj, F1;,j = 1,2 (see (4.2) and (4.3) below). Rodrigues’ formula provided
by our method for this example is the following:

THEOREM 1.3 Assume that the moduli of the entries |vi|, i=1,...,N — 1, of the matrix A
(1.14) satisfy (1.20). Then, a sequence of orthogonal polynomials with respect to the weight
matrix W, (1.18) can be defined by using Rodrigues’ formula

Py(x) = A" (I‘(x——;w—l)(l +AYT((x+ o)l +J)€,2 +A*)x> Wy'l), n=1,
where £, is the diagonal matrix independent of x and with entries
N N-1 anlvel?
L0 = ;L[ (1+ T —a)>5“' (1.21)

2. Preliminaries

A weight matrix W is an N x N matrix of measures supported in the real line satisfying that (1)
W(A) is positive semi-definite for any Borel set A € R, (2) W has finite moments of every order
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and (3) f P(t) dW (1) P*(¢) is nonsingular if the leading coefficient of the matrix polynomial P is
nonsingular. All the examples considered in this paper are discrete weight matrices of the form

W= W5, 2.1)

xeN

For a discrete weight matrix W = ) _ W(x)4, supported in a countable set X of real numbers,
the Hermitian sesquilinear form defined by (P, Q) = f P dWQ* takes the form

(P,Q) =) POW®Q* ).

If W does not satisfy condition (3) above, we will say that W is degenerate. That happens,
for instance, if W is supported in finitely many points (as is the case of the discrete classical
families of Krawtchouk and Hahn). That condition (3) is necessary and sufficient to guarantee
the existence of a sequence (P,), of matrix polynomials orthogonal with respect to W, P, of
degree n with nonsingular leading coefficient. For a discrete weight matrix as (2.1) Condition (3)
is fulfilled, in particular, when W (x) is positive definite for infinitely many x € N.

We then say that a sequence of matrix polynomials (P,),, P, of degree n with nonsingular
leading coefficient, is orthogonal with respect to W if (P,, Py) = A,8k,, where A, is a non-
singular matrix for n > 0. Since each orthogonal polynomial P, has degree n with nonsingular
leading coefficient, any matrix polynomial of degree less than or equal to n can be expressed as
a linear combination of Py, 0 < k < n, with matrix coefficients (multiplying on the left or on the
right). That property, together with the orthogonality, defines the sequence of orthogonal poly-
nomials uniquely from W up to multiplication on the left by a sequence of nonsingular matrices
(multiplication by unitary matrices for the orthonormal polynomials).

Along this paper, we will use without an explicit mention the usual properties listed below of
the first-order difference operator A defined by A(p) = p(x + 1) — p(x),

Alf (Mg = f () Ag() + (Af ()glr + 1), (22)
bif(x)Ag(x) =/ (gL — bi(Af(x))g(x +1), (2.3)
NP = Y1) (Z)f(x+n — k. (2.4)
=
Given a discrete weight matrix
W= Xb: W (x)éy,
supported in {a,a+1,...,b — 1,b} (a can bex:—aoo and b can be +00), the matrices of measures

AW and VW are defined in the usual way by

b b+1
AW =) Wa+1)=Wa)d, VW=7 (W —Wx— 1),
x=a—1 xX=a

respectively, where by definition W(b+ 1) = W(a — 1) =0 (if a = —o0 or b = 0o, we take
a—1=—ooorb+1=+o00,respectively). It is worth to note that the support of AW is {a —
l,a,a+1,...,b — 1,b} and that it is different to the support of W, except when a = —o0. In the
same way, the support of VW is {a,a+1,...,b — 1,b,b + 1} and it is different to the support
of W, except when b = +00.
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3. Proof of Lemma 1.1
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The proof is a matter of computation. We start denoting E,, = A™R,, to simplify the notation, so

P, =E,W~.
From (1.9) we deduce

W ) Fo(x) = Fyx)W ™' (x),
W+ DF1(x) = F* e+ DWW (),
W lx— DF_1(x) = Ff(x — HW ' (x).

Then, the equation

5—l(Pn)F—l +50(Pn)F0 +51(Pn)F1 = AnPn
is equivalent to

E,x— DW ' (x = DF_;(x) + E,()W ™ () Fy (x)
+E,(x+ DWW x + DF1(x) = AE, ()W (%),

Applying (3.1) and multiplying by W (x) on the right, we have

E,(x—DF{(x—1)+E,(x)Fj(x) + E,(x+ DF* [ (x + 1) = A E,(x).

Denote now

Hy=F, H=F_—F, Hy=F +Fy+F_,.
The assumptions (1.8) imply that
deg(H;) <i, i=0,1,2.
Using (3.4) we obtain that Equation (3.3) is equivalent to
AV (EH}) + AEH}) + E,Hf = A,E,.

Using (3.5) and the well-known identity

n

n _ n k n—k
A (FG) = Z (k) AF(x+n— kA" G,
k=0
we obtain
EH; = (A"R,)H; = A"(R,HY),
EH} = (A"R,)H; = A"(R,(H — nAH})) + A" (—nR, AH),

EH; = (A"R,)H; = A" (mn ((”Jzr 1) A’H} — nAH; +H;‘)>

+ AN R, (WP ATHS — nAHS)) + A" (zm (’;) AZH;> .

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)
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So, Equation (3.2) is equivalent to

VA" <9f{n <(” er 1) A’H; — nAH; + H2)> + VA"(R, (n° A’Hy — nAH3))

L VAt (9%" (’;) AZH;‘) + AR, (HF — nAHY))
+ AR, (HE — nAHD)) = A, A"R,.

this can be rewritten as

A" [AV(mnH;) +A (9%,, ((" er 1) A’H} — nAH: — nAH? + Hf‘))

+ R, ((;) A2H; — nAH? + H5‘> _ Ani)%n] —0.

Replacing the coefficients Hy, H; and H, by F_;, Fy and F; according to (3.4), we can express
this equation in terms of the shift operators

A" |:5_1(£RnFik) + 5 (9%,, ((I/L-; 1) AzFik — l’lAFfl —|-Fi1>)

+ R, (—nA*F; + nAFF + F)) — Anmn] = 0. (3.6)

Equation (3.6) obviously holds if

51 (R FY) + 51 (mn ((” ; 1) AFF — nAF* | + Fil»

+ R, (—nA’Ff +nAFF + F)) — AR, =0.

4. Proof of Theorem 1.2
The weight matrix (1.13) was introduced in [6], where it was proved that the orthogonal matrix

polynomials with respect to W, are eigenfunctions of a second-order difference operator of the
form (1.2), where

Fii=U+A)7""x, Fou)=-J—-I+A)7"x, Fix)=al+A4) 4.1)

and J is the diagonal matrix defined by (1.19). Something more interesting can be proved when
the complex numbers v;, i = 1,...,N — 1, are non-null and satisfy the constraints

(N —i— Davil* w1 > + (N = DIvil> = i(N = vy > = 0. (4.2)

Indeed in [7], we have proved that the orthogonal matrix polynomials with respect to W, are
eigenfunctions of other second-order difference operator (linearly independent to the previous
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one) of the form (1.2) with

_ N—1
Foia(0) = [ +A)" — 1 +( 2I+J)
alvy_1|
Fiox) =[I+A)"' =¥+ (I +A) " —aA+2J — NDx w3
N —1 '
+a(l +A) (ﬁl + J) I+ A"),

Fos(x) = —F_12(x) — Fi2(x).

Moreover, the differences of the orthogonal polynomials with respect to W, are again orthogonal
with respect to a weight matrix.
To produce Rodrigues’ formula for this example, we consider

X

a X H\ X

where the diagonal matrix £, is given by (1.17). Remember the expression of the weight matrix

W]Z

x

Wi (x) = Z ﬁ(1 + A (I + A*)*S,. (4.5)

We have to prove that an nth orthogonal polynomial with respect to W, is given by the formula
P, = A"R,)W; .

We first claim that for a suitable choice of eigenvalues A, ; and A, ,, the function R, satisfies
the difference equations (1.11) corresponding to the set of difference coefficients (4.1) and (4.3).

LEmma 4.1  For
Api =a(l +A) —J —n(I+A)"!

and

N -1
An,2:n2((1—|—A)_l—D-l—n(]—aA—(N—l—i— 2)[)
alvn_1|

the function °R,, | satisfies the two following second-order difference equations (i = 1,2)

1

+ R (—nAPFf + nAFT, + F§) = AR,
where Fj;,j = —1,0,1 and i = 1,2, are given by (4.1) and (4.3).

We will prove the lemma at the end of this section.
We are now ready to prove Theorem 1.2.

Proof of Theorem 1.2 We proceed in three steps.

Step 1: P, is a polynomial of degree n.

Since A is a nilpotent matrix of order N and £, ; is nonsingular, the functions a™*I"(x — n +
DR, (x) and a*W 1(x) /T'(x 4+ 1) are polynomials of degree 2N — 2, so P, is a polynomial
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(see (4.4) and (4.5)). Write m for the degree of P, and C,, for its leading coefficient, so C,, # 0.
Comparing leading coefficients in (1.12), we obtain

CnlAmi = NpiCp, 1=1,2. 4.6)
Write A, ; for the eigenvalues of A, i =1,...,N,k = 1,2. From (4.1) and (4.3), we have that

. . N—1
Anpi=a—N+i—n, lpi=n|l—i———].
alvn—i|
We assume that m # n and proceed by reductio ad absurdum. We first prove that if A,, 1 j = A1
for some i, j, 1 <i,j < N, then A,»; # An2,;.
If we take A, 1; = A1, then we have m = n + i — j. Since n # m, then i # j. Thus,

Y N —1
Ampi—Anpj=@G—0Dli+n—1+——)#0.

alvy_1/?
We now take two numbers a,a; € R such that a;,a, # 0 and

a_l ;é in,Z,}' - )\m,2,i

s M A #E Awy, 1 <0,j < N.
ap

mli — Anlj
Since A, ;, 1 = 1,2, are upper triangular, it is easy to see that the matrices ®; = a; Ax1 + axAg 2,
k = n, m, do not share any eigenvalue.

From (4.6), we obtain that

Cn®, = 0,C,,.

Since ®,, and ®,, do not share any eigenvalue, we obtain that C,, = 0 (see [14, p.220]), which it
contradicts that C,,, # 0, so we have m = n.

Step 2: P, is orthogonal to x*, k = 0,...,n — 1, with respect to W,.

Using (2.4), we can write forj = 0,...,n:

n—j

n—j
AR, (x4 — 1) = Z(—n’( 1 )sm,l(wrn —1—1).
=0

Hence, for k =0,...,n — 1, using that 1/I"(y + 1) = 0 when y is a negative integer, we obtain
from (4.4)

AN AR, (x+j — Do = A1) o

—J N n—l—1
n—j\da n—l—1 seyn—I—1
~1)! I+A L +A = 0. 4.7
Xg( )(Z)F(_Z)w) AU +A") 4.7)
In the same way, we see that
N A TR, (= Dz oo = 0. (4.8)

Since P, = A" (%n,l)W_l, summing by parts (see (2.3)) and using (4.7) and (4.8), we obtain for
k=0,...,n—1:

Y AP @Wi() =) X AR, (x)
x=0 x=0

= AR @IF = Y AGHATIR, (e + 1)

x=0
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==Y ACHATIR, (G + 1)
x=0

= (=DFARGH) Y T AR, (e + k)
x=0

— (—l)kAk(xk)A”_k_lfRn,l(x + k)|80 = 0.

Step 3: The leading coefficient of P, is nonsingular.
We write P, for the nth monic orthogonal polynomial with respect to W;. From Steps 1 and 2,
we have P, = C, P, with C, the leading coefficient of P,. Hence,

D O Pa Wi = Cp Y PuWi(0)x" = C, Y Pu)Wi ()P (x) = Cy(Py, P).

x>0 x>0 x>0

Since (P,,P,) is positive definite, we deduce that C, will be nonsingular if and only if
szo P, (x) W (x)x" is nonsingular. By using (2.3), we obtain

D P OWI @ =) X AR, () = (—=1)" Y A" ()R (x + 1)

x>0 x>0 x>0
= (=D"n! Y Ry (x+n)
x>0
ax—i—n N N
= (—1)"n! I+ AL, (I + AF
(—1)"n XZ;F(HDH) 1+ A%)

And for u € CM\{0}

X+n
u (Z P,(0)W, (x)x") u = u ((—1)%! (; F(‘)’C—H)(I + AL, +A*)x+”dx)> u*

x>0

X+n

= (—l)nl’l’ <Z hu(l +A)x+n£n’1(1 —I—A*)“’”u*) .
x>0

Since (I + AL, (I + A*)*" is positive definite, we have u(l + A)*™"L, (I + A*)""u* >
0 for x=0,1,... and hence u(} . ,P.,()Wi(x)x")u*>0. So } _oP,()Wi(x)x" is
nonsingular. u

We conclude this section with the proof of Lemma 4.1.

Let us start with the case i = 1. We will use Lemma 1.1 and proceed in two steps. To simplify
the notation, we write R, =R, £,1 =L, F;; =F;,j=—1,0,1and A,; = A,, where R, 1,
Lo, Fj1,j=—1,0,1, A, are defined in Lemma 4.1 and W, is defined in (4.5). In this case, we
neither use the constraints (1.15) nor the expression (1.17) for the matrix £, ;. In fact, we only
will use that this matrix £, is independent of x and diagonal.

Step 1. The hypothesis (1.8) and (1.9) in Lemma 1.1 holds. This is proved in [6] (see the proof
of Theorem 1.2 in p.47-48).
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Step 2. The function ‘R satisfies the second-order difference equation

s_1(RFY) + 51 [9% <(" ;L 1) A’Ff —nAF* | + F*l)] + R(F — nA*F} 4+ nAF}) = AR,

Using (4.1) and that R is Hermitian, this second-order difference equation reduces to
S_1(F\R) + s1[(—nAF_y + F_)R] + FoR = RA. 4.9)

A simple computation using the definition of the matrices A and J (see (1.14) and (1.19)) gives
the identity

JUI +A) — (I + A" =xAUI + AL (4.10)
Using it, together with (4.1), we can write

X

_ a X Kyx—1
s_1(FIfR) = —F(x—n) I+A)L,d+A),
(F 1 —nAF )R] = — (1 Ay 4 ATy
s1[(F-1 — nAF_, ]_F(x—n+1)(+ ) La( + ;
a* X £\ X
* a X L A % *y—1 *\ X
RA* = P— 1)(1 + A L(all +A*) —J — (xA* + n)(I + A ") + A"

Multiplying these identities on the left by (I'(x —n + 1) /a*)({ + A)™ and on the right by (/ +
A*)™*, we obtain that Equation (4.9) is equivalent to

L(x=nT+AH""+al +A%) — (J +xDEL, = L.(al + A" =T —xA* + n)T + A*)7).

A simple computation shows that this is true as long as we assume that the matrix £, is diagonal.
We now prove the case i = 2. In this case, we need to use the restrictions (4.2) for the param-
eters g, k = 1,...,N — 1, and the definition (1.17) for the matrix £,. To simplify the notation,
we rename Fj, = Fj, j=—1,0,1 and A,» = A,. Denote J = ((N = 1)/alvy_1|>)I +J and
Fi(x) = Flzx2 + F,lx +F% 1=—-1,0,1.
We start with six technical identities we will need later.

WFZ + FL)I +A) = 4 +A)FL, (4.11)

(x(F} — FL) + F))T + A" = (I + A)*(F) — xF)), (4.12)
(F] —F' )U +A)" =T +A)"(F| —F')) +x(I + A 'A, (4.13)

FX(I+ A" = (I +AF?, (4.14)

(LA — AL =nAg,, (4.15)

T +AHL, — £, +A)] = ng,A*. (4.16)

The identities (4.11)—(4.13) are direct consequences of the identities (5.8)—(5.10) in [7]. The
identity (4.14) is obvious since F? is a function of A. The identity (4.15) is easy to deduce
from the definition of £, (1.17) and the constrains (4.2). Finally, the identity (4.16) follows
straightforwardly from (4.15).



Integral Transforms and Special Functions 861

We now proceed in the same way as in the previous case.

Step 1. The hypothesis (1.8) and (1.9) in Lemma 1.1 holds. It straightforwardly follows from
Theorem 3 in [7] (with the notation of [7], G, = F_;, G} = F; — F_)).

Step 2. The function ‘R satisfies the second-order difference equation

1
s (RFY) + 5 [D‘i ((" ; )AzF;“ — nAF*| + Ffl)] + R (F§ — nA’Ff +nAF;) = AR

(4.17)
Since ‘R is Hemitian, this second-order difference equation reduces to

1
s_1(F1R) + s [((n r >A2F1 —nAF_; + Fl) 9%} + (Fo — nA*F; + nAF)R = RAE.

2
(4.18)
Using (4.11) and (4.12), we obtain
x—1
s ((FIR) = ——— T +A'F)g,d + A" (4.19)
I'x—n)
Using (4.11) and (4.14) and taking into account that F2 =F 2 we obtain
1
S| [((" er )A2F1 — nAF_| + F_l) 9%]
at! 1l 2 +1
=—— (I +A" (F., —nF)L,(I+A")"". 4.20
F(x—n+1)(+)(‘1n1)(+) (4.20)
Using (4.11)—(4.14), we have
a* .
(Fo — nA*F + nAF)R = m(l + A (n(x — 1)F} + nF| — F}
—xF' | 4+ nx(I + A)7'A) L, (T + A% (4.21)

Finally, using (4.13) and taking into account that A, = (n*> —n)F 12 + n(F 11 —F ll), we obtain

k ax X - 3k K\X
RAF = ma +A) &, [(n* — n)F; +n(F] — F')) +nx(I + A)TTAT* (I + A*)".
(4.22)

Multiplying now in (4.18) by ('(x —n+ 1)/a*)(I + A)~" on the left and by (I + A*)™ on the
right, and using the identities (4.19)—(4.22), we obtain that Equation (4.17) is equivalent to
(x = I (I + AL, (I + A" +a(mA + T+ AL, +A")
+ [n(I — aA) —xJ — a(I + AT + AL,
=n&,[(x —mAI +A)"" +1—aA —JI". (4.23)
Now, we just need to use (4.16) to obtain that Equation(4.23) holds. So Equation (4.17) holds.

4.1. Proof of Theorem 1.3

The second example is the family of N x N weight matrices
Wom= Y U AYT (4 O + D)+ A7) (4.24)
o x>0 F(.X+1) v .
where A is the nilpotent matrix defined by (1.14), and the parameters v;, i = 1,...,N — 1, satisfy
the constrains (1.20).
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As far as we know, this is the first time this weight matrix appears in the literature.

We have found a couple of linearly independent sets of coefficients F'_; 1, Fo 1, 11 and F_ 2,
Foo, F1» such that the orthogonal polynomials with respect to W, are eigenfunctions of the
associated second-order difference operator.

LEMMA 4.2 The orthogonal matrix polynomials with respect to W, (4.24) are eigenfunctions of
the second-order difference operator

D(-) =s_1()F_1 +50(-)Fo +s1()F

for these two sets of coefficients

Fi=U+A)""x, Fiy=ax+al+A)(cI+J]), Foi=—-J—(al+I+A)""x
and
N—1D@@a—-1
F_1,2=[1—(1+A)—1]x2+(( Na )I—J)x,
alvy_1|
Fio=[—I+A)""x*+al +A) T I—J) (cI+J+A"
N—1

+ [((a —1) (H —N) +a>l+ (a—2)J +aA(cl +J) — —I—A)_l]x,
N—1

Foo=—F_12— Fi,.
Proof We only sketch the proof.
For i = 1, we can proceed as follows. It is enough to prove that the operator D is symmetric
with respect to the weight matrix W;, and then use Lemma 1.1 in [6] to deduce that the orthogonal

polynomials with respect to W, are eigenfunctions of D. Using Theorem 2.1 of [6], in order to
prove the symmetry of D with respect to W5, it is enough to prove that

s (F1uiWa) = WoF™ |, FouWa = WoFg,, Wa(0)F,,(0) =0.

This can be proved by a careful computation using (4.10).
For i =2, we can proceed as follows. We write G, = F_;, and G; = F12 — F_;,. Using
Theorem 2 of [7], it is enough to prove that

GoWr, = Wh G5,  A(GaW,) = G Ws.
This can be proved in a similar way as Theorem 3 of [7] but using here the identities
Gy (0 +A) = (I +A)ox,
G + A = (I +A) (all +A)Ja(cl +J 4 A*) + (a — D)xJ, + axAl),

where J, = (N — 1)(a — 1)/alvy—1|)I — J, instead of the identities (5.8) and (5.9) (used in
[7D. u

To produce Rodrigues’ formula for this example, we consider
X

a X *\X
Rpp(x) = m(l +A)T(x+)+)L (I +A),

where the diagonal matrix £, is given by (1.21).



Integral Transforms and Special Functions 863

Theorem 1.3 states that an nth orthogonal polynomial with respect to W, is given by the
formula

P, = AN'R.)W; .
The proof of Theorem 1.3 is similar as that of Theorem 1.2 and it is omitted. In this case, the

choice of the eigenvalues A, ; and A, (see Lemma 4.1) is the following

Api = (a— 1Dl +J) +ac(I +A) +nAdl +A) "' + aAJ,

1 —
Ay =PAT+A) " 4 |aAcl + D) + (1 —a) [N = 1) [ ——+ 1) 1=

aVN_l
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