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resumo

O nosso objectivo nesta tese é o de expandir, até onde for pos-
sivel, nocdes e resultados da teoria de polindmios escalares até
a dos polindmios matriciais. O nosso estudo comeca por inves-
tigar o caso de sucessdes de polindmios ortogonais matriciais
de tipo semicldssico seguindo tao préximo quanto possivel o
que se sabe no caso escalar, tendo-se conseguido alguns resul-
tados neste sentido.

Além disso, ao impor certas restricdes aos graus dos polinémios
envolvidos na equagao de Pearson associada a funcao peso, es-
tabelecemos caracterizacbdes para os chamados polinémios or-
togonais semiclassicos matriciais bem como para as correspon-
dentes funcdes de segunda espécie matriciais que lhes estdo
associadas. Demos particular atencdo ao caso classico conhe-
cido na literatura como familias de polindmios ortogonais ma-
triciais tipo Hermite, Laguerre, Jacobi e Bessel.

Esta monografia teve como motivacao um estudo anterior
em [15], que se concentrou em funcdes peso e polinédmios
ortogonais matriciais tipo Hermite. Tendo por base esse
trabalho, concentramos a investigacao nos pesos matricias
tipo Laguerre, Jacobi ou Bessel (cf. [11, 12, 13, 14]). Estes
exemplos incluem (quando considerados juntamente com o
caso Hermite), pelo menos no que nos é dado a conhecer, as
familias estudadas na literatura.

Estabelecemos problemas de Riemann-Hilbert para estas
familias de polindmios ortogonais matriciais. Esta abordagem
manifestou-se como uma 6ptima técnica que permite obter pro-
priedades diferenciais para estas familias de polinédmios orto-
gonais matriciais, bem como para as correspondentes funcdes
de segunda espécie. Assim sendo estabelecemos féormulas de
estrutura de primeira ordem bem como relagdes diferencias de
segunda ordem para esta familias.

O segmento final desta tese estd dedicado as aplicacbes
destas familias a operadores diferencias matriciais de segunda
ordem bem como a equacdes matriciais de Painlevé discretas.
As relacbes que encontramos colapsam, quando consideradas
com o seu analogo escalar, nas equacdes conhecidas para as
familias de polindmios ortogonais de Hermite, Laguerre, Jacobi
e Bessel. Conseguimos ainda obter relacdes analogas para as
familias de funcdes de segundo tipo associadas a estas familias
de polindmios ortogonais escalares. Além disso, encontramos
equacoes Painlevé que governam os coeficientes matricias da
relacao de recorréncia de certas familias semiclassicas.



keywords Riemann-Hilbert problem, Matrix orthogonal polynomials, Ma-
trix biorthogonal polynomials, Pearson equation, Painlevé equa-
tion.



abstract

In this thesis, our objective is to expand upon existing notions
and results, transitioning from scalar to matrix concepts in a
highly versatile framework. Our exploration begins by delving
into the realm of semiclassical matrix orthogonal polynomials
with respect to a regular matrix weight function that satisfies
a Pearson equation. Through our research, we unveil various
characterizations that shed light on these polynomials.

Furthermore, by imposing certain restrictions on the degrees of
polynomials involved in the Pearson equation associated with
the weight function, we are able to establish characterizations
for the semiclassical matrix orthogonal polynomials and corre-
sponding second kind functions. Here, special attention was
given to the classical case known in the literature as families
of matrix orthogonal polynomials Hermite, Laguerre, Jacobi and
Bessel type.

Our research is motivated by a previous study in [15], which
focused on matrix weight functions of Hermite type. Building
upon this foundation, we are excited to expand our investiga-
tion by introducing matrix weight functions of Laguerre, Jacobi,
and Bessel types (cf. [11, 12, 13, 14]). To the best of our knowl-
edge, these definitions are the most comprehensive and, when
combined with the Hermite type, encompass all examples doc-
umented in the literature.

We set up Riemann-Hilbert problems for these families of ma-
trix orthogonal polynomials. This approach proved to be an ex-
cellent technique that allows us to obtain differential properties
for these families of matrix orthogonal polynomials, as well as
for the corresponding functions of the second kind. Therefore,
we established first-order structural formulas as well as second-
order differential relations for these families.

The final segment of this thesis is dedicated to the applications
of these families to second-order matrix differential operators
as well as discrete Painlevé matrix equations. The second order
differential relations we found collapse, when considered with
their scalar analogue, into the known differential equations for
the Hermite, Laguerre, Jacobi and Bessel families of orthogo-
nal polynomials. However, we were able to obtain analogous
relations for the families of functions of the second type associ-
ated with these families of scalar orthogonal polynomials. Fur-
thermore, we find the significant Painlevé equations that gov-
ern the matrix coefficients of the recurrence relation of certain
semiclassical families.
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CHAPTER 1
Definitions and preliminary results
1. Introduction

The theory of orthogonal polynomials has a rich history. Here we follow the semi-
nal works of mathematicians like Szeg6 [87], Akhiezer [1], Chihara [28], Ismail [71]
and Van Assche [90], in order to enter in this beautiful area of Mathematics. The sub-
ject of orthogonal polynomials covers a wide range of topics within mathematics and
physical problems. These include the moment problem, numerical quadrature, ra-
tional and polynomial interpolation and approximation, electromagnetism, potential
theory and many other fields as well as their applications in engineering.

As the theory progressed, researchers extended the scalar theory of orthogonal
polynomials to the matrix one. Matrix extensions of real orthogonal polynomials
were first discussed back in 1949 by Krein [74, 75] and thereafter were studied
sporadically until the last decade of the XX century, being some relevant papers [3,
8, 59]. In that way a comprehensive theory of matrix-valued orthogonal polynomials
has been developed.

Notably, significant results from the theory of scalar-valued orthogonal polynomi-
als, such as Favard’s Theorem and Markov’s Theorem, have been extended to the
matrix-valued case [43, 44, 45, 52, 53]. In 1984, Aptekarev and Nikishin, for a kind
of discrete Sturm-Liouville operators, solved the corresponding scattering problem
in [3], and found that the polynomials that satisfy a three term recurrence relation
of the form

ka(a:) = Ak-Pk»Jrl(x) -+ kak(l') -+ AZ—lpkfl(l')a ke N,

are orthogonal with respect to a positive definite measure, i.e. they derived a matrix
version of Favard’s Theorem.

Between 1990 and 2010, it was discovered that in some cases, matrix orthogonal
polynomials exhibit properties similar to classical orthogonal polynomials. Grun-
baum provided the first explicit nontrivial example of matrix-valued orthogonal poly-
nomials satisfying a second-order differential equation in [63], as a byproduct of [66,
67, 68]. Later, additional examples were found in a different manner in [46].

The theory of matrix valued orthogonal polynomials has been developed from
different perspectives and found applications in several areas of mathematics and
mathematical physics including spectral theory [61], scattering theory [59], tiling

1



2 1. DEFINITIONS AND PRELIMINARY RESULTS

problems [41], integrable systems [2, 4, 5], stochastic processes [64, 70] and time-
band limiting problem [54, 62]. Recently, we finished an incursion to the topic in [24].

The use of Riemann-Hilbert problems has proven to be beneficial in the analysis
of orthogonal polynomials, special functions and various other applications. These
techniques, also known as Riemann-Hilbert methods, have been applied extensively
in the realm of orthogonal polynomials, special functions, and applications. There
are numerous examples in the literature from mathematics and physics, including
nonlinear waves and integrable systems theory, statistical mechanics, random matrix
theory, integrable probability and quantum mechanics.

It was in 1992, when Fokas, Its and Kitaev, in the context of 2D quantum gravity,
discovered that certain Riemann-Hilbert problem was solved in terms of orthogo-
nal polynomials on the real line, [55]. Namely, it was found that the solution of a
2 x 2 Riemann-Hilbert problem can be expressed in terms of orthogonal polynomials
on the real line and its Cauchy transforms. Later, Deift and Zhou combined these
ideas with a nonlinear steepest descent analysis in a series of papers [36, 37, 39, 40]
which was the seed for a large activity in the field. To mention just a few relevant
results let us cite the study of strong asymptotic with applications in random ma-
trix theory, [36, 38], the analysis of determinantal point processes [33, 34, 76, 77],
orthogonal Laurent polynomials [81, 82] and Painlevé equations [35, 72].

One remarkable outcome of this development was the appearance of Painlevé
equations. These nonlinear differential equations were first discovered by the French
mathematician Paul Painlevé in the late 19th century. They arise naturally in the
study of special functions, integrable systems, and orthogonal polynomials. The
Painlevé equations have since become a subject of great interest and importance in
both pure and applied mathematics.

Despite the extensive research on extending results from the scalar to matrix set-
ting, there are still many unexplored aspects in the realm of matrix-valued orthogo-
nal polynomials that require further investigation. Throughout this thesis, our aim
is to contribute to the existing body of knowledge, pushing the boundaries of under-
standing in the field of matrix orthogonal polynomials and their associated weight
functions.

Organization

This thesis is organized in four chapters. In the first one we present the matrix
orthogonal polynomials theory we need for the sequel. Here we mainly use the
general references [15, 20, 65] as well as [51], where the authors show that the
matrix orthogonal polynomials generically satisfy structured relations. In fact, this
was our departure point to the world of semiclassical matrix orthogonal polynomials
that we study in Chapter 2.

To study the family of semiclassical matrix orthogonal polynomials we need a deep
understanding of the concepts of matrix three term recurrence relation, and of their
consequences, as the Christoffel-Darboux formulas. The Riemann-Hilbert problem
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that we state in the Chapter 1 (cf. for example [15, 20]) gives some insight for the
results in this thesis, as can be seen in Chapters 3 and 4.

Nevertheless our approach in Chapter 2 was to see how far one can go using
the orthogonality in context of semiclassical weights. The main results in this chap-
ter are Theorems 2.2 and 2.3 that pave the way for the Magnus type interpretation
of the matrix semiclassical orthogonal polynomials given in Theorem 2.7. Another
interesting result that, so far as we know is new, is the characterization of the semi-
classical matrix orthogonal polynomials in terms of structure formulas, given in The-
orem 2.5. We also show that the zero curvature formula characterizes this families
of matrix orthogonal polynomials in Theorem 2.8. These last two results give us the
idea of studying the sequences of functions that are in the constant jump fundamen-
tal matrix. The result of this study is in Section 5 of Chapter 2, about Geronimus
characterization for the classical matrix orthogonal polynomials. We end Chapter 2
with a characterization of semiclassical matrix orthogonal polynomials in terms of a
Riccati differential equation.

The Chapter 3 is devoted to the analytic study of logarithm derivatives of the
constant jump fundamental matrices for generic weights of types Hermite, Laguerre,
Jacobi and Bessel. From this study we easily find structure formulas, as well as
second order matrix differential relations for the matrix orthogonal polynomials and
associated second kind functions. Our contributions are mainly to the study of the
Laguerre, Jacobi and Bessel classes (cf. [11, 12, 14]). Even so, we present the
Hermite case (cf. [15]) in order to make the work self contained.

In Chapter 4 we continue presenting the main results of works [11, 12, 13, 14]
and determine explicitly the logarithm derivatives of the constant jump fundamen-
tal matrices for the weights defined in Chapter 3 and for some of their extensions.
Within these matrices, and from the zero curvature formula, we get Painlevé type
matrix equations for the three term recurrence relations coefficients. We also ex-
plain, how the differential matrix operators associated with the matrix orthogonal
polynomials studied in Chapter 3 can be interpreted in the scalar setting in terms
of a differential equation of Bochner type for the scalar orthogonal polynomials and
associated functions of second kind.

Notation
We start with some notations that will be useful later. In what follows:

e By N we denote the set of positive integers including the zero, i.e. {0,1,...}
and by Z, the set of positive integers, i.e. {1,2,...}.

e C™ will be the set of complex vectors with n components.

e C™™ the set of matrices with n rows, m columns and complex entries.
Hence, CV*V is the set of square matrices having the same number N of
rows as columns.

e Let us denote respectively 0 and I the zero and the identity matrices.
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e For sake of simplicity we will denote 0 the zero linear functional that all
outputs are zero.
e We shall denote by CV*¥[2] the set of matrix polynomials of size N, i.e.

CN*N[] = {Zakzk,n eN|ay e CVN ke N},
k=0

and by means of (CN *N [z])/ its algebraic dual space, that is the space of
linear functionals defined on C"*V|z].

o CN*N[2] will be the subset of matrix polynomials of C¥*"[z] with a degree
not greater than n.

e The adjugate of a square matrix M denoted adj(M) is the transpose of its
cofactor matrix.

e For a given matrix M € CV*¥, we denote M* its conjugate transpose.

2. Weights, moments, and orthogonality

We give a summary of basic results we use for the rest of this work. Let

wah oo N)
W — S .. . E E (CNXN,
w1y oo (VLN

be a N x N weight matrix with support on a smooth oriented non self-intersecting
curve 7, in the complex plane C, i.e. WU is, for each j, k € {1,...,N}, a complex
weight with support on ~.

The weight matrix induces a matrix inner product in the set of matrix polynomials
CN*Nz] given by
dz
2mi’

(P, Q) = / P)W ()0 ()

p p
such that Q*(z) := Z q;2" for a given Q(z) = Z gz € CVN[2).
k=0 k=0
This matrix inner product possesses the standard sesquilinear properties. The
orthogonality with respect to W means the orthogonality with respect to the in-
ner product.

Definition 1.1. We define the moment of order k associated with a weight ma-

trix, W, as
dt
wy, = /tkW(t) —, k € N.
. 2mi
Within a sequence of moments (wk) pen 1D CN*N we define a linear functional

u: CNN[z] — CVN, as wy = (tF,u), k € N.
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Definition 1.2. Let W be a matrix weight function (respectively, a functional of
moments, u) and w,, the moment of order n associated to W (respectively, to u). We
say that W (respectively, u) is regular, quasi-definite, or nonsingular, if det A,, # 0,
n € N, where A,, is the Hankel-block matrix

wo e wn
A,= 1| - ], n € N.
wn PR wzn
Given a weight matrix IV, we say that {Py} _ respectively, {PX} _., is a se-

quence of matrix polynomials left orthogonal (respectively, sequences of matrix poly-
nomials right orthogonal), with respect to W, if deg Pt = deg PR = n, n € N, with
nonsingular leading coefficient, and

1
(1.1) 3 PH)W (2)zFd 2 = 6,0, left orthogonality
1
.
1
(1.2) o FW()PR(2)dz = 6,,4C, 1, right orthogonality
1
.
for k=0,1,...,nand n € N, where C, is, for each n € N, a nonsingular matrix.

We say that two sequences of matrix monic polynomials {Pn}neN and {R”}neN' are
biorthogonal with respect to a regular matrix weight W, if there exists a nonsingular
matrix C,, € CV*V such that:

(1.3) /Pn(t)W(t)Rm(t)

v

dt

- =0, Ch n,m € N.
21 i men

We have that {Py} o and {F7} _., just defined, are biorthogonal with respect
to W, i.e.

/P;(t)W(t)PR(t) — =0, mC, n,m € N.
-
Theorem 1.1. The weight matrix, W, is regular if and only if, there exists a
sequence { P} . of left orthogonal matrix polynomails and { P}} _. right orthog-
onal matrix polynomials with respect to W. Moreover, the sequences { P,%}HGN and
{PE}%N are unique up to nonsingular, left and right matrix factor, respectively.

Proof. We can see that the sequence of monic polynomials {P);}n oy are defined
by (1.1) with respect to a regular matrix weight W. In fact, taking into account a
representation for P- as

Pr(z) =pl, 2"+ ol 2" 4 o 2+ Dl
such that foreach j =0,1,...,n —1,
;dz

/Pﬁ(Z)W(Z)Z 51 = PLn@Wnij + PLnWnijo1 + -+ Pl w4+ i ,w; = 0,
8
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and with j =n

dz _ n _
[ PO = g b ity 4 s + 2 = O
v

Let us notice that

wo PR wn
A, =1+ .. is such that det A,, # 0, n € N.

Wy -+ Wap

In matrix notation we have

Pl Pl o Pl Ma]Al=[0 0 -0 .
Since det A,, # 0, we know that the above linear system has a unique solution, i.e.
there exist and are unique the matrices pf',, an R, ptn, PE,n: and so the sequence

{ P}, oy is uniquely defined up to a multiplicative nonsingular matrix defined by (1.1).

As a direct consequence of the nonsingularity of the last block of A, i.e. the one
in the position (n + 1), (n + 1), of the matrix A_!, as (see for instance [58])

Al B
A= +
" C|D
with
—1
D= (wa—[wn - wad] AT [w] o wgy]T)

and det D = dztefg‘l we get that p)  is a nonsingular matrix. The same can be seen

for { P} O

A sequence of matrix polynomials {P"}n o 18 said to be monic if the leading coef-
ficient of P, is equal to the identity matrix, I. We can normalize the corresponding
matrix orthogonal polynomial by choosing the monic ones. In what follows we will
assume that choice. So, a unique sequence of nonsingular matrices (C’g 1)n N with

dz
C,t = ("Pr(2),u) = /z”Pk(z)W(z) 5 I associated with a regular, linear func-
b ™1
tional u or weight matrix W.

Theorem 1.2 (Favard). Let {P,&}neN be a sequence of monic matrix polynomials.
Then, the following are equivalent:

W {P5} .n 18 left-orthogonal with respect to a linear functional u.
(i) There are sequences of scalar matrices (3-),en, and (75),en with 4~ nonsingular
matrices for n € N, such that the sequence { P} _ satisfies

2Py (2) = Py (2) + B Py (2) + 7 P (), n €N,
where Pt (z) = 0 and Pt(z) =1
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Proof. We will prove the sufficient condition. Since {Pv';}n cy is a basis in the
CN*N_]left-module of matrix polynomials then there exist constant matrices, A7, such
that:

n+1

2Pr(z) =) ARPe(2), neN.
k=0

Multiplying the identity successively by 2’ for j € {0,...,n} on the right and applying
the functional u, we obtain:

Al =0, 7=0,...,n—2
Al = (Pr(2)2"u) = C ' Coy nonsingular
AZ - (P7I1-<Z)ZH+1’ U) O” - Az—l (Prlz_—l(z)zna U) Cn7

and A}, = I by comparison of the highest powers in the above identity. Taking
Bn = A, v, = A, the result follows.

For the necessary condition, we define recursively the matrix moments associated
with the linear functional u by the following conditions

wy = (P()L(z),u) =0yt and (PnL(z),u) =0, nezs,,
where ()} is a nonsingular matrix. Now, the polynomial P can be written as
Pr(z) =pl 2" +pl,2" 4+ Ptz + iy
where p/ ,, = I. Then we have
Wy, + pi,nwn—l + pE,nwn—Q +-+p,=0
thus the moments are defined recursively by w,, = ZZ;; p[‘;lkwk. Let us show that
(PnL(z)zk,u)zﬂ, k=0,....,n—1,
(PE(2)2"u) = C, Y, n e N.
Using the recurrence relation, we get for alln = 2,3, ...
(:PE(2),u) = ((Pha(2) + B5PE(2) + 45 P () ) = 0.
Again by multiplying both sides of the recurrence relation by z we get
2Py (2) = 2Py (2) + Bre P (2) + 2Py (2)
and, as a consequence,
(zzPrg(z),u) =0, n=34,...
In an analogous way, we conclude that
(szk(z),u):O, k=0,....,n—1.

For k = n, we have:

(z"Py(2),u) = ((zPﬁ(z)) 2" u)
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= ((Ph(2) + BEPE(=) +95PE L (2) 2" u)
= Tn (Prlz_—l(z)zn_lv U) = ’775%5—1 " "Ylfco_la
which ends the proof. O
A similar result can be obtained for the right-orthogonality, i.e.
ZP;?(Z):PTF;FI(Z)+P§<Z)/85+P571<Z)’ys7 nEN7
where PR (2) = 0and Bl}(z) =L
As the polynomials are chosen to be monic, we can write:
(1.4) Pr(z) =12" +pl, 2" 07 o2 2 4 D
(1.5) PR(2) = 12" + pr2" ™ 4+ DR 4+ PR

where p{ ., pk, € CV*V, i =0,...,n—1and n € N. Also, §; and ~,; will denote the
related recurrence relation

(1.6) 2PH(2) = Py (2) + B-PE(z) + 1Py (2), nen,

with Pt (2) = 0 and Pt(z) = L. The, 8% and % will denote the related recurrence re-
lation

(1.7) 2PR(z) = PR, (2) + PR(2)BE + PR, ()%, nen,

with PR (2) = 0 and PR}(z) = I. Moreover, the coefficients in (1.6) and (1.7) are given
in terms of the ones in (1.4) and (1.5) by

(1.8) By =pl,—Plois T =Cr'Coy,
(1.9) AR=cCptot, R = Okt = 0, 0 neN.

3. Second kind functions, Stieltjes function and associated polynomials

Given a regular weight matrix we define the sequence of second kind matrix func-
tions by

PL(t) dt PR(t) dt
1.10 L)y = [ 22 w(t) —, R ::/Wt”——.
110 @ie) = [ PEw o e = [ WD o
When, n = 0 we are in presence of a Stieltjes-Markov matrix function of the weight
matrix W, i.e.
[ W(t) dt

775—,2' 2mi

(1.11) Sw(2) -

Theorem 1.3. Let a and b be the starting and end points of v, respectively. Let C'
be a simple closed curve (circle for example) negatively oriented (clockwise), such
that a and b are in the interior of C'. Then the Stieltjes—-Markov matrix function Sy, is
a complex measure of orthogonality for { Py} _ and {PX} _ overC.
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Proof. We have the following identities

[ rrosverie o = [ e ([0 58 e o

21 7t—,z 211 211

L R
_ / (/ Pr(2)W (t)Py(2) dé) dt (Fubini’s Theorem)
+ \Je

t—z 2r1) 2mwi
dt

S (Cauchy’s integral formula)
1

- / PL(W (1) PR(1)

.
and so we get the desired result. [l

Sometimes in the literature some authors distinguish between Markov transforms
and Stieltjes transform when we are dealing with a measure defined on a bounded
or an unbounded interval, respectively, of the real line. Here we unify the notion as
the scalar Markov convergence theorem (stated for the bounded case) is still valid
for the unbounded case when the moment problem is determined.

Theorem 1.4. The left and right sequences of second kind functions {Qh} and

neN
{QE}%N verify
(1.12) 2Qn = Q1 (2) + BrQh(2) + 77 Qn_1(2), n €N,
(1'13) ZQE = 5+1(Z) + QE(’Z)ﬁS + qu(z)%ﬁf’ ne N7

with initial conditions Q" ,(z) = QR = —C~| and Q}(z) = QR(2) = Sw(2).

W)

Proof. Multiplying the relation (1.6) on the right by P
-z

and integrating we get,

t—z 2m1i

/tPn(t)W(t) dt _ L4 PO 4o (o)

t
As
t

=1+ tL from the orthogonality condition (1.1), the result follows. The
—Zz —z
proof of (1.13) is similar. [l

From the orthogonality conditions (1.1) and (1.2) we have, for all n € N, the
following asymptotic expansion when z — oo for the sequence of functions of the
second kind

(1.14) Q(z) = —C (1o gl o 1),
(1.15) Qn(z) =—(1z7""+qg 2 "2+ )C L
Assuming that the measures WU®, j k € {1,...,N} are Hélder continuous, and

using the Plemelj’s formula, cf. [57], applied to (1.10), we get the following funda-
mental jump identities

(1.16) (@n(2)), — (Qu(2))_ = Pr(x)W(2),
(1.17) (@n(2), — (QR(2))_ = W(2)Pi(2),
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z € v, where, ( f (z)) L= limi f(z + ie). Here + sign indicates the positive/negative
e—0
region according to the orientation of the curve 7.

Definition 1.3. We define the sequences of left associated polynomials {P,E’(l) }neN
with respect to { Py} . and W by

PL’(l)(z) :/Pk(t)—P){(Z)W() dt nEZ+,

n-t t—z omi’

Similarly, for the right situation we have the right associated polynomials {P,?’(l) }neN
with respect to { P} _ and W by

PR — PR(z) dt
/W (Z) Ty n e Z+.
t -z 2mi
Theorem 1.5. The associated polynomials verify
(1.18) =PV (2) = PrU(e) + 8P (2) + Py (), neN,

with P52V (z) = —C~} and P~V (2) = 0.
(1.19) 2PV (2) = PRO(z) + B (2)88 + PG (21, neN,

with PRV (2) = —C~! and PV (z) = 0.

Proof. We will prove (1.18):

P-(t) — P- dt

zPL’,(l)(z) = z/ w () "(Z)W(t) .
i

n-l t—2z 2mi
—t+t)PL(t) — 2Pt dt
[t 2Ry 4t
. t—z 2mi
dt tPL(t) — 2P (2) dt
— | PH)W (¢ n Wt
/7”() <>2W1+L t—z ()27ri
using now (1.6) and the orthogonality condition (1.1), we get
2P (2) = Pr0(z) + BP0 (2) + P (2), neN.
The proof of (1.19) follows by similar arguments. [l
Theorem 1.6. The Hermite-Padé formula for the left-orthogonal polynomials is
given by,
(1.20) PH(2)Sw(z) + P29 (2) = QL (2), neN,

and the Hermite-Padé formula for the right-orthogonal polynomials is given by,

(1.21) S (2)PR(2) + PPW(2) = QR(2), neN.
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Proof. Using (1.10) we successively get

QL(z)—/P"<t)W(t) dt _/Pn(t)—Pn(z)—l—Pn(z)W(t) dt

Al t—=z 271 t—=z 271

Wit) dt
= P+ P [ AL P 1 P s,
vy

In the same way we prove the Hermite-Padé formula for the right-orthogonal poly-
nomials. U

We consider two possible reductions from biorthogonality to orthogonality:
(1) When the weight matrix, 1/, with support on v is symmetric, i.e. (W (2))" = W (z),
z € v, then
-

PR(z) = (Pr(2)) QR(z) = (Q(2)) ", zeC.

Moreover, (P, PH)y = /PJ{(I‘)W(]])(PJ{($))T d_x

2mi
.
(2) When the weight matrix W is Hermitian positive definite with support on v C
R, i.e. (W(x))* =W (z), x € R, then

PR(z) = (PL(2))" Q=) = (Q5(2))". ceC.

d
In this case we have (P, Ph)y = / Py(x)W (z)(Py ()" 2_x
R 1

4. Fundamental and transfer matrices

We can summarize the left three term recurrence relation (1.6) and (1.12) as
follows

ity Go] - [Fe" Gl e o)

and by (1.18)

~Cr P (2)

PrWz) | Jel-8 ot
—c,P-Yil | -C. 0

L7
P () ] |

In terms of the left fundamental matrix Y,"(z) and the left transfer matrix 77-(z),

_[ P @ (2) [ o
o= o ) o= G

we rewrite the above identities as follows

Yo (2) = T ()Y, (2), ne€N.
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From this relation and taking into account that det 7- = 1, one can see that det Y,-(z)
= det Y} (z) = 1 on C\ v for n € N. For the right orthogonality, we similarly obtain
from (1.7) and (1.13) that

{Pﬁll( z) —PE(Z)Cn} _ [Pﬁ(Z) _Ps—l(z)cn—1:| {21—65 —C‘n}
Roa(z) —QR(2)Cn| — |QR(2) —QR_1(2)Chy ct 0
and also by (1.19)

[P,'f’“)(z) _ PRL(l)(z)Cn] _ [P Wiy - P,'f;%’(z)cn] {

n—1 n—1

ct 0

as we have the Hermite-Padé like formula for the right orthogonal polynomials,
Q5 (=) BX(=) + PV(2) = QR(2).
Taking the right versions of fundamental matrix Y,?(z) and transfer matrix T%(z),
Pr(z) —Ppr(2)Coa R 21-p7 —C
(1.23) YnRz::[” S I Ty (z) = " "l
B= ke ek o F=le o

we see that det Y,R(z) = det Y(2) = 1, because detTR = 1 on C\ v for n € N.
Note that,

c, 0 c, o 1"
R o n L n
RN PRI
Lemma 1.1. For any fixed integers s, r, m, M, the following holds, for all n € N:
r—m—1
YnL_m = H (TTl; m— Z)Y’VLL—T" m < r’
i=0
M-1 )
YnL—r—M H (T’rlz_ r— z)_ YnL—r7 M Z L.
=0

For alln in N and k an integer such that 1 < k < n we have

k—1 k—1 -1
—1
M—HT;HK: and i [[h 0 vt = (TT75)
=0

1=0

Theorem 1.7 (Christoffel-Darboux formulas). For all n € N, we have that:

(1.24)  (z—1) ZPk )Cr P (2) = PR(Cu P (2) = PR (DCRPE(2),

(1.25)  (z—t) ZQE(t)Ok@az) = Qr(1)CaQr 41 (2) — QR 1 (DCR Q5 (2),
k=0

(1.26) (1) Z QR()CkPE(2) = QR (1) Cu Py (2) = QR (H)CnPy(2) + 1,

(1.27) (-1 ZPk )CkQi(2) = PR(H)CaQp i1 (2) = P ()@ (2) —
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(1.28) (z — 1) PEY) I (2) = PRY )0 PRV (2) — PRY (1) PR (2),

n—1
k=0
(1.29) (2= PV CPE(z) = PV (8)Cu Py () = PRO(#)CPE(2) + 1,
k=0
(1.30) (2= PROCPYV(2) = PRC, Py (2) — PR (HC Py (2) — 1.
k=0

Proof. To prove (1.24), we multiply (1.6) on the left by PR(¢)C, and (1.7) on the
right by C,P-(z) and taking into account (1.9), then summing up, we arrive after
applying telescoping rule to the result. Proceeding in the same way with { QTLZ}%N
and {QF} .. {Pk’(l)}neN and {PE’(U}”GN in place of {Py} _ and {PX} _ and us-
ing (1.12), (1.13), (1.18) and (1.19), the results (1.25) and (1.28) follow.

For the proof of (1.26), (1.27), (1.29) and (1.30) applying the same procedure
mixing the P’s, the (’s and first kind associated polynomials. Il

If we take t = z in the previous theorem, we get

(1.31) PR(2)C,PE, (2) — n+1( 2)C,P-(2) = 0, n €N,
(1.32) QR(2)ChQh 1 (2) — QR 1(2)C,Q%(2) = 0, n €N,
(1.33) R (2)C P (2) — (z)C P (2) =1, n €N,
(1.34) Py(z )C Qni1(2) = P (2)Ca@n(2) = 1, n €N,
(1.35) PU)0,  PPOG) - P:f’(l)( )cn_ P-D) =o, neN,
(1.36) PR C, P (2) — PP e, P;H(z) = n €N,
(1.37) PR(t)C, P~ (2) — PR (HC, PE Y (2) = 1, n € N.
Corollary 1.1. The previous equations could be summarized as
(1.38) (Vi)' = {OI é} YR(2) {(1] _01 , neN.

Proof. From (1.31), (1.32), (1.33), and (1.34) we get

—QR_1(2)Crr —QR(2)] L,y .
{Pﬁl(z)Cnl P,fb*(z)}yn(Z)—L eN,

straightforward calculation shows that

R R
—QR (2)Chor —QR(z)] [0 I] g, [0 —I
|: PTE{—I(Z)CR—I PnR(Z) - _I 0 YTL (Z) I 0 ) n c N,
Hence, we get (1.38), for all n € N. O

Corollary 1.2. For alln € N, we have
(1.39) Qu(2) Py — PrQn_i(2) = G
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(1.40) Py ()@ — QnaPi(2) =C.2

n—1

(1.41) Q- (2)P} — PLQR(2) = 0.

Proof. As we have already proved that the matrix

e s

is the inverse of Y,-(z), so
R R
Ly |~ @na1(2)Chr —Qu(2)| _
e TS G =1
by identifying the components of this product, we get the result. [l

[ Pyia(2) ni1(2)W7H(z)

; L -
Denoting Y, ;(2) = “CnPL(x) —ChQL ()L (2)

}, then V', is invertible and

> R —QS(Z)Cn - 5+1(Z)
(7)) = [, wml]

Moreover, if we denote

PL(2) Py (2)

n—1

P (2) —Ch PR

~ PR Z) —PR (Z)C -1
YR — n n—1 n
) [PE‘P(z) —PrY(2)Cha ]

then, from (1.35), (1.36) and (1.37) it follows that f/nR is invertible and,

~Cot By (2) CuaPEL(2)| _
_ ph) (2) PL(2) ’

n—1

From this matrix equation we get

~Cot P E) CotPa(2) | gy
U O N O N B,

n—1

or equivalently, the following Christoffel-Darboux formulas holds

(1.42) PyY(2)PR(2) — PH(2) PP (2) = 0
(1.43) PP (PR (2) - PE(2) PR (2) = €L
(1.44) Pr ()P (2) — PR (2)PR(2) = €,
Furthermore, we gather the Hermite-Padé formulas (1.20), (1.21) in such way
~ I Sw(z) I 0| =
L w _ L R _ R

Theorem 1.8 (Riemann-Hilbert problem). Given a regular weight matrix W with
support on v, then the matrix function Y and YR, defined respectively by (1.22)
and (1.23) satisfies, for each n € N, the following properties:

(i) Y' and Y} is holomorphic in C \ 7.
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(ii) Satisfies the jump condition

L _ (vL I W(z) R _ I 0 R
(Yn (Z))Jr - (Yn (Z)), |:0 I ) (Yn (Z>)+ - W(Z) I (Yn (Z)),7 zc ’Y
(iii) Has the following asymptotic behavior, as z — oo
2T 0 Iz 0

YH(z) = (1+0(1/2)) [ 0 ZHJ, YR(z) = [ o un] (1+0(1/2)).

Proof. Conditions ii) and iii) are direct consequences of the representation of the
second kind functions (1.14), (1.15) and the inverse formulas (1.16), (1.17), respec-
tively. Il

We define the family of normalized left fundamental matrices {S,';(z)}n cn associ-
ated with {Y-(z)} _, by means of

Sh(2) ==Y (2) F ZO_ I(,:Z)n:| , n € N.

Taking into account the representation of { P\ (2)} . and {Q}(2)} _, in (1.6) and
(1.12), we arrive to the asymptotic representation for the normalized fundamental
matrices

1 11 2 -1 1
Sh(2) :I+[ Plm  ~m ] -+ { Pln ;o S o),
—Ch1 i pn-1] = _CnflpL,n—l 4L n—1 z
for z — oo, where
pi,n - pi,nJrl - TLN

2 2 _ L1 -1
pL,n - pL,n+1 - /Banm + Cn Cn—la

3 3 __ L, 2 —1 1
PLn = Pln+1 = PnPLn + Cn CnflpL,nfh

and

1 1 _ nR
din — 4L n—1 = Pn>

qE,n - qE,n—l = B??qlin + CHCJ—&{I
Observe that we will also have the following asymptotics for z — oo,

_ 1 _C—l
SL 1 —1— |: PLn n :|
( n(z)) _Cnfl QIin—l

_1q2 _
ptn _Cn ! pE,n _Cn 1qlin 1 0 -3
+ _C 1 ¢ 1 2 - T (7).
n—1 41 n—1PL n—1 4L n—1 <
For the right version we have normalized right fundamental matrices {SS(z)}
associated with {V,}(z)}

IS I

neN
neN

s - |y %] e,



16 1. DEFINITIONS AND PRELIMINARY RESULTS

with asymptotic behavior at infinity given by

1 2 1
PRr _Cnfl 1 PR —PRr _1Cn71 1 —3
S,ffz:H[ " ]—Jr[ - S — +0(z7),
( ) _Cn ! qll?,n—l z _qll?,ncn ! q%,n—l 2 ( )
for 2 — oo, and the asymptotics for the inverse matrix is
1
- pR n _On—l 1
SREN T =1- ’ -
( n( )) |:_O;l qll?,n—l:| z
2
+ [le,n _0”1:| . |: p%,n _le,n—ICn1:| i +O(Z_3)
_Cn_l qll?,n—l _qfla,nerl q%,n—l Z2
Here
le,n _le,nJrl = 57
p??,n - pQR,n—i-l = pé,nﬁ's + Cn_lo’;17
PRa = PRot1 = ProaBn + PLac1Cna Oy
and

1 1 __ nL
qR,n - qR,nfl - Mno

2 2 1 L —1
dRn —4rRp-1 — qR,nﬁn + CTL—HCTL'

5. Dual sequences and Riccati equation

We begin this section with the definition of dual sequence.

Definition 1.4. The sequences of matrix functions {a};} _., {aR} _ defined on~

are said to be dual if
dt 1

L(t)al (t =C ' nm N
| ah®ae) 3 = i o nmeN,

where C), is nonsingular matrix.

Given a regular weight matrix W, factorized in terms of two weight matrices W*
and WR, in such way W = W' WR, we define the dual sequences

ab(t) = P-()W*(t) and aR(t) = WR()PR(1), n €N, te .
In fact,
dt dt
L R _ L R _ -1
/7 ok (1)o (1) o L PEOW (PR 5 = O 6o n.m e N.

We underline that for a given weight matrix W we will have many possible factoriza-
tion W(z) = Wt(2)WR(2). Indeed, if we define an equivalence relation

(W5 WR) ~ (W WR) if and only if, WiWR = WrwR,
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then each weight matrix W can be though as a class of equivalence, and can be
described by the orbit

{(W'S, 57'WR), 2(2) is a nonsingular matrix of entire functions}.

It is straightforward consequence of (1.6) and (1.7), and taking into account (1.8)
and (1.9), that the dual sequences just defined satisfy the same three term recur-

rence relations as { Py} _ and {PX} _ respectively, i.e.

2o (2) = a1 (2) + B (2) + mon 4 (2)

2o (2) = oy (2) + o (2) 85 + an 1 (2) 7.

with initial conditions, a-;, =0, af = W', and of; = 0, off = WR.

L

Theorem 1.9. Let {a}} ., {af} _ be dual sequences defined on . Then, the
sequence {ah}n N satisfies a three term recurrence relation of type (1.6) if and
only if, the sequence {aﬁ}n N satisfies a three term recurrence relation of type (1.7).

Proof. Let’s consider, for example, that {a’},cy are such that
20, (2) = a5,y (2) + Brag (2) + Yon 1 (2), neN.

Then, let’s write

(1.45) zaf =) af Ay,

k=0

where by duality,

CAn = / 2ok, () aR(z) 2L = / (abs(2) + Aok (2) + 750t (=) af(z) L
. 21 . 2m1
ch m+1=n
- B-Cl, o m=n
Gt m—1=n
0, if not

Hence, the equation (1.45) can be written as,

20 (2) = aff 4 (2) + an (2) B + a1 (2) neN,
where, R = C,85C1, AR = C,_1C,;! (we observe that C,, 175 ,C, ' =1).

On doing the same procedure departing from {aR},cy defining by (1.7) we get a
three term recurrence relation of type (1.6) for {ak},cn. U

Theorem 1.10. Let a and b be the starting and end points of v. Let C be a
simple closed curve (circle for example) negatively oriented (clockwise), such that
a and b are in the interior of C. Then, the sequence {P,&WL}%N (respectively,
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{Q% (WR)fl}neN), is left dual of { (W') ™ Qn},.cx (respectively, {WRET} ), overC, i.e
for alln,m € N, we have

‘/cg )PR(2 ._c s L/]%Q@Qﬁ()dz-—CTH%m
C

2mi

Proof. The result follows by analogous arguments as the one used in the proof of
Theorem 1.3. In fact,

Jrosmrery = [ (]2 ) mer sy

R
= /Pk(t)W(t) (/ Fnl2) dZ,) dt, (Fubini’s Theorem)

~ ct—z 2m1) 2mi
- / P-(OW (t)PR(t) 2(17:1 (Cauchy’s integral formula)
= C?llén,m, n,m € N.
Similarly we obtain the result between {PyW"} _ and {(W")"'QR} . O

In this section we are inspired in the work of Duran and Ismail [51].

Lemma 1.2. For any polynomials P and any matrix function ' with C! entries,
we have

/mmvwmwazF@W@mﬂ

o

—/F@W@Hﬂﬁ—/F@W@P@dt

Proof. We first expand P as / F(t)W'(t)P(t) dt as a linear combination of ¢ with

Y
matrix coefficients and joint the power of ¢ to the function F' to the left-hand side
of W’. It is now enough to apply an integration by parts and then to recover the
polynomial P and its derivative P’ by moving the powers of ¢ to the right-hand side
of W. U

Theorem 1.11. Let {P;} ., {PX} . be sequences of biorthogonal polynomials
with respect to W. Then P\-(z) satisfies the following differential recurrence rela-
tions (lowering and raising operators, respectively).

(1.46) (Pk)/(z) = Ay (2)Cr1 Py (2) = Bu(2)Ca Py (2)
(Pr) (2) = ((2)Cu(=] = ) = Bu(2)C) Py = An(2)Cu Py

where

o () PEOWOP: <t>L [ ROvnR,,,

t—z t—=z

dt.

t—z t—z

:%®WWK®]_/%WWWK@
Oy v
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Proof. We first prove (1.46). We start by stating the yielding relation

n—1
= AP (2)
k=0
where
n Ly/ R dt
A (Pr) OW ()P (t) 5— Ch, k=0,...,n—1
~ 2mi
In fact, we can write
n—1
(P5)'(2) =Y ApPi(2) and find A
k=0

Multiplying the previous equality on the right by WPk, m = 0,...,n — 1, and inte-
grate:

N i dt
[ e pe o= ZA PHOW () PR(E) <
ik dt
- ZAZ/PIE( WP () o
k=0 2
= A"C L (biorthogonality condition (1.3))
letk=0 —1
[ ewnre i = p;@mt)p;(t)] o R GLLOLAURY
Y Oy Y

— /Pk(t)W(t)(P,f),(t) dt (integration by parts)

= PHow P~ [ PHow R dr
Oy Y
So
(P (2) = 3 A7PL(z) = (P&(t)%)ﬂ?(t)] - [ ProwwrE dt) PH(2)
k=0 k=0 oy y
=3 PHOW O PO = [P Y Proare) ar

Using the fact that
n—1

(t=2) Y PR(E)CrPE(2) = PR(E)Cnr Py (2) = Py (1) Cnr Py (2)

we obtain the result.

To establish the raising differential relation, eliminate C,,_ 1P _, between (1.46)
and (1.6). This completes the proof. Il
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Corollary 1.3. Let {P,';}n oy be a sequence of left orthogonal polynomials with

respect to W, and define f, = Pr,,(P:)”', n € N. Then, {f,} _ verifies a Riccati
type matrix equation such that:

Fal2) = Ania (2)Cr + fu(2) (Bu(2)Crmr — An(2)Cu (2] — Bn))
— B2 (2)Cnfn(2) + fn(2)2n(2) Crfn(2)

Proof. After replacing n by n + 1 in (1.46) and multiplying on the right by (Pk)_l,

we get
/

(1.47) (Pri1) (2)(Pr(2) 7" = s (2)Cn = Bura (2) O fu(2)
then, multiplying (1.46) on the left by — f, and on the right by (PL) ',

1

(1.48) — P, (2)(PH(2) (PY) (2)(PE(2)
= [a(2)Bu(2)Ct — fu(2)Un(2)Co Py (2)(PE(2))
So that
Pra@ (P ) () = £(2)Bu(2)Cocs — Fu U2 Coafih
by summing up (1.47) and (1.48), we get
(1.49) f,,(2) = Any1 (2)Cn = Buga (2)Cn fu(2) = fu(2)2Crr [, 21 (2) + ful(2)BaCra

Using now (1.6) we obtain: f,1,(2) = (v4)7 (21 — 8% — fu(2)). By replacing f,(z)
in (1.49), and using C,,_17,, ! = C,, the result follows. O



CHAPTER 2
Semiclassical monic orthogonal polynomials

1. Introduction

One approach to study various families of matrix orthogonal polynomials is to ex-
tend the analysis of their differential properties. A natural progression in this line of
research involves extending the theory of semiclassical scalar orthogonal polynomi-
als to the matrix setting. In [18] semiclassical matrix orthogonal polynomials were
defined using a Pearson type equation that relates to matrix functionals, i.e. for a
given linear functional u, there exists a nonzero scalar polynomial ¢ and a matrix
polynomial v, such that

D(¢u) = ¢u,
where D denotes the distributional derivative operator on the space ((CN xN [z])/
D: (CV*N[2])" — (CYVV[2)) with (P,Du) == — (P, u).

Similar to the scalar case, several characterizations were obtained, including a
structural relation and a differential recurrence relations for the matrix orthogonal
polynomials.

In [17], classical matrix orthogonal polynomials are defined as a specific instance
of the semiclassical ones by imposing restrictions on the polynomial degrees in the
Pearson type equation described above. However, unlike the scalar case, it was
observed that the differential recurrence relations satisfied by semiclassical matrix
orthogonal polynomials does not simply reduce to a differential equation in the clas-
sical scenario.

In this chapter, we delve into a broader context that highlights the non-commu-
tativity aspect in the Pearson equation fulfilled by the regular matrix weight func-
tion W. More precisely, a noncommutative matrix Pearson type equation (called
equivalently Sylvester type differential equation) is satisfied, i.e.

P()W'(2) = 1 (2)W(z) + W (2)¢a(2),
where ¢ is a nonzero scalar polynomial and ; and v, are two matrix polynomials.

The current context expands upon the one explored in [17, 18]. In fact, the weight
function W defines a linear functional u in the space C¥*V|2] in the following way

(Pw)= [ PEWE) 5

omi

21
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If some boundary conditions are taken at the endpoints of v, a and b,

(2.1) llg(ll o(z)W(z)=0 and Llil(l) o(2)W(z) =0,

then the linear functional « defined above satisfies the following equation
o(2) D(u) = 1(2)u + uhs(2).

In fact, for all P in CV*V[z]

m¢mm%?wwwmo:—/va@WW@

o

dz

271

2mi

:/P(z)q&(z)W’(z)d—é (Integration by parts)
v

:/HMM@WM+W@wmﬂ¥

. 2mi

= (P,¢1u) + (Puas).

Within this general framework, we establish various characterizations for the semi-
classical matrix orthogonal polynomials. These characterizations encompass struc-
tural relations for the orthogonal polynomials, second kind functions, associated
polynomials, and the Stieltjes—Markov matrix function. Moreover, these findings
provide a characterization in terms of a Sylvester type equation for the fundamental
matrix, and prove another characterization that involves the constant jump funda-
mental matrix when the weight matrix function can be factorized using two weights
that satisfy left and right Pearson equations. Additionally, inspired by the Corollary
of Theorem 1.11 we discover a new type of Riccati equation that characterizes these
families of matrix orthogonal polynomials.

2. Pearson type equation

A particularly interesting family of matrix functionals is given by the ones which
satisfy a matrix differential equation of Pearson type.

Definition 2.1. We say that a regular matrix weight function W is semi-classi-
cal, if there exists a scalar polynomial ¢ and two matrix polynomials v); and 1), with
deg ¢ > 0 and deg )y, dego > 1 such that W satisfies the matrix Pearson type equa-
tion

(2.2) O(2)W'(2) = 1 ()W (2) + W (2)ha(2),
together with the boundary conditions (2.1).
In this way, the corresponding sequence of left or right orthogonal matrix polyno-
mials are called semiclassical. Moreover, if W satisfies (2.2) with
0<degop <2 and deg; = degy =1,

we say that W is a classical weight, and the corresponding sequence of left or right
orthogonal matrix polynomials are called classical.
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So far we discussed the properties of biorthogonal families of matrix polynomials
and the fundamental matrices for a given weight matrix . In what follows, to derive
different characterization theorems for these families of matrix polynomials we will
assume that the weight matrix defined in Definition 2.1 factors out as

W(z) = WH(2)WR(2), z €.

We suppose that W is a semiclassical weight matrix, admitting the factorization
W = WLWR, such that

2.3)  o(z) (WY (2) = i (2)WH(2), o(z) (WR)' (2) = WR(2)s(2).

Theorem 2.1 (Pearson type differential equation). In the setting just described,
any solution of the Pearson equation for the weight, W, (2.2), is of the form W (z) =
Wh(2)WR(z) where the matrix factors W' and WR are solutions of (2.3).

Proof. Given solutions W' and WR of (2.3), it follows intermediately, just using
the Leibniz law for derivatives, that W = W'WR fulfills (2.2). Moreover, given a
solution W of (2.2) we pick a solution W' of the first equation in (2.3), then it is easy
to see that (W')~1IV satisfies the second equation in (2.3). O

Now, we prove a characterization using Stieltjes—-Markov matrix function.

Theorem 2.2. Let ¢ be a scalar polynomials and W be a regular matrix weight
function together with the boundary conditions (2.1). The following are equivalent:

(i) W is semiclassical (cf. Definition 2.1).
(ii) There exists a matrix polynomial n such that, its Stieltjes—-Markov matrix func-
tion, Sy, cf. (1.11), satisfies

(2.4) ¢(2) Sy (2) = P1(2)Sw(2) + Sw(2)2(2) +n(2)
Proof. Assume that W satisfies

P(2)W'(2) = 1 ()W (z) + W (2)ta(2).

Then write
6(:)Si(2) = (2 / (tW“))Q o
P(2) — o(t) dt B(t) dt
/ —2) W()2ﬂ1+[7(t—z)2w(t)ﬁ
Hence

G2 —o(t) . dt O GOW ) di
/ t—Z W) - :|8'y+/

2ri 27i(t — z) t—z 2mi

[ (2) - t &' (W (t) o(t)W'(t) dt

_/ t—22 27T1 / t—=z 27r1 / —z 27ri
/qﬁ gbt+¢’()(t—z /(b HWw'(t) dt
(t — 2)? 27r1 t—2 27Ti.
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Now, using (2.2), we get

t—z 2mi
/7,&1 W (t) /W o(t) dt
t—z 211 t—z 2wl

/¢ d)(t +¢/t t—Z)W<)ﬁ

(t—=z) 2mi
L ) (t) (1(t) — ¢(2))W(t) dt
2mi t—227r1+/ t— =z 2mi
/W % t— z = 27:1 + IS/V—@Z) 2d7rtiw2<z)'

So, we arrive to

¢(2) Sy (2) = 11(2)Sw (2) + Sw(2)¥2(2) + n(2),

with

t—z 2mi

P1(t) / () dt
/ t—z 27?1 Wit t—z 2ri

We notice that, n is a matrix polynomial. In fact, we only have to use the Taylor
expansion of ¢ centered at ¢, i.e.

Pl d) ()

(deg ¢)!
and that (¢ — z) divide (P(t) — P(z)), P € C¥*V[z], to get the desired result.

Let us prove the reciprocal. From the calculation done in the first part of the proof

¢'t)
2!

B2) = 6 + (1) (= )+ 2 (=0 o+ (= — )2

we know
o(O)W'(t) dt
6(2)S (2) / DN 4t
and
W (E)W () W (t)o(t) —~
Vil2)5w(2) + Swiz / t—z 27r1 / t—z 27r1+p01 2(2)-

where 1;511 and pA(;l2 are matrix polynomials. Hence (2.4) is equivalent to

A ) W0 8

|
t—z 2m1i po (z)
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where Igl is a matrix polynomial. Taking into account the behavior at infinity, and
using Liouville’s Theorem, we can assert that

/fb(t)W’(t) — (W) — W(t)ihs(t) dt

t—z 2mi

=0

Now, denoting v(t) == ¢(t)W'(t) — 1 (t)W (t) — W (t)2(t) we get

o(t) dt Ry t , B p dt
/YE% —§2k+1, ; < 1, with Vi = —/;U<t)t %
Hence, ¢(t)W'(t) — 1 ()W (t) — W(t)ia(t) = 0. O

Corollary 2.1. A regular matrix weight W together with the boundary condi-
tions (2.1) is classical if and only if,

$(2)Siy (2) = 1(2)Sw(2) + Sw (2)v2(2) + ¥1(2)Cy " + Cg M (2) — %@5”(2)00_1-

Proof. It is enough to write

Ui(t) = Pi(2) + Y1 (2)(t - 2), Ua(t) = a(2) + Y5(2)(t - 2),
o) = 6(:) + )t -2+ T -2
and substitute these expressions in (2.5), to get the result. [l

3. Structure relation and differential recurrence relations

In this section we need the following technical Lemma.

Lemma 2.1. Let W be a regular matrix weight with boundary conditions (2.1),
and {Py} .. {QL}, ., be the sequences of left monic orthogonal polynomials and

functions of second kind, respectively. Then, we have for all n > max{deggb —
17 deg ¢2}1

L W(t)ﬂ_z LY/ ( (N0 (=
2.6) | PH000) 25 1 = 6@ 6+ (I05C),
@27) [ Pros 0 22— gk
(2.8) / p5<t>fv_(2 Wa(t) % = Qn(2)¥2(2).

Proof. We start with the proof of (2.6),
[ P15 o
_ / BL(t)(o(t) — ¢(2))W(t) dt 4 o) / PLOW(t) dt

(t — 2)2 omi (t — Z)2 omi
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:/Pk(t)(cf)(t)—czﬁ(Z))W(t) dt

(t —2)? 2mi
Using the Taylor expansion of ¢ centered at z, i.e.
1 (deg ¢)
o(t) =¢(2) + ¢'(2) (t — 2) + ¢2(!Z) (t—2)2+-+ % (t — z)d8?;

or, equivalentely,

o) —o(z) _ 1 | ¢"(2) 149 (z) oz d—

W—¢(2)t_z+ o) +~-+W(t—z)dg¢ 2,
then

Pr(t)(o(t) — ¢(2))W(t) dt S () L, dt

[P S = vae + 3 P [ Powe - o

Now, applying the orthogonality (1.1), of { P\} _ with respect to 1V we have,

/%wwwu~ﬁ*iﬁ

~ 2mi

And so (2.6) is true. Now we will prove (2.7),

=0, n > deg¢ — 1.

[Pros o ot
= [P = 2y g [l o

= qﬁ'(z)@t(z), n > deg ¢ — 1.
We finish with the proof of (2.8),

[ o Oy 1

2mi

= [ Prowe 2= 2 Qe

~ t— =z
= QL(2)¥a(2),  n>degihy

As we wanted to prove. U

Theorem 2.3. Let W be a semiclassical matrix weight function, and {P}} en

{Qr}, - and { 0 } .y the corresponding sequences of left matrix orthogonal poly-
nomial, second kmd function, and of associated polynomials, respectively. Then, for
all n > max{deg ¢ — 1,degv»}, we have

n—+s

(2.9) 6(2)(Pr) (2) + Pr(2)tn(z) = Y ApPr,
k=n—r
n-+s

(2.10) 3(2)(QR) (2) — Qu(2)a(2) = > ARQL,

k=n—r
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n+s

(2.11) o(2) (P V) (2) = PrVua(z) + Plp= > Appy),

k=n—r

where s = max { deg ¢ — 1,deg ¢ } and r = max { deg ¢ — 1,deg ), }.

Proof. We suppose W is semiclassical and we start with the proof of (2.9).
As {P,& }neN is a basis in the linear space of matrix polynomials, there exist A} € CN*¥
such that

n-+s

$(2)(PLY(2) + PL(2)un(2) = > ARPE.

k=0

Multiplying on the right by W27 for j = 0,...,n + s and integrating, we get

d d
@12 [P AW 5+ [P 3
ARy dz
n L ]
= kX;Ak /ypk (Z)W(Z)ZJ %
Begin with
o Az _ PHReEW ()Y L iy 42
ety 55 = HETATEE] - [ peeeswe) o
(boundary conditions (2.1)) = — / P(2) (gb(z)zj)/W(z)% - / PLo(2) W' (2 );TZI
v v
(orthogonality (1.1)) = — / PH(2)p(2) W' (2) %, n>j+dego
Y
(Pearson equation (2.2)) = — /P,&(z)@bl(z)W(z)zj S—Z — /PJ{W@DQ(Z’)ZJ E
- i . 2mi
(orthogonality (1.1)) = — /P,t(z)wl(z)W(z)z] %, n>j+ 1+ degs.
Y

Together, the previous calculation with (2.12) leads to

n+s
0= ZAZ/PIL'(Z)W(Z)Z dz = A”C’_ j < min {n —degop,n—1— degwg}.

27r1

Then

n+s
0(2)(Py) () + Py (2)¢n(2) = > ARPg (2).

k=min {nfdeg ¢,n—1—deg s }Jrl
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Since min {n—deg ¢,n—1—deg e} +1 = n—max { deg ¢ — 1, deg 1> } we get the result.

dt t
To derive (2.10), we multiply (2.9) on the right by 2—?/& and integrate
Tl — 2
W(t) dt W (t) =
2.1 )(PHY( AlQ
(2.13) /Q5 )t—z 2mi L ()%() z27r1 R;T
Let us analyze the left-hand side of this equality,
L/n¢ }DL (t) dit
t—z ori
W (t) L W)\ dt
= — — [ PL(t t —
sre0r 0|~ [ro (oY) o
Wi(t) dt W'(t) dt Wi(t) dt
=— [ PL)¢'(t)——= — — | P-()p(t)——= — /PLt t)——ty —
[ P 55 = [ ety 55+ [ oot o

Now, using the previous Lemma 2.1, in particular identity (2.6), we get

/ sEY O A 0ke) - / Pty (ry @) A

— 2z 271 - t— 2z 2mi

_/PnL() ()?/)2() dt + (6(2)(QY)(2) + ¢/ ()Q5(2))

= / PO D AL oL yn(e) + 6(2)Q (2),

t—z2mi
then
@10) [ 0P 07D S5+ [ PO 2 = 06 (05 () - Q)

Comparing the equations (2.13) and (2.14), we get (2.10) as we wanted to prove.
To get (2.11) we substitute Q% in (2.10) by the left Hermite-Padé formula (1.20),

n—+s

> A (PH@Sw) + PP ()
k=n—r
= 0(2) (PE()Sw(2) + PrP(2)) = (PHESw(z) + PrD(2) al2).
Now replace ¢(P-) and ¢S}, from (2.9) and (2.4), respectively, to get (2.11). O

In the next theorem we go to a block matrix scenario.

Theorem 2.4. Let W be a semiclassical matrix weight function, and {YnL}neN'

{YnR}n oy be the corresponding sequences of left and right fundamental matrices.
Then, there exists L,, R, € C2Vx2N [2] (whose degree does not depend on n), such
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that the left and right fundamental matrices Y,-, Y} satisfies the following Sylvester
matrix differential equations, for all n > max { deg¢ — 1,deg 1},

(2.15) o(Y)'(2) + Vi (2) Vléz) _J:( )} = La(2)Yy (2).
(2.16) o(Y,X) (2) + [%SZ) —w?( )} V() = Y (2)Ra(2),
where

(2.17) R, (2) = {_OI (I)} L,(2) {_OI (I)} .

Proof. We begin the proof by establishing the equivalence between (2.15) and (2.16).
In fact, taking derivative in (1.38) and multiplying by ¢, we arrive to,

01 @ ) @ = |0 glememe ! .

o200 =0 o 1 e e @ 2 ol

Now, replacing ¢(2)(Y,})'(z) or ¢(2)(Y:R)'(z) by (2.15), respectively by (2.16), we get

VO N P R (O] R EET R
oo+ v [ 2o = 0 R T e,

which prove also (2.17), i.e. the conexion between L, and R,,.

Now, supposing that IV is semiclassical, from Theorem 2.3, we know that

¢(YnL)/(Z) + le_(z) [wléZ) _w(z(z)}

n—+s n—+s
> ALPi(2) > ARQk()
o k=n—r k=n—r
- n—1+s n—1+s
Co S AT G S ATQNR)
k=n—1—r k=n—1—r

Using the three term recurrence relation (1.6), it can be proven the existence of L?}l,
Ly, € CV*N[z] such that

n—+s

Z AZPIE;_(Z) = L?l(z)P,';(z) - L?,2(Z)Cr:—11pr|{—1(z)-

k=n—r
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The same happens to be for the linear combinations of {QL} _ or {PnL’(l)}neN.
Hence we get (2.15), and by the discussion made at the beginning (2.16). Alter-
natively, we can apply Lemma 1.1 to explicitly determine the matrix polynomials
LY., LT Ly, and LY ,. U
L (2) L2(2)

Denoting L, (z) = [ o

Lil(z) LiQ(Z)} then from (2.17) follows

.10 ve= [y o)

In the next result we present a characterization for the semiclassical matrix weights.

Theorem 2.5. Let W be a regular matrix weight together with the boundary con-
ditions (2.1). Then, W is semiclassical if and only if, there exist matrix polynomials
LIt Lr2 2t 22 Rl RI2 R2L R22 gych that for all n > max{deg ¢ — 1,deg 1y},

(2.19) ¢(PLWL) =L (PeWY) = L2Chy (P W),

(2.20) ¢ (QLWR)™Y =L (QLWR)™) — L2C, ., (QL_, (R,
(2.21) (WRP§)’ (WRPR) L2 — (WRPR.)) i L2,
2.22) B (WHQR) = — (WY1 L2 — (WH1QR,) Gl
(2.23) —¢C, 1( L)’: L2 (PLWL) —L2C, , (P- W),

(2.24)  —¢C, 1 (Q% )N = 2L (QE(WR)TY) — 120, (Q4_,(WR)TY),

(2.25) —¢ (WR n_l)’ et = (WRPRY L2 + (WRPR ) €, LY,
(2.26)  —6 (WH'QR) Cucy = (WHTIQR) L2 + (WH QR Gy
Proof. It is a straightforward fact from (2.15) and (2.16), and using (2.18), that

(2.27) 6(2) (PY)' (2) + PH(2)¢n(2) = LI (2)PE(2) — LE2(2)Coi PEy (2),
(2.28) 6(2) (QL)' (2) — Q5 (2)en(2) = LEN(2)Qh(2) — L”() Co1 QY1 (2),
6(2) (PR)' (2) + 1a(2) PR(2) = —PR(2)L2(2) — <> CoaLi2(2),

$(2) (QN) (2) — 1 (2)QR(2) = —QR(ILZ(2) — QR 1 (2)Cca Li2(2),

(2.29) =6(2)Cp1 (Pr1)" (2) = Cor Py (2)1(2) = 31<z)p,5<z)_m2<> an 1(2),
(2.30)0-6(2)C1 (@4 1) (2) = Caca @51 ()1 (2) = L2 (2)Q5(2) — L2(2)Cma @5 (2),
—(2) (PR1) (2)Cnoy — a(2) PR 1 (2)Cry = PR(2)L2(2) + PRy (2)Couc 1L“ 2),
~6(2) (QR 1) ()0t — 1 (2)QR 1 (2)Ct = QX ()L (2) + QR (2) i LI (2).

At this moment we only have to:

e multiply the first equation on the write by W', and applying (2.3) to get (2.19);
e multiply the second equation on the write by (WR)~1, and applying (2.3) to
get (2.20);
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e multiply the third equation on the left by WR, and applying (2.3) to get (2.21);
e multiply the fourth equation on the left by (W%)~!, and applying (2.3) to
get (2.22);

Doing the same with the 5-th till 8-th equations we get (2.23)—(2.26).

We will see now, how to derive equations (2.3), for W- and WX, from (2.19)-(2.26).
Substitute n by n — 1 in (1.33) and multiply on the left by (W'-)fl, to get

(WH) ™ = (WY T QR(2)Cai PL_y(2) — (WY) T QR (2) Ot PE(2).

n n—1

Taking derivative in this equation, i.e.

(2.31) (WH™) = ((WH'QR) Crr Py + (WHTIQRC, 1 (P )
_((WL>—1 R )/Cn—lprlz_(WL)_l R Cn—l(Pt)'-

n—1 n—1

multiplying by ¢, applying equations (2.22), (2.26), together with (2.27) and (2.29),
in (2.31), we obtain

o(WH™) = (WH ™ (QR(REZ — L2 PE — QR _,C i (RZ + LI PE
+ QR Cui (L2 — RO, Py + QR (RY + L2)C, 1 PE,
+ ( 5—1071—1]37'{—1 - QSCn—lpk_l)%)-

Using the connection between L,, and R, in (2.18) and (1.33), in this equation to get
o) (W) ™) = =(WH2) Mi(z)  de.  o(2)(WhH(2)) = a(2)WH(2).

In a very similar way we get ¢ (WR)/ = WR,. In fact, departing from equation (1.34)
written in n — 1, multiplying on the right by WR, taking derivatives, and multiplying
by ¢ we get

(2.32) ¢(WR) =6 (WRPE,) CoaQf + WRPE ,C10(QL)

— o (WRPYY €, 1Q5_, —WRPReC, 1 (Q4_).
Combining (2.21) and (2.25) with (2.28) and (2.30), and taking into account (1.34),
we get from (2.32) that

o(2) (WRY (2) = WR(2)a(2), ie. we arrive to (2.3).

From Theorem 2.1 we get that W is semiclassical. U

What we have just proven in Theorem 2.5 is that (2.15) or, equivalently, (2.16)
characterizes the sequences of semiclassical matrix orthogonal polynomials.
From the last theorem we see that the following matrices are instrumental in the
study of the semiclassical matrix orthogonal polynomial theory. Associated with a
regular weight matrix, W, factorized as W = W'WR, we define the constant jump
fundamental matrices, in terms of its fundamental matrices, Y.\, YR, by means of,

Wh(z) 0

(2.33) ZH2) =Y (2) 0 (WR(z))1|

n
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WR(2) 0

(2.34) ZR(2) ::[ 0 (WL ()"

} Y (2), neN.
Taking inverse on (2.33) and applying (1.38) we see that Z} given in (2.34) admits
the representation

(2.35) ZR(z) = [(1) —01} (Z5(2) {_OI é} , neN.

Moreover, it’s easy to check that they satisfy the same recurrence relations as Y-
and YR, i.e.

(2.36)  T,;(2)Z;(2) = Zyja(2), Zn(2)TN(2) = Z3a(2), neN.
Now, we state a matrix reinterpretation of Theorem 2.5.

Theorem 2.6. Let W be a regular matrix weight function together with the
boundary conditions (2.1), admitting the factorization W = W"WR and the constant
jump fundamental matrices, Z-, ZR. The following are equivalent:

(i) W is semiclassical, i.e. (2.2) takes place;

(ii) there exists a polynomial matrix (whose degree does not depend on n), L,,, such
that the corresponding left constant jump fundamental matrix Z" satisfies, the
following Sylvester matrix differential equations,

(2.37) o(2) (Z,';)/(z) = L, (2)Z5(2), n > max{deg ¢ — 1,deg1n};

(iii) there exists a polynomial matrix (whose degree does not depend on n), R,,, such
that the corresponding right constant jump fundamental matrix Z? satisfies, the
following Sylvester matrix differential equations,

(2.38)  ¢(2)(Z8)'(2) = ZR(2)Rau(2), n > max{deg ¢ — 1,deg v},

where the matrices L,, and R,, are connected by (2.17).

Proof. It is easy to see from Theorem 2.5, that the equations (2.19), (2.20), (2.23)
and (2.24) colapse into (2.37). In the same way, equations (2.21), (2.22), (2.25)
and (2.26) colapse into (2.38). Moreover, (2.37) and (2.38) are equivalent to the ones
in Theorem 2.4, i.e. (2.15) and (2.16), respectively. Hence, we get the result. [

4. Characterization using Magnus procedure

In an inspiring work, cf. [78], Alphonse Magnus explains a procedure to derive
structure relations for the sequence of scalar monic orthogonal polynomials associ-
ated with a semiclassical weight function. This procedure, uses the Hermite-Padé
formula connecting the monic orthogonal polynomials, functions of second kind and
associated monic polynomials, instead of using the left and right orthogonality. Us-
ing Theorem 2.2 we know that the Stieltjes-Markov matrix function associated with
a semiclassical weight (cf. Definition 2.1) satisfies (2.4).
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Theorem 2.7. Let W be a regular matrix weight function together with the
boundary conditions (2.1), Sy is its Stieltjes-Markov matrix function, and {YnL}neN,
{YnR}neN the corresponding left and right fundamental matrices, respectively. Then,
the following are equivalent:

(i) There exist a scalar polynomial ¢ and two matrix polynomials ), 1) such that,
the Stieltjes-Markov matrix function Sy, satisfies (2.4).
(ii) There exists a matrix polynomial L,, (whose degree does not depend on n) such
that the Sylvester matrix differential equation (2.15) holds for all n € N.
(iii) There exists a matrix polynomial R,, (whose degree does not depend on n) such
that the Sylvester matrix differential equation (2.16) holds for all n € N.

Moreover, the matrices L,, and R,, are connected by (2.17), for alln € N.

Proof. From Theorem 2.4 we know that (ii) and (iii) are equivalent propositions.
Moreover, we can see that (ii) implies (i). In fact, taking n = 0 in the (1.2) entry
of (2.15), i.e.

$(2)(Q5)'(2) — Qp(2)¥2(2) = Ly' Q5 — Le?C1QL,.
z) and Q' (z) = C~{ we get
z) = 1(2)Sw +n(2),

~—~

Now, taking into account that Q5(z) = Sy
¢(2) Sy (2) — Sw(2)he
where ¢ (z) = Lj! and n = —L{*

From here we see that, to finish the proof, we only have to show that (i) implies (ii).
Multiply the equation (2.4) from the left by P- and on the right by PF, i.e.

(2.39) OPySiy P = Pri Sw Py + PrSwia PR + PPy
We write the left hand-side of (2.39) as
$(2)PrSiy (2) PR(2) = ¢(2) (Pr(2)Sw(2)) — (Pr) (2)Sw(2)) Py (2),

then using the Hermite-Padé formulas (1.20) and (1.21), we transforms (2.39) into,

—~

(2.40) (6(Qr) = Quin) Y = (P + 6(P)) Q7 = ©;
where
(2.41) 6L = (p(PyYY — Py + PLn) PR — (¢(PL) + Pl ) PR,

is a polynomial whose degree does not depend on n, as the left hand side of (2.40)
shows. In fact, by using the assymptotic expansions near infinity (1.14) and (1.15) of
Q- and QR, respectively, the expansion of P- and PR in powers of » and considering
the fact that Sy = @} it follows that,

(2n+ 1)¢(2)C, " +w1(z)0n‘1 +C;1w2(z>
z

22 z

1
+ higher power of —; |z = +o0.
z

Then, the highest degree in the expression of ©L comes from
@n+1o(x)C" | hi(:)C" | Clva(2)

22 z z
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If we denote & = max{deg¢ — 2,degtyy — 1,degtyy — 1} then deg® < k.
Now, using (1.40), and writing 6} = ©LC,_;(P-_,Qf — Q5_,PF) in (2.40), it fol-
lows that,

(6(Qr) = Qptba + ©5,C,1Qp 1) B = (¢(Pr) + Pripn + ©;C, 1 Py_1) @y,
and taking into account (1.41) we arrive to

-1

(2.42) ($(Qh) — Quth2 + O5C, Q4 ) (QF)
= (¢(PL) + Py +OLC, 1 P, (PY) ™ = QL.

In the same way, using (1.44) and writing ©4 = ©.C, (P, PF — P PR) in (2.41)
to get,

n—1

(6(PE) = PeVys + Py + €5C, 1 PEY)) PE
= (6(P) + Phon + 0LC Py ) PR,

and by (1.42), we arrive to

n—1 n—1

(2.43) <¢(PL,(1))/ — P-Wyy 4 Pyt @TLLCnAP){L%)) (PL,(l))—l
-1

= (6(PY) + Phou + 05, PLL ) (BY) ' =0k,

With Qt defined by (2.42). Hence, equations (2.42) and (2.43) reads as

(2.44) ¢(PH) + Pty +©LC, . PL = QL PE,
(2.45) P(QY) — QL +OLC, Q% = QLQ%,
(2.46) o(P)) — PoWyy + P+ 6LC, P = QL P,

To see that ()t is a matrix polynomial whose degree does not depend on n, we multi-
ply equation (2.44) and (2.46) on the right by —PE;(ZI) and PR |, respectively, adding
the resulting expressions and applying (1.43) to get
OLot = (o(PrY) — PrDys + Py + 0LC, PG PR
— (6(P}) + Prvn + O5C, 1 Py ) Py,

as well as, multiplying (2.44) by —QR | and (2.45) by PR |, respectively, adding the
resulting expressions and applying (1.39)

2O = (D(QR) = Qutoa + 0501 Q) PRy = (0(Pr) + Prtby + 0501 Py ) QR

From the two last equations we conclude that the degree of Q- are bounded by
t = max { deg¢ — 1,deg ©f — 1,deg 1)1, deg o — 2}. To end the proof we only have to
recall Theorem 2.4. Il



4. CHARACTERIZATION USING MAGNUS PROCEDURE 35

From Theorem 2.7 we see that the Theorems 2.4 and 2.6 the equations are valid
for all n € N. This is a great achievement that will open new avenues for these
systems of semiclassical matrix orthogonal polynomials, as will be seen in Chapter 4.
Now, we will see a characterization of semiclassical matrix orthogonal polynomials
using zero curvature formula.

Theorem 2.8. Let W be a regular matrix weight function together with the
boundary conditions (2.1), admitting the factorization W = WWR and the constant
jump fundamental matrices, Z-, ZR. The following are equivalent:

(i) W is semiclassical i.e. (2.3) takes place.
(ii) The left zero curvature formula

(2.47) G(2)(TF) (2) = Lop1 (2)TH(2) — TH(2)La(2), neN,
holds, with initial condition Ly(z) = {wlé@ _73/}(22()2)]

(iii) The right zero curvature formula

(2.48) ¢(2)(TR)'(2) = TR(2) Rus1(2) — Ru(2)TR(2), neN,

n(z) —vi(z)

Proof. We know, by Theorem 2.6 that W is semiclassical if and only if, we have
(2.37) and (2.38) for n > max{deg ¢ — 1,degt,}. Moreover, from Theorem 2.7 we
know that (2.37) and (2.38) holds true for n € N. Hence, if we prove that (2.37) is
equivalent to (2.47), and (2.38) is equivalent to (2.48), for n € N we finish the proof.

holds, with initial condition Ry(z) = {

Ua(z) O ]

We begin with the direct proof. Taking (2.37) for n+1, and applying the recurrence
relation (2.36), we get

0(2)(T5(2)23(2)) = Lo (2) T (2) Z3 (2),
hence
6(2)(T3) (2)Z5(2) + Tu(2)6(2) (25) (2) = Lusa (2) T (2) Z5(2).
Now, apply (2.37) to find
{6() (1) (2) + T (2)La(2) = Luia (2) T (2) } Zi(2) = O,
and because det Z4(z) = S92 £ 0, we arrive to (2.47). Using the same ideas we

derive (2.48). In fact, taking (2.38) for n + 1, and applying the second recurrence
relation in (2.36), we get

0(2) (ZR(TR(2) = ZR (TR ()R (2),

hence

(=) (Z8) ()T (2) + Z7(2)9(2) (T) (2) = ZX(2) TR (2)Rua (2)-
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Now, apply (2.38) to find

Z8(){0(2)(T5) (2) + Ru(A)TR(2) = TR (2) | = 0,

and because det Z-(2) = 323/,?((2 # 0, we arrive to (2.48).

For the initial condition of L,, and R,,, we take n = 0 in (2.37) and in (2.38), respec-
tively.
We analyze the reciprocal. Multiplying (2.47) from the right by Z-, applying the

recurrence relation (2.36), and then adding ¢(z)7T-(2) (Z,';)/ (z) on both sides of the
resulting expression, we obtain

3(2)(Zr11) (2) = Lusa(2) Z0 1 (2) = T(2){0(2)(Z1) () — La(2) Z5(2) }.
Thus
G(2)(Zy11) (2) = Lua(2) Zy 1 (2) = Ty (2) -+ To (2) (6(2)(Z5) (2) — Lo(2) 21 (2)).

Taking into account that (Z§) (z) = Lo(2)Z5(2), we arrive to (2.37).

In the same manner, multiplying (2.48) from the left by ZS, applying the recur-
rence relation (2.36), and then adding ¢(z) (fo)/(z)T,ff(z) on both sides of the result-
ing expression, we obtain

0(2)(Zn11) () = Z3a (2)Rusa(2) = {6(2)(Z;)) (2) = 23/ (2)Rn(2) } T (2)-

Thus
O(2)(Z51)'(2) = Za (2)Runi (2) = (8(2)(25)(2) = Zg'(2)Ro(2)) T3 (2) - - T ().
Taking into account that (Z§)'(2) = Z&(2)Ro(2), we arrive to (2.38). O

Corollary 2.2. Let W be a semiclassical matrix weight function, admitting the
factorization W = W'WR and the constant jump fundamental matrices, Z-, ZR.
Then, we have, for all n € N, the second order zero curvature formulas

249) 6] (TH) ()La(2) + Luna () (1) (2) } = L1 (A)TE) = THLA(2),

2500 6(){ (T)()Runr () + Ru(2)(TF) (2) } = TRIRL,, (2) = RATE(:).

Proof. By Theorem 2.8 we know that (2.47) and (2.48) takes place. Hence multi-
plying (2.47) on the right by L,, (respectively, (2.48) on the left by R,,), we get

0(2)(Tr) (2)La(2) = Lusa ()T (2)La(2) — Ty (2)L3 (=),
$(2)Ra(2) (T7)'(2) = Ra(2) T3 (2)Ruta(2) — RE(2)TR(2),

and applying again (2.47) we get (2.49) (respectively, (2.48) to get (2.50)). [l

L,
R
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5. Geronimus characterization for classical matrix orthogonal polynomials

It was shown in [19], analogously to the scalar situation (cf. [80]), the orthogo-
nality of the derivatives is equivalent to a Pearson type equation ¢’ = ;W for the
corresponding weight matrix, as well as, an expression of P, in terms of a linear
combination of the polynomials derivatives P, P, _, and F,_, takes place.

Below we describe the features in a more general context. More precisely, if the
Pearson equation (2.3) is satisfied and so non-commutativity is strongly involved. In
this setting, we prove that the orthogonality of sequence of derivatives { (P} +1)/}neN

with respect to ¢I¥ is replaced by the orthogonality of { (PL,, W)’ },ex With respect
to pWR.
We start by stating the following theorem.

Theorem 2.9. Let C' be a simple closed curve (circle for example) negatively
oriented (clockwise where a and b the starting and end points of v, respectively),
such that a and b are in the interior of C. Let W be a semiclassical matrix weight
that admits the factorization W = W'WR such that (2.3) takes place, and {Z}},cn,
{ZR},.cn, are its sequence of constant jump fundamental matrices. Then,

(2.51) L (P, WYY oWR PR ;fl =0, k=0,1,...,n—p,
(2.52) /v(bPkLWL(WRPfH)' % =0, k=0,1,...,n—q,
(2.53) /C QL. (WR)™) oW R PR Qdﬂtl =0, kE=0,1,...,n—p,
(2.54) /C<bP,€LWL((WL)1 R % =0, k=0,1,...,n—q,

where p = max{deg ¢ — 1,deg s} and ¢ = max{deg¢ — 1,deg 1 }.

Proof. We will prove (2.51) and (2.53), then the proof of (2.52) and (2.54) are very
similar. Using boundary condition, orthogonality (1.1) and Pearson equations (2.3)

dt dt
Pl Reh AT :_/ oy L g
/’y( n+1 ) qu 27 i ., n+1 (wQ (925 )) 2 i )
for k=0,1,...,n —pand n € N. The quasi-orthogonality follows for {(Py,,W")'} _ .
, dt
/C (@Y owe S - [ Qb vy ewey S

/ Qs (it + (01))

AVE=2C 2;) (it + (01")) o
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We use now Fubini’s Theorem then Cauchy’s integral formula,

/C QL (WR) ) gwrer 40

2mi

= —[y (/C Pftl(t) W (e) (¢2tk (¢tk)) 27r1>2d7r€1
- [t [ P gy
. n+1 27 i '

c e—1 2mi

== [ PEA@W O + (005
=0, k=0,....n—p, né€EN,

as we wanted to prove. Il

Corollary 2.3. Let C be a simple closed curve (circle for example) negatively ori-
ented (clockwise where a and b are the starting and end points of v, respectively),
such that a and b are in the interior of C. Let W be a classical matrix weight that ad-
mits the factorization W = WYWR such that (2.3) takes place, and {Z-},en, {ZR}nen,
are its sequence of constant jump fundamental matrices. Then, the following are
dual sequences:

@) {¢PtW'} _ and {(WRP§+1)'} - defined on v,
(i) {ngLWL} oy and {(WHT'QR,})'} ., defined on C,
(i) { (P} o )'}neN and {gWRPF} ., defined on 7,

(iv) {(Q%,;, WR)_l),}neN and {qﬁWRPf}neN, defined on C,

are dual sequences.

Proof. Under the assymptions above, we get p = ¢ = 1. Equations (2.52) and
(2.54) leads to the left dual while equations (2.51) and (2.53) gives the right dual. [

This result together with Theorem 1.9 we get that the dual sequences

(VR e ((PD7QE )Y o L (PP, and { (@5 (WR)7)'},  also
satisfies three term recurrence relations.

Theorem 2.10. Let C' be a simple closed curve (circle for example) negatively
oriented (clockwise where a and b are the starting and end points of vy, respectively),
such that a and b are in the interior of C. Let W be a regular matrix weight, to-
gether with the boundary conditions (2.1), that admits the factorization W = W-WR,
and {Z-}.en, {ZR},en, are its sequence of constant jump fundamental matrices.
Then, the following are equivalent:

(i) The weight matrix W is classical.
(ii) The following linear relations holds
n+1 n+1
(2.55) PrW'= > Ay (Prwhy, Qs (WR)™ = 3" Ay (QrWR)™)'.

k=n—1 k=n—1
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Proof. (i)=—(ii). As we have said before this theorem, we know from Corollary 2.3
that the sequence { (P, ,W*)’ }..en Satisfies a three term recurrence relation of type

(2.56) 2 (P WYY =2 (P WYY 4 Y (PL W) AL (PhwYY

for some sequences of matrix (¢t), (8L), (3%), with ¢, 31, n € N invertible matrices.
Moreover, Theorem 1.9 asserts that the sequence {PL}, cy is defined by (1.6) (by its
left orthogonality). Multiplying, (1.6) on the right by W' and taking derivatives
(PraWh) = ByWt (= = ) (PaW) =i (P W)
From this relation, we see that {(P,';HWL)/}%N satisfies (2.56) if and only if, there
exists A}, k € {n — 1,n,n+ 1} such that,
n+1
(2.57) PyWh = Y Ap (B
k=n—1

where (A7, —4%) are for each n € N, invertible matrices.

We will prove that the second expression in (2.55) takes place. In fact, multiply-

R
ing (2.57) from the right by W
—Z

G(t)PL()W (1) R JOWR(E) dt
(2. 58)/ t—z ori Z Ak / (t>) t—z 2mi

k=n—1

L / (P

k=n—1

_ ¥ A(/ —( + wz>d—i—/7(f]ﬂv)z%>'

k=n—1

then integrating,

We will simplify separately the integrals,

[ @) 5t = [ ) 0 - @+ @)} 55+ O+ ()

t
=Qp(¢ +v2)(2), k=1

In a similar way, we prove that

/ P} (ng_(tj?/(t) zdﬂti — $(2)0M(=) + 6(2) (@) (=), .
Then, follows
(2.59) /¢ t © W(t) 2d7:i o210, ey

now, replacing (2.59) in (2.58) we get
n+1

O(2)Qn(2) = — > Ay (Qk(2)¥2 — 6Qk(2))

k=n—1
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n+1
= Y Ap(0Qi(2) — Qi(z) (W)~ (IVFY'))
k=n—1
Simplify by ¢ then multiply this relation from the right by (WR)~!, it follows that
n+1
QuWR) T = D AR (@)Y
k=n—1
Now, we will show that (ii)==-(i). Equations (2.55) could be written as,
j4n+1 __j4n+1(7—1 , f4n+1 0 ,
L n n n L n L
Za= [ Gl @ | cn’ o) @
[ ARG,
0 CoAn,Coly] U
After simplification we get,
Aﬁié _AZI%CJL L AZH 0 Ly—1)\/
@so {1- |5 o] ) - [ oal om0
_ AZI% _AZECJL L AZH 0 Ly—1 Ly
{57 cren e [ calon) o0

n—1

Ly AZH 0 0t Y
Zua) + [—ang CnAg_lCn‘_lj (" k)

[4n+l __14n+1(771 , [4n+1 0
L. _71_ n+2 n+1-'n+1 L . n Ly—1
= { 0 CnAZHCniJ (i) [_ang OnAzlanJ (T2)
An—i—l _An—l—lc—l Antl 0
Ghrzl o e A T+ | A g a1 | (@)
0 oA, CL] Tt [ can coan e | )
b = det(GL), L, = adj(GL)HL,
where adj(GL) is the adjugate of the matrix G-, we get that (2.60) becomes,
(2.61) On (Z51)' = LoaZiys
We will prove now that ¢,, does not depend on n. In fact, by one hand
/ / /
Ot (Zpya) = ¢n+1(Trt+1ZnL+1)/ = Oni{ T (Zn1) + (T1) Ziia}
and using (2.61) we get that
. -1
(2.62) i1 (Z5,1) = LonZh,, with L= (T5) " {LuaThy — duer (TE) )

Since the first order differential equation for Z- 41 is unique, up to a multiplicative
factor, the equations (2.61) and (2.62) implies the existence of a scalar polynomial v,,
such that ¢,,.1 = v,¢,. Thus, ¢, = v, X --- Xv; X ¢;. Since the degree of ¢,, is bounded
by a number independent of n, then the degree of the v/;s are zero and we get

Cbl (Zq|5+1), = ‘Cn-i-qul%-;-l

—1
where, L1 = (v, X -+- X v1)" L. O

!/
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6. Riccati type equation

Now we state a characterization for the semiclassical matrix orthogonal polyno-
mials in terms of a Riccati differential equation for the ratio of matrix orthogonal
polynomials and second kind matrix functions. In some sense we reinterpret the
Corollary of the Theorem 1.11 for the case that the weights belongs to the semiclas-
sical class.

Theorem 2.11. Let W be a regular matrix weight, together with the boundary
conditions (2.1), that admits the factorization W = W'WR, and {Z%},cy its sequence
of left constant jump fundamental matrix. The following are equivalent:

i) W is semiclassical, i.e. (2.2) takes place.

ii) there exists a polynomial matrix (whose degree does not depend on n), L,,, such
that the corresponding left constant jump fundamental matrix Z" satisfies, for
each n € N, the Sylvester matrix differential equations, (2.37).

iii) The sequence of functions fk = P,% (P;_l)_l, satisfies, for eachn € 7., the Riccati
type equation

(2.63) ¢ (fr)

iv) The sequence of functions g- = Qb(
type equation

(2.64) ¢ (g5) = Li'gh — gsCL 220,y + gLt L2 gl — L2C, .

/

Lot fr = FaCutili?Coa + ROl i L fry — L2

L
n—1

)_1 satisfies, for eachn € Z., the Riccati

Proof. We know, from Theorem 2.8 that i) is equivalent to ii). Lets start by ii) =—
iii). We recall that (2.37) is the matrix reinterpretation of (2.19), (2.23), (2.20), (2.24).
Multiply (2.19) from the right by (PnL_ll/VL)*1 and (2.23) from the right by (PnL_ll/VL)*1
and from the left by — fk(],;ll the sum, we obtain (2.63). Now, multiply (2.20) from
the right by (Q%_,(W®)~)™" and (2.24) from the right by (Q5_,(W®)™)™" and from
the left by —g'-C_l1 then sum, we obtain (2.64), and so i) — iii).

To prove iii) = ii). Suppose that the equations (2.63) and (2.64) holds. Using the
the three terms recurrence relation (1.6) we get,

(2.65) T8 = oAb ()
Taking derivative in (2.65) leads to
T= (/9 = () T () ()
Hence,
S(fo) = dTHE(fY) " (oS (1)~
= 145 (f5) T (LY — L O 220, + fEC LB — U201 ()
= G145 (f5) T LE = Ak C 220, (fY) T Ak L
AL ()L ()
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Replace 1L (f'-)f1 from (2.65),

6 (f,) = oT+C L2 — CML22C, (2T—B5) + (21—B5) LY
— (21=By) Li?C (21=85) — [y {Ly' = L?C (21-65) }
- 75+1L71{2Onf75+1 + {On_ll-?{gcn + (Z I _@Lz) Lrlz720n} f75+1
So f- 4, verifies a Riccati equation. Using (2.63) we obtain by compatibility the sys-
tem,
ST-LE2\0, = 072 — 220, (21— 85) + (21— B5) LY — (2185 LG, (21— 5Y)
L3220, = LM+ L2C, (2 1-5Y)
—L2C = Gl
L = C L2204+ (21-65) LG,
This system, after simplification, collapses to the curvature formula (2.47). Now,

from Theorem 2.8 we get that IV is semiclassical. In the same way we can see that
iii) implies i). O

Similar considerations lead to Riccati equations for the right case.

Theorem 2.12. Let W be a regular matrix weight, together with the boundary
conditions (2.1), that admits the factorization W = W'WR, and {ZR},.cn its sequence
of right constant jump fundamental matrices. The following are equivalent:

i) W is semiclassical, i.e. (2.2) takes place.

ii) there exists a polynomial matrix (whose degree does not depend on n), R,,, such
that the corresponding left constant jump fundamental matrix Z} satisfies, for
each n € N, the Sylvester matrix differential equations, (2.38).

iii) The functions R = (Pfﬁl)_1 PR satisfies, for each n € 7, the Riccati type equa-
tion

¢ (fR) = fRRY, — CuoiRy,C L R+ fRRY, OO R — Oy RY

iv) The functions gy = ( 5_1)_1 (QR) satisfies, for each n € Z., the Riccati type
equation

/ n n — n — n
¢ (95) = 9§R1,1 - Ch1 R2,2Cn—1195 + gsRl,ZCn—llgs — Ch1Ry ;.



CHAPTER 3
Riemann-Hilbert analysis

1. Introduction

In Chapter 2 we have studied different characterizations of semiclassical matrix
orthogonal polynomials with regard to a matrix weight function satisfying a matrix
Pearson type equation (2.2), where v, and 1), are matrix polynomials.

Depending on the degree and the roots of ¢, we get that every classical matrix
weight function belongs, up to afine transformations of z, to one of the following
canonical types:

(1) Hermite: ¢(z) =

(2) Laguerre: ¢(z) =

(3) Jacobi: ¢(z) = ( z).
(4) Bessel: ¢(z) = 2%

Let us mention that for matrix versions of Laguerre, Hermite and Jacobi polyno-
mials, the scalar-type Rodrigues’ formula [47, 48] and a second order differential
equation [10, 42, 46] has been discussed. It also has been proven [50] that oper-
ators of the form D=0?F,(t)+0'F,(t)+d°F, have as eigenfunctions different infinite
families of matrix orthogonal polynomials. A new family of matrix orthogonal poly-
nomials satisfying second order differential equations, whose three term recurrence
relation coefficients do not behave asymptotically as the identity matrix, was found
in [10]; see also [19].

In this chapter, we will look at matrix orthogonal polynomials with regard to a
weight matrix, which will satisfy a more generic Pearson type equation, i.e. ¢ is
one of the four cases mentioned above, 1); and 1), are replaced by entire functions h‘
and hR, respectively. To be more specific, we suppose W to be a N x N weight matrix
with support on a smooth oriented non self-intersecting unbounded curve « in the
complex plane C, i.e. WU is, for each j,k € {1,...,N}, a complex weight with
support on v. In addition to boundary conditions (2.1), we assume that the right and
left logarithmic derivative

B.1) h(z) = ¢(z)(Wh(2)) (Wh(=) 7, hR(2) = ¢(2) (WR(2)) " (WR(2))'
exist and are entire functions. In such a setting, the weight matrix factors out as
W(z) = WLWR. As well, (3.1) holds, and so by Theorem 2.1 we have

(3.2) o(2)W'(2) = W ()W (2) + W (2)RR(2).

43
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We obtain Sylvester systems of differential equations for the orthogonal polynomials
and its second kind functions, directly from a Riemann-Hilbert problem, with jumps
supported on appropriate curves in the complex plane. The differential properties
for the weight function are fundamental. In this case we consider a Pearson type
differential equation for the weight matrix. In order to get first and second order
matrix differential operators we present, in addition to the left and right constant
jump fundamental matrix defined in (2.33) and (2.34), the important structure ma-
trices.

For each factorization W = W'WR, we recall the constant jump matrices defined
in (2.33) and (2.34). In the next theorem it is explained the name we gave to these
matrix functions.

Theorem 3.1. For each factorization W = W'WR, the constant jump fundamental
matrices Z- and ZR are, for each n € N, characterized by the following properties:

(i) They are holomorphic on C \ 7.
(ii) We have the following asymptotic behaviors for z — oo,

25 = (1406 [0 i ]

R, [2"WR(2) 0 -1
Zp(2) = { 0 (WL(Z))_lz_"} (I+O( ))

(iii) They present the following constant jump condition on

I I I o
(2. = (25)_ |y 1| (), = | 5] e,
for all z € ~y in the support on the weight matrix.

Proof. We only give the proofs for the left case because their right ones follows
from (2.35).

(i) As the W' and WR are matrices of entire functions the holomorphity properties
of Z" is inherit from that of the fundamental matrices Y,'.
(i) It follows from the asymptotic of the fundamental matrices.
(iii) From the definition of Z- we have
Wh(z) 0
L _ (vL
2, = ). [ ]

and taking into account Theorem 1.8 we arrive to

(), = k) o O el
now, as
I | A B A | R

we get the desired constant jump condition for Z-. [
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Now, we introduce what we call structure matrices given in terms of the left and
right logarithmic derivatives, respectively by,

(3.3) M:(2) = (Z5(2)) (Z-(2)) ", MR(2) = (ZR(2)) T (ZR(2)), neN,

We will study, for each Riemann-Hilbert problem, the analytic properties of these
functions. As can be seen from their definition in (3.3), these functions are pretty
much connected to the left and right matrices, L, and R,,, studied in Chapter 2 (cf. for
example Theorem 2.6).

As the constant jump fundamental matrices, ZT'; and Z,Ff, are connected by (2.35)
it can be shown that,

(3.4) MR(2) = {_OI (I)} ME(2) {_OI (IJ : n € N.

Theorem 3.2. The following formulas hold:

i) The zero curvature formulas

I 0
65 [y o] = MEaGITHE) - T nen
(3.6) o o = TR ML) - M) nen

ii) The second order zero curvature formulas holds for all n € N,

3.7) LI) 8] ME(z) + M, (2) B 8] = (ML, (2)) ' TEH(2) = TH(2) (MY (2)),

LI) g] MR (2) + MR(2) LI) g} = T)f(Z)(]\4nR+1(,z))2 - (MnR(z))QTnR(z)

Proof. It follows from the definition of Z- that

ThHz) = Vi () (YE(2) = ZE () (ZE(2)

Taking derivatives on 7,,(z) we get

(Th(2) = (Ze1(2) (Z0(2) " = 2o (2)(20() 7 (Z0(2) (Z0(2) ', meN,

and so, taking into account that

(Z5,1(2) (Z5(2)) ' = (Z50(2)) (251 (2)) ' 250 (2) (Z5(2)) T = ML (2)TE(2),

we get (3.5). Using the same ideas we derive (3.6).
Now, multiplying (3.5) on the left by M\, , we get

MEAE) g o] = (MEE)THE) - (b (ITH) MEE),

and again by (3.5) applied to the term M}, T we get (3.7). O
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2. Hermite type weights

In [15], the Hermite case is thoroughly examined, providing us with inspiration
and motivation to delve into the study of Laguerre, Jacobi, and Bessel weights. As a
starting point for our own discoveries, this section aims to present a comprehensive
overview of the main definitions and results from that reference.

In this section, we suppose that the support v of W has no finite end points.
Special attention is paid to non-Abelian Hermite biorthogonal polynomials on the
real line, understood as those whose weight matrix is a solution of a Pearson type
equation with given first order matrix polynomial coefficients, i.e. W satisfies (3.1)
with ¢ = 1, or equivalently

(WY () = W (2), (WF)' (2) = WR(2)1R (),
then the matrix Pearson type equation (3.2) transforms into
W'(z) = hH(2)W (2) + W (2)h%(2),
with boundary conditions (2.1), i.e.

lim W(z) =0, and lim W(z)=0.

zZ—+00 Z——00

Now, we state a theorem on Riemann-Hilbert problem for the Hermite type weights.
The results in this Section 2 for the Hermite case are taken from [15].
2.1. Riemann-Hilbert problem for the Hermite type weights.

Theorem 3.3. The matrix function
Py (z) Qn(2)
—Cn1 Py (2) _ClekLl(Z)]
PR(2) _P§1(Z)On—1}

Y"(z) =

n

n

On(2) —Qn_1(2)Ca
is, for each n € N, the unique solution of the Riemann-Hilbert problem; which con-
sists in the determination of a 2N x 2N complex matrix function such that:
(RH1): Y'(2) (respectively, Y,R(z)) is holomorphic in C \ v;
(RH2): has the following asymptotic behavior when z — oo,
Iz 0 |
0 Iz’

respectively,  YX(z):= [

YnL(z) = (I+O(z_1)) [

2" 0

. R ~1\Y .
respectively, V()= 10" | 2] (14067
(RH3): satisfies the jump condition for all z € ~,

o), = ) [y .
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respectively,  (YX(2)), = Lo (VR(2))_.
’ " + Wi(z) I|\V™ -

2.2. Sylvester differential equations for the fundamental matrices. Now

we will study the analytic character for the structure matrices.

Theorem 3.4. The structure matrices M,E and Mff, defined in (3.3) are, for each
n € N, matrices of entire functions in the complex plane.

Proof. We only give the proofs for the left case: (M), = ((Z;)),((Z;)™"),, and
applying the constant jump condition we get

(b = (29)_ g 1] o 1] (@07 = rkea-,
and so the result follows. O

The differential structure determined by the Pearson equation for the weight ma-
trix induces a corresponding Sylvester differential equations for the fundamental
matrices as follows.

Theorem 3.5 (Sylvester differential linear equations). In the conditions of
Proposition 2.1, the left fundamental matrix Y," and the right fundamental matrix Y,R
satisfy, for each n € N, the following Sylvester matrix differential equations,

(3.8) () = M) - v U5 ]
(3.9) (FE) =vReMie) - |52 e
respectively.

Proof. As M\(z) = (ZnL(z))/(Zk(z))_l is the right derivative of the constant jump
structure matrix from (2.33) we get (3.8). Now, (3.9) is proven analogously. OJ

2.3. Second order differential operators. We firstly derive, as a consequence
of the Sylvester differential linear systems, second order differential equations ful-
filled by the fundamental matrices. We reinterpret these results in terms of matrix
biorthogonal polynomials as well as in terms of the corresponding second kind func-
tions.

Following the standard use in Soliton Theory, given a matrix of holomorphic func-
tions A we define its Miura transform by

(3.10) M(A) = A'(2) + (A(2))%

Observe that when A is a logarithmic derivative, A = w'w™! or A = w™'w’, we have
M(A) = w"w™t or M(A) = w™tw”, respectively.
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Theorem 3.6 (Second order linear differential equations). In the conditions of
Theorem 2.1, the sequence of fundamental matrices, {Y,-} and {Y;}} _, , satisfy

(3.11) (YH(2))" +2(Y1 () {h ) _hg(z)] Y0 () {M(% ) M(—OhR(z))}

= M(ME(2))Y(2),
(3.12) (YnR(Z)>//+2 {h éz) _h?(z):| (YnR(Z))/+ |:M(h0 (Z)) M( _OhL(Z)) YnL(Z)

= YRM(ME(2).

where M is defined by (3.10).
Proof. We prove (3.11). First, let us take a derivative of (3.8) to get

o)+ 0rey [ ] e [C5)ey]

o

but again by (3.8)

n

ME(2)(YE(2)) = (ME(2))"YE(z) — ME(2)YE(2) {hL(Z) " ]
and if we substitute

My(2)Y;H(2) = (Y (2)) + Y (2) [W) : }

n

we finally get

MEREE) = ()Y - ) [M57 R e |8 JRe]
and the result follows. 0J

Definition 3.1. For the next corollary we need to introduce the following C?"*2N
valued functions in terms of the difference of two Miura maps

o= ) )] oo —a ([ L3))

=130 - (0 _8,])

Corollary 3.1. The second order matrix differential equations (3.11) and (3.12)
split in the following differential relations

(PH)"(2) +2(PL) (2)hM(2) + P(2)M(h*(2))
= (M(h(2)) + HE 1, (2)) PE(2) = HY 5, (2)Cu i PE_y (2),
(@Q5)"(2) — 2(QL) (2)hR(2) + QL () M(=hR(2))
= (M(h(2)) + HE 1, (2)) Q5 (2) — HE 5 (2) Gt QL (2),
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(PR)"(2) + 208 (2) (PR(2)) (2) + M(hR(2)) P} (2)
PR(2)(M(AR(2)) +HE | ,(2)) = Py (2)CnaHS L (2),
(@%)"(2) = 20M(2)(Q )(Z>+M( hH(2))Qx ()

(z)( (hR(Z)) lln( )) _QS—I( )Cn 1H21n( ).

Proof. Is a direct consequence of Theorem 3.6. Il

3. Laguerre type weights

In this section the Riemann-Hilbert problem, with jump supported on an appro-
priate curve on the complex plane with a finite end point at the origin, is used for
the study of the corresponding matrix biorthogonal polynomials associated with La-
guerre type matrices of weights, which are constructed in terms of matrix Pearson
equation (3.1) with ¢(z) = z, i.e.

(3.13) 2 (WY (2) = hH(2)W(2), 2 (WRY (2) = WR(2)RR(2),
then the matrix Pearson type equation (3.2) transforms to
(3.14) W'(2) = hH(2)(2)W (2) + W (2)hR(2)
Definition 3.2 (Laguerre type weights). We say that a regular weight matrix,

wan oo AN)
W = : : e CVN is of Laguerre type if
WD oo LN

1) The support of W is a non self-intersecting smooth curve on the complex plane
with beginning point at 0 and ending point at oo, and such that it intersects the
circles |z| = R, R € (0,+00), once and only once (i.e., it can be taken as a deter-
mination curve for arg(z)).

2) The entries WF) of the matrix weight W can be written as

(3.15) w k) Z A (2)2%™ logh™ (2), Z €7,

mGIJ k

where I;; denotes a finite set of indexes, Re (o,,) > —1, p,,, € N and A,, is Hélder
continuous and bounded. Here the determination of logarithm and the powers
are taken along . We will request, in the development of the theory, that the
functions A,, have an holomorphic extension to the whole complex plane.

In this work, for the sake of simplicity, v = (0,4o00) and the finite end point of
the curve 7 is taken at the origin, ¢ = 0, with no loss of generality, as a similar
arguments apply for ¢ # 0. In [46] different examples of Laguerre weights for the
matrix orthogonal polynomials on the real line are studied.
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3.1. The Riemann-Hilbert problem for the Laguerre type weights. We be-
gin this subsection stating a general theorem on Riemann-Hilbert problem for the
Laguerre general weights. A preliminary version of this can be found in [16].

Theorem 3.7. Given a regular Laguerre type weight matrix W with support on v
we have: The matrix function

YL(Z) =

PL(2) Qn(2)
—Cn—1P7I{_1(Z) _Cn—ler_z—1<z) 7

Ps(z) _Ps—l(z)cn—l
Qn(2) —Qr_1(2)Crs

is, for each n € N, the unique solution of the Riemann-Hilbert problem, which con-
sists in the determination of a 2N X 2N complex matrix function such that:

respectively,  YX(z):=

n

(RH1) Y\(2) (respectively Y,}) is holomorphic in C \ .
(RH2) Has the following asymptotic behavior when z — oo,

> o [ 0
VHE) ~ (T3 |
j=1

9

<I+i(zj)Y7{’R).

0 Iz

) R Iz" 0
respectively, Y (z) ~ 0 I.n
z

(RH3) Satisfies the jump condition on z € ~ \ {0},

(YnL(Z))+ = (Yr(2))_ [(I) WI(Z)] , respectively, (YnR<Z>)+ = [ Lo

O(1) si(2) O(1) 0O(1)
R R

O(1) s5(2) s1(2) s3(2)
£1_1>r(1) zs;(z) =0, ;1213(1) zs;(z) =0, ili}l(l) zs;(z) = 0, j = 1,2, and the O conditions
are understood entrywise.

(RH4) Y(2) = ,as z — 0,

], respectively, YR(z) =

Proof. Using Theorem 1.8 it follows that the matrices Y," and Y} satisfy (RH1)-
(RH3). The entries W/* of the matrix weight W are given in (3.15). It holds (cf. [57])
that in a neighborhood of z = 0 the Cauchy transform

o) = . [ HAOC o 0

where p(¢) denotes any polynomial in ¢, that satisfies hH(l) 2¢m(2) = 0. Then, (RH4)
z—

d¢,

is fulfilled by the matrices Y\ and Y, respectively. To prove the unicity of both
Riemann-Hilbert problems let us consider the matrix function

G(z) = Y (z) _OI (I)] YR(2) [(1) —01]'
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It can easily be proved that GG(z) has no jump or discontinuity on the curve v and
that its behavior at the end point 0 is given by

O(1)si(2) + O(1)s5(2) O()si(2) + 0(1)8?(2)]

G~ 01)sh(2) + O(1)sB(=) O(1)s5(=) + O(1)s¥(2)

z— 0,

so, it holds that, liH(l] 2 G(z) = 0 and we conclude that the end point 0 is a removable
z—
singularity of G. Now, from the behavior for z — oo,

I:» 0 0 I|fIz o [0 —I] [I O
0 Iz"||-1o0ol]lo0 Iz|1I of |0 I|’

hence the Liouville theorem implies that G(z) = I. To prove the unicity of the solution
of (RH1)-(RH3) let Y,' be any solution of the left Riemann-Hilbert problem. Then

<, []0 1 o —1]\
Y"<Z)_<[—I 0 I 0]) ‘

Hence any solution of this left Riemann-Hilbert problem is equal to the inverse of a
fixed matrix, and the uniqueness follows. We obtain the uniqueness of the solution
of the right Riemann-Hilbert in a similar way. O

G(z) ~

We can give the following result from the literature [91].

Theorem 3.8 (Solution at a regular singular point). Let the matrix function h*(z)
be entire. Then, for the solutions of the Pearson equation (3.13) we have:

(1) If At == h*(0) has no eigenvalues that differs from each other by positive inte-
gers then, the solution of the left matrix differential equation in (3.13) can be
written as W'(z) = H%(z)z"" W}, where H' is an entire and nonsingular matrix
function such that H“(0) = I, and W} is a constant nonsingular matrix.

(2) If the matrix function A" has eigenvalues that differs from each other by positive
integers, then the solution of the left matrix differential equation in (3.13) can
be written as

Wh(z) = HL(z)szWOL, where, in this case, H'(2) = St ()11 (2),

and S' is a finite product of factors of the form TZSZL with T; a nonsingular matrix
and St is a shearing matrix, i.e. a matrix given by blocks as

IL,, O

0 zL,|’

for some positive integers n;, m;, and II" is an entire and nonsingular matrix func-
tion such that I1-(0) = I, A" is a constant matrix built from the matrix A-, where
the eigenvalues of this matrix are decreased in such a way that the eigenvalues
of the resulting matrix do not differ by a positive integer and W} is a constant
nonsingular matrix.

SH:) =
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We can get analogous results for the right matrix differential equation in (3.13)
and we will denote the solution as
WR(z) = WRAHR(2).
Notice that given a matrix 4, and the oriented curve 7, the matrix of functions z* =
e11°8(2) is a matrix of holomorphic functions in C \ v, and
A A 2riA _  27iA A
(=)= (), et =M (1),

We also adopt the convention that (W'(2)W*?(2)), = W(2), ie. the weight matrix
is obtained from the limit behavior of the right side of the curve v of the matrix
function Wt WR.

It is necessary, in other to consider the Riemann-Hilbert problem related to the
weight matrix W satisfying (3.14), to study the behavior of W around the origin. For
that aim, let us consider J, the Jordan matrix similar to the matrix A, i.e. there exists
a nonsingular matrix P such that A = PJP~!. It holds z* = Pz/ P! so if

J =N Ln, +N1) ® Ao Ly, +N2) @ -+ - B (A L, +Ns)

where my, is the order of the nilpotent matrix /N, we have that

z €.

ZJ — Z>\1 Im1 +N1 @ ZAQ Im2 +N2 EB e EB Z)\s Ims +Ns

where 2 Imp +Nk = pAulmy 2N Tt is straightforward that 2= = 2% 1, and
10g2(2) log™* 1( )

Ni _ oNklog(z) _ T 1 N, N2 ... Nmk 1
2k =e = L, +1og(2)Nj, + 9] Pt +(mk 1!

where we have used the nilpotency of N,z = 0 for j > m;. So we can conclude that
the entries of 2 are linear combinations of z* with polynomials coefficients in the
variable log(z).

3.2. Constant jump fundamental matrices and structure matrices. The fol-
lowing theorem explicit the constant jump condition for the constant jump funda-
mental matrices Z- and ZR defined in (2.33) and (2.34), respectively.

Theorem 3.9. The constant jump fundamental matrices Z- and ZR satisfies the
following constant jump condition on v

(Z0(2), = (Zn(2)_ [<W> AL () o W]

0 WOR GQWIAR(WO )
WR —27r1AR(WOR)—1 0
(ZS(Z))Jr R g—2miAR (/R ~! L=1 2riAt /L (ZS(Z))—’
Ws (W) Wy e W
forall z € .

Proof. From the definition of Z- we have

Wh(z 0
N S
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and taking into account Theorem 1.8 we successively get

(Z52)), = (VX)) [I (W= >WR( ). ] [(WL(Z))+ 0 ]

0 (WR(2))
o [ 2 I [
2oy |V EW E; <( <Z))):1]
- (). _<W°) | O%IALW() A

Hence, we get the desired constant jump condition for Z-. To complete the proof we
only have to use that (2.35) holds. O

Now, we discuss the holomorphic properties of the structure matrices already
introduced in (3.3).

Theorem 3.10. The structure matrices MJ; and Mff are, for each n € N, mero-
morphic on C, with singularity located at = = 0, which happens to be a removable
singularity or a simple pole.

Proof. Let us prove the statement for M!, for M® one should proceed similarly.
From (3.3) it follows that M" is holomorphic in C \ 7. Due to the fact that Z- has a
constant jump on the curve v, the matrix function (Z,LL), has the same constant jump
on the curve v, so the matrix M' has no jump on the curve v, and it follows that at
the origin Mk has an isolated singularity. From (3.3) and (2.33) it holds

(3.16)  Mi(2) = (24)(2)(25()) "

- @) e | e
where
[ QL(2)
W= e B —on_lel(d] |

Each entry of the matrix Qb is the Cauchy transform of certain function f, where
Z@ 2% logP(z), ¢; is an entire function, Re () > —1, p; € NU {0}, and [

el
is a finite set of indices. It is clear that lim zf( ) = 0. Now, see [57, §8.3-8.6]

f( ) —— also satisfies the same property
Jt—z 27r1

and [83], its Cauchy transform g(z) =
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lim zg(z) = 0. We can also see that liH(l) 2*¢'(z) = 0. Indeed,
z—

250 Zg/(g):[ 2f (D) £:/7<Z_t)f(t) dt +/7 tf@t) dt

(t—2)% 2mi (t—2)% 2rmi (t —2)% 271’
[ f@) dt tf(t) (tf(t)) dt
}874_/7

Jt—z2mi 27i(t - 2)

t—z 2mi
tf(t) tf'(t) dt
——271@_2)}%*/7:%'

tf'(t) dt
From the boundary conditions, the first term is zero and we get z¢'(z) = / tf ®) o
~ U Z 471

and from the definition of f we get that ¢ f/(¢) is a function in the class of f, that we
denote by v and, consequently, hH(l) 2*¢'(z) = 0. From these considerations it follows,
z—

O(1 L 3 L L
(YnL)/(z) _ (1) 7{(*’«') 7 (YnL(Z)) 1 _ r3(z) r5(2) 7 o
O(1) r3(2) O(1) O(1)
where lin% 2*rH(z) =0, for i = 1,2, and lir% 2rR(z) = 0, for i = 3,4, so it holds that
z—= z—

lim 2% (V) (=) (Yy) " = lim 2°

O(D)r3(2) + O(W)rs(z) O1)r3(2) + O(1)ri(2)

O(M)rr(2) + O(1)rs(z) O)ri(z) + O(1)r (Z)] =0.

Similar considerations leads us to the result that
ht(2) 0

lim 2Y"
im zY - (2) 0 ()

z—0

(Vi) =0,

so we obtain that lin% 22M"(z) = 0, and hence the matrix function M’ has at most a
zZ—r
simple pole at the point z = 0. [

3.3. Differential relations from the Riemann-Hilbert problem. We are in-
terested in the differential equations fulfilled by the biorthogonal matrix polynomials
determined by Laguerre type matrices of weights. Here we use the Riemann-Hilbert
problem approach in order to derive these differential relations. We use the notation
for the structure matrices

My (2) = =My (2), M3(2) = 2M(2),
with M and MR matrices of entire functions.

Theorem 3.11 (First order differential equation for the fundamental matrices Y,!-
and Y,R). It holds that

ht(z) 0

(3.17) 2(YH)'(2) + Y (2) 0 KR

] = M:(2)Yr(2),
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hR(2) 0

0 | O = YEONE)

(3.18) (YR (2) + [

Proof. Equations (3.17) and (3.18) follows immediately from the definition of the
matrices M- and MR in (3.3). O
. , F2(2)
We introduce the A transform, N (F(z)) = F'(z) + ——.
z

Theorem 3.12 (Second order differential equation for the fundamental matrices).
It holds

(3.19) =z(Y,)" + (Yy) 0 MRl + Y (2) 0 N(HR) = N(MHY!,
R\ 2hR +1 0 R\’ N<hR) 0 R _ vR 7R
(3.20) z(Y,)" + 0 B4 (V,X) + 0 N(A) YV, R(z) = YN (MY).

Proof. Differentiating in (3.3) we get successively

(MY oMb (b

ZL " ZL _
( n) ( n) = 2 + 22 )
B B N ML 2
(2 (2 (2 ()t = () Pl
z
Now, using (2.33) and (3.13), we get the stated result (3.19). The equation (3.20)
follows in a similar way from definition of Mﬁf in (3.3). O

We introduce the following C?V*2¥ valued functions
HL HL . HR HR .
H|7_L _ 1,1,n 12| . j\/’(MJ;)’ HE - 1,1,n 120 . ./\/-(ME)
[Hlilm H|2_,2,n H2R,1,n H2R72,n

It holds that the second order matrix differential equations (3.11) and (3.12) split in
the following differential relations

2(PY)"+ (PL) (20" + 1) + PEN (B = H , PE — HY, G PE_,
2(Q5)" + (Q5) (= 2hR +1) + QLN (—R) = HE Q% — HY 5, Cr Q4
Z(PE)” + (2hR + I) (PE)/ + '/\/’(hR)‘PTE2 = PEHIR,I,R - PnR—ICN—lHQR,l,rN

2(QR)" + (=20 + 1) (QF) + N (=h")QF = QFHE, , — QF 1 CuiHE .
4. Jacobi type weights

In this part we deal with regular weight matrix W where its support, is a non self-
intersecting smooth curve, v, on the complex plane with two end points at a,b € C,
and such that it intersects the circles |z| = R, R € R", once and only once (i.e., it
can be taken as a determination curve for arg(z)).

In the current paragraph, we focus on Jacobi type examples.
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Definition 3.3. We say that a N x N weight matrix W with support v is of Jacobi
type if the entries WU*) of the matrix weight W can be written as

(3.21) WUk (4 Z om(2)(a+ 2)% (b — )’ logP™ (a + 2) log? (b — 2), =z €7,
mEIJ k

where I, denotes a finite set of indexes, Re(a,), Re(8,,) > —1, pm, ¢m € N, a # b real

numbers and ,, is Holder continuous, bounded and non-vanishing on .

We assume that the determination of logarithm and the powers are taken along ~.
We will request, in the development of the theory, that the functions ¢,, have a
holomorphic extension to the whole complex plane.

This definition includes the non scalar examples of Jacobi type weights given in
the literature [2, 23, 25, 26, 68, 86], and as far as we know it was not been studied
elsewhere in all its generality.

In this work, for the sake of simplicity, the finite end points of the curve ~ is taken
at the origin, a = 0 and b = 1 with no loss of generality, as a similar arguments apply
for a # 0 or b # 1. In [46] different examples of Jacobi matrix weights for the matrix
orthogonal polynomials on (0, 1) are studied.

4.1. Riemann-Hilbert problem for the Jacobi type weights. Now, we state
a theorem on Riemann-Hilbert problem for the Jacobi type weights.

Theorem 3.13. Given a regular Jacobi type weight matrix, W, with support on v
we have the matrix function YnL and YnR, defined by (1.22) and (1.23) is, for each
n € N, the unique solution of the following Riemann-Hilbert problem, which consists,
respectively, in the determination of a 2N x 2N complex matrix function such that:
(RH1): Y, and YR is holomorphic in C \ 7.

(RH2): Satisfies the jump condition

@), =02 [y M e, = [, eme). sen

(RH3): Has the following asymptotic behavior, as |z| — oo

yi(z) = (1+0(1/2)) {"'SI ZOnJ, YR(z) = [Ig IZOn] (1+001/2).
vy o) st=)] e o) o) |
(RH4): Y (2) = 0(1) s(2)|" YX(z) = [SIR(Z) 35(2)}' as z — 0, with
lli% ZSL( ) =0 and lig(l)_zs?(z) = 0,}' =1,2.
(RH5): Y'(z) = 021; iEzi , YHz) = {7%((12)) %23} as z — 1, with

lirq(l — z)rz‘(z) — 0 and hrq(l — z)r?(z) =0, j = 1,2. The s\, sR (respectively, rt
zZ—r zZ—r

and r®) could be replaced by o(1/z), as = — 0 (respectively, o(1/(1 — z)), as z — 1).
The O and o conditions are understood entrywise.



4. JACOBI TYPE WEIGHTS 57

Proof. Very similar to the proof of Theorem 3.7. [
4.2. Pearson equation and constant jump fundamental matrices. Here we

consider a weight matrix W satisfying a matrix Pearson type equation

(3.22) 2(1 = 2)W'(2) = W ()W (2) + W (2)hR(2),

with entire matrix functions h‘, hR. If we take a matrix function W' such that

(3.23) 2(1 = 2)(WY(2) = A (2)WH(2),

then there exists a matrix function WR such that W (z) = W'(2)WR(z) with

(3.24) 2(1 = 2)(WRY(2) = WR(2)AR(2).

The reciprocal is also true as shown in Theorem 2.1.

The solution of (3.23) and (3.24) will have possibly branch points at 0 and 1, cf.
[91]. This means that there exists constant matrices, C;f, CJR, with 7 = 0,1, such that

(3.25) (WH(2))- = (W"(2))+ G, (WR(2))- = CEWR(2))+, in (0,1),
(3.26) (WH(2))- = (WH(2))+ Cy, (W (2))- = CT(WR(2))+, in (1, +00).

The constant jump fundamental matrices Z- and ZR satisfy, for each n € N, the
following properties:

e Are holomorphic on C \ [0, +00).
e Present the following constant jump condition on (0, 1)

C5 Ch] I 0]

(Zr%(z))Jr = (Z:;(Z))i 00 IO ) (ZS(Z))JF = [Cg Cg (Zr'j('z))f
e Present the following constant jump condition on (1, +0o0)
ct 0] R 0]

e, =@ [§ & e - [T o) e

Now, we will explicit the constant jump matrix in the special case when we have
the following decompositions for the weight matrix, W (z) = W(2)WR(2), with:

(3.27) 2z (WY (2) = hH(2)W(2), (1—2) (WRY (2) = WR(2)AR(2),

where ht and AR are entire functions. Therefore, the matrix W (z) = Wt (2)WR(z) is
such that,

2(1 — 2)W'(2) = h~(2)W(2) + W(2)hR(2),
where h(z) = (1 — 2)ht(2) and hR(z) = zhR(z).
General solutions W' and WR of (3.27) are given explicitly (cf. [91]) by
(3.28) Wh(2) = HY(2)2*Wg, WR(2) = WR(1 — 2)PHR(2),

where H" and HR are entire and nonsingular matrix functions, and «, 3 are constant
matrices, as well as W} and W§ are constant nonsingular matrices.
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It is easy to see that W, within this decomposition, is a Jacobi type weight matrix
defined by (3.21). From (3.28), the constant jump fundamental matrices Z- and ZX
have the following constant jump condition on (0, 1)

(@o), = aiga [T AT,

I 0

(ZS(z))+: I (WL) 1 27r1awL

(Z3(2)) .

as well as, the constant jump condition on (1,+400)

B (WL) 1 —27r1a WL 0
(ZJJ(Z))JF = (ZnL(Z))_ [ 0 WR e27riB(WOR)—1] ’
oo [WRem W) 0 -
(Zn (Z))+ - 0 (W(|)_>71 eQWiaW[g_ (Zn (2))_

In fact, from the definition of Z- we have

L _ (vL (WH(2))+ 0
and taking into account Theorem 3.13 we successively get

@), = i) [g WTOFIE] [ 0]

— (YH2) {(WL(()Z)) (WR?Z))_1:| [(WL(Z))‘1 0 ] [(WL(Z))+ (WE(2))+
)

)
_ (2 [WENZ e (W2 ] |
Similarly over (1, 4o0c0) we have

L _ (VL (WL(Z))+ 0
(Zn(2)), = (Y (2)_ 0 (WR(Z))ll}

_ WHE)- 0 TIVHE)T 0 [0V o
= 0260 | "5 i) M8 e 16T e
_ (Wh(z) 2 (Wh(2)) 0
= @) [ ) o]
To complete the proof we only have to see that
(WL)_ — HL e?ﬂ'iazocWOL, (WR)_ — W()R eQWia(l . Z)ﬂHR,

and then use (2.34).

Now, we discuss the holomorphic properties of the structure matrices (3.3).

Theorem 3.14. Let W be a regular Jacobi matrix weight that satisfies a Pearson
type equation (3.22) that admits a factorization W (z) = W'(2)WR(z), where W'
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and WR satisfies (3.23) and (3.24). Then, the structure matrices M} and M} are, for
each n € N, meromorphic on C, with singularities located at z = 0 and z = 1, which
happens to be a removable singularity or a simple pole.

Proof. Let us prove the statement for M". The matrix function M" is holomorphic
in C\ [0, +oc0) by definition, cf. (3.3). Due to the fact that Z- has a constant jump on
(0,1)U(1,+00), cf. (3.25) and (3.26), the matrix function (Z-)" has the same constant
jump on (0,1) U (1, +0c0), so that the matrix M} has no jump on (0,1) U (1, +0o0), and it
follows that at z = 0 and z = 1, M" has an isolated singularity.

From (2.33) and (3.3) it holds

(329) My(2) = (2y)(2)(Zi(2)
— (VY () (Y () ;LZ ht(2) 0 L)t
= OO+ e 6T R eken

where Y! is given in (1.22). Each entry of the matrix Q" is the Cauchy transform of
certain function, f, of type

=) 0j(2)2% (1 — 2)" log?i (2) log% (1 — 2),

jerl
where ¢; is, for each j € I, an entire function with Re(¢;), Re(8;) > —1, p;, ¢; € N,
and ! is a finite set of indices. It’s clear that

flii% 2f(2) =0 and lim(1 —2)f(z) =0.

z—1

By [57, §8.3-8.6] and [83], we deduce that the Cauchy transform of f have the same
properties:

1 1
(3.30) lim=z f(t) ﬁ =0 and lim(1 — z) f(t) ﬁ =0

z—0 0 t—z2mi z=1 0 t—z2mi

and lim(1 — z)? ( 01 S ﬂ)/ = 0.

21 t—z 2mwi

Now, we will prove that

1 /
(3.31) lim 2* < Lt)ﬂ)
0

2—0 t— 2z 2wl

I
o

In fact,
i) at Lal=2)f() dt
Z(l_z)<0 t—227r1) /0 (t—2)?2 2mi

:/1 (t—2)(t+2z—1)f(t) dt +/1 t(1—t)f(t) dt

(t — 2)? 27i (t—2)? 27i’

_/01t+z—1f(t)dt t(l—t)f(t)LJr/Ol (t(1—t)f(t)) dt

t—z ori  2mi(t — 2) t—z  2ri

From the boundary conditions, the first term is zero and we get

2(1—2)(0 tfizgm) /f a / -0r@ de
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We return back to (3.31), and see that this is equivalent to prove that

lim22(1—2)< 01 /() ﬂ)lzo.

z—0 t— 2z 2mi

This follows from the fact that the Stieltjes—Markov matrix function of z(1—z) f'(2), i.e.

/1 t1—t)f(t) dt

t—2z omi’

is of the same type of f. Then,

1 1— ! 1 1 — /
lim z / =t dt. =0, lim(1 — 2) / H1=8)f'() dt_ =0,
20 0 t—z 2mi z—1 0 t—=z 2mi
and (3.31) follows.

Now, as each entry of the matrix Q- is a Cauchy transform of certain function f
described previously, by using (3.30) and (3.31) we have that,

o [0 o) Lyt [0 o)
o= am) e -[on Syl oo
L\’ O(l) 0( 1—1z2) L -1 O(liz) O(liz)

M) )=o) o(ﬁl_z;)]’ e =G ) e

This implies that

9 Ly Loy 2 0(%)4‘0 Ziz) 0(%)4‘0 %2) 2 O(z%) 0(%2) _
lim 2% (¥,) (2) (Yo (2)) = lim 2 {o(ziz) o)) (L) +o(h)] TIB o2y o2)| T
[ 1 1
: N2 (vl Loyt g Y O((l—z)2> 0((1—2)2) _
and igr{(l z) (Yn) (2) (Yn (z)) = ll_rg(l 2) O((ljz)2> 0((1;)2) =0.
Straightforward calculation and similar considerations lead us to
: ht(z) 0 | -1
L L _
: ht(2) 0 -1
_ L L _
i - 2vi) M8 ) o
Finally we arrive to
lim 22M5(2) = 0 and lim(1 — 2)?M(2) = 0.
z—0 z—1
By analogous arguments we get the results for MR, ]

4.3. Differential relations from the Riemann-Hilbert problem. Our objec-
tive is to derive differential equations satisfied by the biorthogonal matrix poly-
nomials associated to regular Jacobi type matrices of weights. Here we use the
Riemann-Hilbert problem approach in order to derive these differential relations.

Let us define a new matrix functions,

ME(2) = 2(1 — 2) ME(2), MR(z) = 2(1 — 2)MR(2),
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then ]\7,5 and J\A/[/TFf are matrices of entire functions, cf. Theorem 3.14.

Theorem 3.15 (First order differential equation for the fundamental matrices).
In the conditions of Theorem 3.14 we have that

(3.32) 2(1-2) (V) (2) + YH(2) hi(z) 0 ME(2)Y (2)
. n n 0 —hR(Z) n n
. RY/ hR(2) 0 R/.\ _ vR/\1/R
(3.33) 2(1=2)(Y) (2) + { 0 —h(2) YR(2) = YR(2) MR (2).
Proof. Equations (3.32) and (3.33) follows immediately from the definition of the
matrices M- and MR in (3.3). O
(2)

Now, we introduce the N map, N(F(z)) = F'(z) +

z(1—2)

Theorem 3.16 (Second order differential equation for the fundamental matrices).
In the conditions of Theorem 3.14 we have that

(3.34) 2(1 _ 2) (YA')”(Z) n (YnL)/(Z) {th-(z) +0<1 — 22)1 _2hR<2) —E(l - 22,) I:|

LY [N () 0 ]=N(M&<z>>w<z>,

0 N(=h%(2)) !
(3.35) z(l—z)(YnR)"@)*Fh DT et (1_22)1] ()

4 [N(hg(z)) N(_gL(z))l YnR(Z) — YnR(Z)N(MR(Z)).

Proof. Differentiating in (3.3) we get

(Zk)"(Zb)_lzf(?iL)z)—<1—2z) L (%)

so that

-1

z2(1—2) (Zb)// (ZJ;)
Now let us see that

(1—22)M- = 2(1 — 2) (YL)/ (YH " +vt [%L —(;LR} (YnL)_l.

From (3.23) we have
A 1-2z

Z<1_Z)(W)(W)_:z(l—z)_z(l—z)h + (hM),
_ . Ry-1\"1i/R _ (hR>2 1—-2z2 R (1R)/
2(1=2)(WHH'W z(l—z)+z(1—z)h (RR)".
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Since
L
21 -2) (20)" (Z5) " =20 =) Y + (V) [2’5 _;’hR} (vh™
1—2) (W")H(W")fl 0 L1
Ly | yhH,
" 0 2(1—2) ((WR)’l)”WR ()
we get the stated result (3.34). The equation (3.35) follows in a similar way from
definition of MR in (3.3). O

C2N*2N yalued functions

R R
Hl,l,n H1,2n

We introduce the following
HL — Hlf,l,n Hll_,27n — N(ML) HR — (1L - /\/’(MR)
" HIQ_,l,n HIQ_,Q,n ‘ " " HQR,I,TL H2R,2,n ' e

It holds that the second order matrix differential equations (3.34) and (3.35) split in
the following differential relations

21— 2)(P)" + (P5) (2h" + (1 — 22)1) + PEN(hY) = HY,  PE — HY,  Chly PE

1,1,n"n
2(1—2)(Q5)" — (@) (k% — (1= 22)T) + QRN (—h®) = HE, Q% — Hi,,,Cosa Q5
21— 2) (PR + (2hR + (1 - 22) 1) (PR) + N (hR)PR = PRHY, |, — PR, C, HE |,
2(1 - Z) (QE)” - (2hL - (1 - 22)1)(Q5) +N(_ )Qn = er\:HlR,l,n - R Cn 1H2 1,n"

5. Bessel type weights

Within this section, we use the Riemann-Hilbert problem in the context of jump
supported on a suitably chosen curve situated on the complex plane and possessing
a finite end point at the origin. Our aim is to investigate the matrix biorthogonal
polynomials associated with Bessel type matrices of weights, which are constructed
in terms of matrix Pearson equation (3.1) with ¢(z) = 22, i.e.

(3.36) 22 (WY (2) = At (z)W(2), 2 (WR)' (2) = WR(2)hR(2),
then the matrix Pearson type equation (3.2) transforms into
(3.37) 2W'(2) = W ()W (2) + W(2)RR(2).

We deal with regular weight matrix W where its support, is a non self-intersecting
smooth closed curve vy with beginning point at 0 and ending point at oo, and such
that it intersects the circles |z| = R, R € R", once and only once (i.e., it can be taken
as a determination curve for arg(z)).

In the current paragraph, we focus on Bessel type examples.

Definition 3.4. We say that a N x N weight matrix W with support v is of Bessel
type if the entries WU*) of the matrix weight W can be written as

(3.38) Z Om(2)(a+ 2)P"log™ (a + z) e = , z €7,

melj g
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where [;; denotes a finite set of indexes, Re(\,,) > 0, Re(p,,) > —1, ¢, € N and
vm 1s Holder continuous, bounded and non-vanishing on v. In the development of
the theory, that the functions ¢,, have an holomorphic extension to the whole com-
plex plane.

In this section, for the sake of simplicity, v = (0, 4+o0) and the pole is taken at the
origin, a = 0 with no loss of generality, as a similar arguments apply for a # 0.

5.1. Riemann-Hilbert problem for the Bessel type weights on (0,+0c0).
Now, we state a theorem on Riemann-Hilbert problem for the Bessel type weights.

Theorem 3.17. Given a regular Bessel type weight matrix W with support on vy
we have the matrix function Y' and YR, defined by (1.22) and (1.23) is, for each n €
N, the unique solution of the following Riemann-Hilbert problems, which consists,
respectively, in the determination of a 2N x 2N complex matrix function such that:

(RH1): Y} and YR are holomorphic in C \ (0, +00).
(RH2): Satisfies the jump condition

or@), =0t [y M e, = [, Sere). sen

(RH3): Have the following asymptotic behavior, as z — oo

Yh(z) = (14+0(1/2)) K;I ZBLJ, YR(z) = FS" 12«0—4 (1+001/2).
(RH4): Yi(z) = 885 28 YR(z) = L(%((lz)) S%((?)] as » — 0, with
lim zs5(z) = 0, lim zs5(2) = 0, j=1,2.

z—0 z—0

Proof. (RH1), (RH2) and (RH3) follows from Theorem 1.8. We will prove (RH4)
and the unicity. The entries W7* of the matrix weight W are given in (3.38). It holds
(cf. [57]) that in a neighborhood of z = 0 the Cauchy transform

bu(e) = 51 [ PR O

27 t—z

where p denotes a polynomial, that satisfies lir% 2¢m(2) = 0. Then, (RH4) is fulfilled by
2

the matrices V" and YR, respectively. To prove the unicity of both Riemann-Hilbert
problems let us consider the matrix function

G(z) = Y (z) _OI (I)] YR(2) [(1) —01]'
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The function G has no jump or discontinuity on the curve v and its behavior at the
end point 0 is given by

) +s5(2) s (ZH’S?(Z)] z—0

(2 %
e L;w +55(z) sh(z) + 58 (2)

so it holds that lin% 2G(z) = 0 and we conclude that the end point 0 is a removable
z—
singularity of G. Now, from the behavior for z — oo,

. v 0 ]fo 1]ftz=x o ]fo =11 [1 0
@~ Vo 1= |-1 0|0 1:||1 ol o 1|’

the Liouville Theorem implies that G(z) = I. To prove the unicity of the solution, we
consider another solution Y,' of the left Riemann-Hilbert problem. Then

o (% ol )

Hence any solution of this left Riemann-Hilbert problem is equal to the inverse of a
fixed matrix, and the uniqueness follows. We obtain the uniqueness of the solution
of the right Riemann-Hilbert in a similar way. |

5.2. Constant jump fundamental matrices. The solution of (3.36) will have
possibly branch point at 0, cf. [91]. This means that there exists constant matrices,
C5, CX, with j = 0,1, such that
(3.39) (WH(2))- = (WH(2))+ G5, (WR(2))- = CEWR(2))4, in (0, +00)

The constant jump fundamental matrices Z- and ZR satisfy, for each n € N, the
following properties:

e Are holomorphic on C \ [0, +c0).
e Present the following constant jump condition on (0, +oc0)

G G
0 1

I O
; (ZS(Z))+ - [C(Ff CR

Now, we discuss the holomorphic properties of the structure matrices (3.3).

(Za()), = (Za(2)) (2(2)) -

Theorem 3.18. Let W be a regular Bessel matrix weight that satisfies a Pearson
type equation (3.37) with ¢(z) = 22, that admits a factorization W (z) = W' (2)WR(2),
where W' and WR satisfies (3.36). Then, the structure matrices M‘ and MR are, for
each n € N, meromorphic on C, with singularity located at z = 0, which happens to
be a pole of degree at most two.

Proof. Let us prove the statement for M\-. The matrix function M} is holomorphic
in C\ [0, +oo) by definition, cf. (3.3). Due to the fact that Z- has a constant jump on
(0, +00), cf. (3.39), the matrix function (Z4)" has the same constant jump on (0, +o0),
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so that the matrix M" has no jump on (0, +00), and it follows that at z = 0, M} has
an isolated singularity.

From (2.33) and (3.3) it holds
ME(2) = (25)(2)(Z-(2))
- ) 5 [N R o)

where Y! is given in (1.22). Each entry of the matrix Q" is the Cauchy transform of
certain function, f, of type

Z(pj ) 2P log® ( )e’é,
jel

where ¢, is, for each j € I, an entire function with Re();) > 0, Re(p;) > —1, ¢; € N,
and [ is a finite set of indices. It’s clear that hn% z2f(z) =0. By [57, §8.3-8.6] and [83],
z—r

we deduce that the Cauchy transform of f have the same properties:
L f) dt
£1ir(1) zg(z) =0, where g(z) = i % =
We can also see that lin% 23¢'(2) = 0. Indeed,
Z—
2 dt —t t)f(t) dt t2f(t) dt
Zw@_/‘fU _ [t b, R
(t—2)2 2ri . (t—2)2 2mi ), (t —2)? o’

[ GE+yfE) dt 2 f(E) (2f (1) dt
- /y ):|B'y+/’Y

t—z 271 2mi(t—=z t—z 2mi

_ . ft) dt _tf(t)} +/t2f’(t) dt +/tf(t) dt

,Yt—227ri t—z 4 t—z 211 ,Yt—227ri

tf(t)
7 2mi(t—=z)

2g'(2) = —» Md_é+/t2f’(t) dt +/tf(lt) dt

71%—227r1 t—z 271 Wt—szi

From the boundary conditions

} is zero and we get
oy

and from the definition of f we get that ¢*f'(¢) and ¢ f(t) are functions in the same
class of f. Moreover, their Cauchy transforms verify,

2 r1
lim z EFE) d—t.:O, lim 2 L) d—t_:0;
=0 ), t—2z 2mi =0 J ot —z 271
consequently, lin% 23¢'(z) = 0. From these considerations it follows,
z—
O1) ri(2) o |rs(z) ri(2)
Y1) (2) = P R =100 aml =0
) O1) ri(2) (¥ () O(1) 0O(1)
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where lim 23rH(2) =0, fori = 1,2, and lim 22rR(2) = 0, for i = 3,4, so it holds that
= z—

[T’%(Z) +r5(2) 1i(2) +n&(2)] o

lim 2°(Y,;) (2)(Y,) = lim 2 r5(z) +15(z) ri(z) +ri(2)

z—0 n z—0

Similar considerations leads us to
ht(z) 0

lim 2 Y-
imz Y, (2) 0 —hR(2)

z—0

so we obtain that hr% 2z3M"(z) = 0, and hence the matrix function M has at most
Z—

a pole of degree 2 at the point z = 0. By analogous arguments we get the results
for MR. O

5.3. Differential relations from the Riemann-Hilbert problem. Our objec-
tive is to derive differential equations satisfied by the biorthogonal matrix polynomi-
als associated to regular Bessel type matrices of weights.

Let us define a new matrix functions,
My (2) = 2 M (2), M3(2) = 22 MJ(2),
then ]TI} and ME are matrices of entire functions, cf. Theorem 3.18.

Theorem 3.19 (First order differential equation for the fundamental matrices).
In the conditions of Theorem 3.18 we have that

(3.40) 2 () +vie) P9 0 iy
2 (v/RY/ hR(Z) 0 R _ vR/\77R
(3.41) 2V (2) + [ 0 —hl(2) Y. (2) =Y, (2) M (2).
Proof. Equations (3.40) and (3.41) follows immediately from the definition of the
matrices M- and MR in (3.3) and taking into account Theorem 3.18. O
F(2)

Now, we introduce the N map, N(F(z)) = F'(z) +

»2

Theorem 3.20 (Second order differential equation for the fundamental matrices).
In the conditions of Theorem 3.18 we have that

" r [2hE + 221 0 N (h* 0 —~
22 (YnL) + (YnL) |: _(')_ © —QhR + 24 J + YnL(Z) |: (0 ) N(—hR)‘| :N(Mrlg)YnLa
n [2RR 221 0 r [N(BR 0 —~
22 (YnR) + { 0 : —th‘ + 2z I} (YnR) + { (0 ) N(—hl‘)} YTLR(Z) = YnRN<M§)'

Proof. Very similar to the previous cases. O



CHAPTER 4
Structure matrices and Painlevé discrete matrix equations
1. Introduction

The study of equations for the recursion coefficients of orthogonal polynomials on
the real line or on the unit circle constitutes a subject of current interest. The ques-
tion of how the expression of the weight and its properties (for example if it satisfies
a Pearson type equation), translate to the recursion coefficients has been treated in
several places, for a review see [89].

In 1976, Freud [56] studied weights in R of exponential variation of type w(z) =
|z|? exp(—|z|™), p > —1 and m > 0. For m = 2,4,6 he constructed relations among
them as well as determined its asymptotic behavior. However, Freud did not find the
role of the discrete Painlevé I, that was discovered later by Magnus [79].

For the unit circle and a weight of the form w(f) = exp (kcos(d)), k € R, Periwal
and Shevitz [84, 85], in the context of matrix models, found the discrete Painlevé II
equation for the recursion relations of the corresponding orthogonal polynomials.
This result was rediscovered later and connected with the Painlevé III equation [69].

In [6] the discrete Painlevé II was found using the Riemann-Hilbert problem given
in [7], see also [88]. For a nice account of the relation of these discrete Painlevé
equations and integrable systems see [32], and for a survey on the subject of differ-
ential and discrete Painlevé equations cf. [29]. We also mention the recent paper [30]
where a discussion on the relationship between the recurrence coefficients of or-
thogonal polynomials with respect to a semiclassical Laguerre weight and classical
solutions of the fourth Painlevé equation, can be found. Also, in [31] the solution of
the discrete alternate Painlevé equations is presented in terms of the Airy function.

In [20] the Riemann-Hilbert problem for this matrix situation and the appearance
of non-Abelian discrete versions of Painlevé I were explored, showing singularity
confinement (see also, [22]). The singularity analysis for a matrix discrete version of
the Painlevé I equation was performed. It was found that the singularity confinement
holds generically, i.e. in the whole space of parameters except possibly for algebraic
subvarieties. The situation was considered in [21] for the matrix extension of the
Szeg6 polynomials in the unit circle and corresponding non-Abelian versions discrete
Painlevé II equations.

In this chapter, we begin by reviewing some results for the classical families of
orthogonal polynomials and their associated functions in a scalar setting, where h-
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68 4. STRUCTURE MATRICES AND PAINLEVE DISCRETE MATRIX EQUATIONS

and hR are scalar polynomials of degree one. Next, we revisit previous results related
to Hermite type weights from [15]. In that work, various nonlinear matrix relations
were discovered for the recursion coefficients when the degree of h' is one, two, or
three, and the role of hR is deleted for simplicity.

Moving on to weights of Laguerre [11], Jacobi [12], and Bessel types [14], we
derive Painlevé equations for the three-term recurrence relation coefficients of the
monic orthogonal polynomials, when h' is a matrix polynomial of degree two. It is
important to note that when the degree of h- is one, the recursion coefficients satisfy
a nonlinear equation.

2. Classical matrix orthogonal polynomials

Here we investigate the classical case when max { deg h'(z), deg h?(2)} = 1 in full
generality. A scalar second order differential equation is recovered for Hermite,
Laguerre, Jacobi and Bessel polynomials. We take

ht(z) = A“z + B, hR(2) = ARz + BR.

2.1. Hermite case. The results in this subsection are taken from [15].

Theorem 4.1. for arbitrary matrices A-, B-, AR, BR ¢ CV*¥, with A', AR definite
negative matrices. Thus, the weight matrix W is a solution of the following Pearson
equation (a Sylvester linear differential equation)

W'(z) = (A2 + BHYW(2) + W(z)(ARz + BR).
For simplicity we take v = R. Hence, the structure matrices have the following form
MYz = Atz 4+ B+ [pl,. A] CoLAR 4 ALCH!
T S0 A = ARG, ARz - BR - [, AR,

Corollary 4.1. The scalar Hermite second order differential equation is satisfied
in such way

F(2) = 22F,(2) = =27 Pa(2)
Qn(2) = 22Q,(2) = (2= 27,)Qn(2)

Proof. For W' (z) = WR(z) = e 27" we get A" = AR = —1 and B" = BR = 0. Using
Theorem 4.1 then plot these data on (3.11). [

2.2. Laguerre case.

Theorem 4.2. Let h'(2) = Atz + B and hR(z) = ARz + BR be two first degree ma-
trix polynomials. The left and right fundamental matrices are given respectively by,

ALz + [ptn, A +nl+Bt ALCot + O AR

1
4.1 ME(z) = -
@D MG =21 o A ARG, ARz [k, AR - nI-BR|
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R 1 4R R L _ 4R
@2 M= LA e A e IEET AT AT
z ACH+C A —Atz —pl,, A —nI-B"

Proof. By considering (3.16) in the proof of Theorem 3.10, the asymptotic expan-
sion at infinity of the fundamental matrix V' and Q%, c¢f. Theorem 1.8, and using
the identities pg,, = —¢,,_, and p{ , = —qg,_, (4.1) follows. The relation (3.4) leads
to (4.2). U

From now on let us concentrate in the following general matrix Laguerre weight
W(z) = eM? 2% e27) zeC,

defined in C \ [0, +oc) with support on v = [0,+00). Here a, A;, Ay € CN*¥ are
matrices such that [o, A;] = [, As] = 0, with spectrum o(«), Re (o(a)) C (-1, +00).
This class of weights contains in the Hermitian case some of the cases studied in the
literature [19, 47, 48, 49, 50].

For this class of Laguerre weights, we get, using analytic arguments, an alterna-
tive formula for the residue matrix with the simple pole at z = 0 of the left fundamen-
tal matrix. In a similar manner we could get the result for the right fundamental ma-
trix. Notice that the fundamental matrix is completely determined in Theorem 4.2,
where A", AR, is substituted respectively by A;, A,, and B", BR by ¢. This alterna-
tive formula enables us to make an important simplification in the equation (3.19)
previously obtained.

Accordingly, we choose
Wh(z) = eM® 2%, WR(2) = 2% o7
Straightforward calculation shows that i and iR appearing in (3.14) are given by,

h(2) :A1z+%, hR(z) :A2z+%.
Theorem 4.3. The structure matrix M defined in (4.1) has a simple pole given
by the yielding expression,

i) If Re (o(a)) C (=1, +0o0) and o(a) NN = (), then

1 2 0
My (2) = —Fy(0) | 2
z

D (F-(0)) ™ + 0(1), z 0,

o

where F-(0) is defined as follows

[ In+ ON+><N} [ On+ 0N+><N—:|
N P 0 On—wn+ On-
Loy N-xN N
Fi(0) =Y (0) [0 P} { One  Onexn- } [eiﬂﬁ—e—im’+ 0N+XN_} [0 P

On-xnt Iy- —e*'™
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where « has the yielding canonical Jordan form, o = PJP~! with

g Jt On+xn- |
0N*><N+ J-

and N* (respectively, N~ ) being the sum of the algebraic multiplicities associ-
ated with eigenvalues having positive (respectively, negative) real part and in J*
(respectively, J~) we gather together the Jordan blocks of all eigenvalues with
positive (respectively, negative) real part, and }A/nL(z) being given by

ii) Ifa =mI,meN

1 my 2] .
M) = ZF(0) | 25 2| (FR0) 7 +0(), e =0,
—21|
L oL 0 %I- :
where F;(0) =Y,-(0) . 1|, with
—27il 0
. 1 o0 |
7 (e) = vy | 1)
—2mil  log(z)1

Remark 4.1. In the first case, F-(0) have a simpler form if Re (o(«)) are all posi-
tive or all negative
I 0
0 eiﬂa_e—imx :

0 Zae—iﬂoc ]

e (I_e2i7ro<) eiwa_e—iwa :

(1) IfRe(o(a)) C (0,+0c0), then F-(0) = Y,-(0)

n

(2) IfRe(o(a)) C (—1,0), then F~(0) = lim Y ()

z—0

Proof. It can be seen that the matrix function Z- defined by

ZH2) = YH(2)C(2), where C(z) = [W()(Z) (WR?Z))_II :

with Wt (2)WR(2) = W (z), satisfies
e 7% is holomorphic in C \ [0, +c0).

o (A), = ()|

: over (0, +00).
O elﬂ'a

Let’s start with the first case: Re (c(a)) C (—1,+00) and o(a) NN = (. In this case

e~ iTa e~ iTa
the constant jump matrix ... | can be block diagonalized. For that aim we
e
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consider the matrix

I e—i7ra —inma e—i7ra e—iwa 0
P = . . such that . P=P . .
0 e1 T~ e 1T 0 e1 iye? 0 el iye?
So, over the interval (0, +00), we have
(Zy(2)P) . = (Z5(2)P) e .0
n + n — 0 elﬂ'a
For z € C\ [0, +00), let us define the matrix
22 0
(4.3) U(z) = —a|>
0 =27z

which satisfies, over (0, 4+00), the following jump condition

—imTa 0
(¢<Z>)+ = (1/1(2))_ [e 0 iﬂa] :
Consequently, the matrix

Fr(2) = Z(2) Py (2),

has no jump in the interval (0,+oc). The matrix function F- has an isolated sin-
gularity at the origin which, as we will show now, is a removable singularity, i.e.
lim 2F*(z) = 0. From its definition we have that

Z—

FL(2) O(z) zs'l'(z)_ o412 2% 0 I e im™ z72 0
z zZ) = a : : a
" 10(2) z85(2) 0 e 27275 |0 el™ —e7 i 0 =z2
O ~ ZSL > 1 _eAlz eA1z e—imx P
_[or) =) et ] o
(2) 255(2) 0 e 2F(el™ —e 1T

and as zs}, zs5 — 0 as 2 — 0 and O(2)2* — 0, as z — 0 (because the eigenvalues
of o are bounded from below by —1) we conclude that zF(z) — 0, for = — 0. Hence,
F‘(z) is a matrix of entire functions.

Now, we want to compute F-(0) = lim F"(%). For this fact, we will discuss with
z—
respect to the sign of the real part of spectrum of «. Notice that,

Az eAlz —iTa

e e 2%
0 e—Agz(eiTra o e—iwa) ’

FH0) = lim Y\ (2)

z—0

where the limit of each factor do not need to exist.

We separately compute F5(0) in the cases, when Re(o(a)) C (0,+00) and when
Re (o(a)) C (—1,0), and then we give F}(0) in general.
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Case Re (o(a)) C (0,+00) and Re (o(a)) "N = (). When the real part of all the
eigenvalues of « are strictly positive then each limit exists and

I 0
0 ei7roz o e—iﬂ'Ol :

Case Re (o(a)) C (—1,0) and o(a) "N = (). We cannot proceed as before. How-
ever, as the limit exists, if we are able to rewrite

F;(0) = Y,7(0)

n

eAlz e~ iTa P

0 engz(eiﬂoz o e*iﬁa)

in terms of two matrix factors Y/'(z) and f(z), a nonsingular matrix, with f having

a well defined lilpit for z — 0, also beingAa nonsingular matrix, we can ensure the

existence of lim Y(z), and F(0) = (ling Y (2)) ( lim f(2)). This can be achieved by
zZ—r zZ—> zZ—

considering

f( ) s 0 eAlz eAlz e—iﬂ'a P
Z) = . . .
1— teTroe P 0 e—Agz<el7roz o e—lTra)
B P eAlz eAlz e—i7ra
- (I . eina) eAlz (_ eAlz + e—Azz)(eiwa o e—imx)za :
So that,
0 e—iwa . 0 e—i7ra
Ii = . , FY0) =Y .
Zl_f)l(l)f(Z) I_e21ﬂ'a 0 ] n( ) n( ) I—teﬂa 0 ]

General case Re (o(a)) C (—1,400) and o(a) NN = (). Recalling the canonical
Jordan form, we can write « = PJP~! with

J*t On+xn-
On-xn+ J 7

J:

and N* (respectively, N~) being the sum of the algebraic multiplicities associated
with positive (respectively, negative) eigenvalues and in J* (respectively, J~), we
gather together the Jordan blocks of all positive (respectively, negative) eigenvalues.
Hence,

Az Az e—iﬂa P Aqz glz —inJ ZJ N

P 0
0 P

P 0
0 P

e e

0 e—A2z<ei7ra _e—iT(Oé)

[§] e

0 Q_ZQZ(eiTrJ _ e—iTrJ)

(S

with A, = PPA;P, j = 1,2.
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Now, as we did in the previous case, with negative eigenvalues only, we left mul-
tiply by the following nonsingular matrix

|: IN+ ON+ XN_:|
—J- 0 -1
S(Z) — P 0 ON—XN+ ¥ i P 0
0 P ON+ 0N+><N— IN"" 0N+><N— 0 P ’
_ON—><N+ IN— — eQiTrJ7 _ON—><N+ ZJ7
to get
- [ R P [ Tnt Ontsn=] [ €777 O e ]
On—wn+ 2 On—wnt 27 1 On— N+ e~ imd I
[PO] |: On+ On+xnN— }eglz o—imst gt Ops s ne [PO]_l
opr |: 0N+ 0N+><N_ :|e;12 0N‘><N+ IN_feQiTrJi OfoNJr e~ iml 7 or
On—wn+ Iy——€'™ N In+  On+ ><N—:| oA eimIt _e—imst On+xnN—
L 0N‘><N+ ZJ ON_XN+ eiﬂ-ine—i‘n‘J, ]
which for z — 0 has a well defined limit, being a nonsingular matrix, given by
I+ On+xnN- On+ On+xn- .
P O ON—X]\H ON— 0N‘><N+ e_i”f P O ;
0 P On+ ON+XN._ el ™It gminIT On+xn- 0 P ’
On-xn+ In- —ei™ On—xn+ On-
Thus,
[ In+  On+xn- On+  On+xn- )
~ P 0 On— N+ On- On-xnN+ e im/” P o]
F-0)=Y! X . <N
n(o) n (0) |:0 P:| O+ On+ x N— emrJ+ _ e—urJJr On+ 5 N— 0 P
On-wn+ Iy- —e?im/” On—x N+ On-

By definition,
My = (23)(2y) " = (Fy) ()~ + Eyw'e (Fy)
as det F5(z) # 0, we know that (Fk)/(Fk)_l has no singularities, while

Rt (R ™ = LE F y

0 5

Consequently, M! has a simple pole at the origin with

MY(2) = ZFA(0)

@
2

- (F-(0)) ™ +0(1), z— 0.

Let us move to the proof of the second case, i.e. a =mlI, m € N.

It can be seen that the matrix function Z! satisfies over (0, +cc) the following jump
condition

(Z4), = (). [



74 4. STRUCTURE MATRICES AND PAINLEVE DISCRETE MATRIX EQUATIONS
For z € C\ [0, +00), instead of (4.3), let us define the matrix

221 —:22% log(2)1
Y(z) = o ,
0 2721

where we take the branch of the logarithmic function defined in C \ [0, +00), which
satisfies, over (0, +00), the same jump condition

(—1)1 (—1)m1]

(¢<Z))+ - (1/}(’2))_ 0 (=1)™1 ’

Consequently, the matrix

Fr(2) = Z; (207" (2)

has no jump in the interval (0, +00). The matrix function - has an isolated singular-
ity at the origin which, as we will show now, is a removable one, i.e.

[0(z) zs+(2)] [0(1) 0 ] [O(1) O(log(2))
_O(z) 285(2) 0 O(1)] |0(1) O(1)

_ _O(z) + zst(2) O(zlog(z)) + zst(2) B

B _O(z) + 285(2) O(zlog(z)) + ZSIQ‘(Z)] ’ =0

and as zs}, zs5 — 0 as z — 0, we conclude that zF"(z) — 0, as z — 0. Hence, F}(z)
is a matrix of entire functions. To compute F"(0) we notice that,

Az 1 _m Az
e 52" log(z) e ]

2FH(2) =

FH0) = lim Y, (2)

z—0 0 e_A2Z

For m = 1,2,... it holds that F-(0) = Y*(0). For m = 0 the limit of each factor inside
the limit does not need to exist. As the limit exists, let us write

eMz L log(z)eM? .
YnL(Z) 0 2mi e—Agz = Y;(Z)f(z),
with
-1
N I 1T 0
Fi(z) = v |8 ,
—27il log(z
£(2) (log(z))~'I * 5 log(z) et
—2mil log YI[| 0 e 422
B (log(z))fleAlz 1 A1z
N —2iedr? —log(z )( Alz— e A27) |
So that,
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Using the same kind of reasoning as above we get that, M' has a simple pole at the
origin with
PR T

0

M) = ZFEO) | (#0) ™ o), -

which ends the proof. Il

Theorem 4.4. The structure matrix M‘ has the yielding expression

A12+ [ptn,Aﬂ +n1+% Angl +C;1A2

1
Z\[L _
n<Z) z — n,1A1 — AQCn,1 —AQZ + [lem, AQ] - nI—%

Proof. Substituting A", AR, respectively by A;, A,, and B, BR by ¢ in (4.1)
and (4.2) we get the result. ]

Theorem 4.5. Let o, A; and A,, such that [«, A;] = [a, A3] = 0, and the real part
of spectrum of o, o(«), is contained on (—1,+00) with o(a) N {N} = (). If there exists
A € (0, +00) such that o® = A1, or o = m1, for some m € {O, 1,2,... } then the second
order differential equation is simplified to

+1+424 0 A+ A Aq? 0
z(YnL)”—|—(YnL), « 1< nL 1 + 1 + 1 < )
0 [ —a—2A52 0 —As + Asar + Ay 2
A+ [l ATl (nTH+a) Ay + ARz AICT = CMA3 YL
- O A2 4 A0, — Ay — [ph, A2+ (nT+a) Ay + AZz| "V

Proof. If we take into account that MY(z) = M:(0) + z(M"-)(0) and that
NI (=) = (MY (0) + (M5(0))7 + (VLY (0) M5 (0) + MS(O) (VLY (0) + (V2)'(0)) =,

we get that (3.11), the second order differential equation that the fundamental ma-
trix satisfies, can be written as

YL //+ YL 1| &
A1)+ () 0 [—q— 24,2
Lyt A+ %Am + %OéAl + ZA12 0 N 1}/'— (%)2 0
" 0 — Ay + 1A+ tads +24° ) 2| 0 (2)?

— — 1 — — — — —

— ((A1)(0) + (ME(0))2 + (MEY(0)MTE(0) + ME(O) (M) (0) + (M) (0))*2) V().
Under the restriction that the real part of the spectrum of « is contained on (—1, +00)
and o(a) N {N} = () the matrix M} = (ZJ;)'(Z,';)f1 has a pole of order 1 at z = 0, with
residue given by

0

M (0) = FH(0) (FL(0) ™"

S wie

n|e
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If we now also assume on the matrix « that o = \ 1, we get

) -
— a 0 _ A
(M (0))* = F,;(0) %) | (Fr(0) " =31,
0 (3) 4
2/
In the case that a = m 1, for some m € N, we get that
) -
N m 0 _ 2
(My(0))* = F(0) (%) | (FH0) ' =1
0 (%) 4
2 J
In both cases we have
YL //+ YL 1| &
z( n) (n) 0 [—a—2A52
T o
0 —AQ -+ AQO{ -+ A2 z

— ((ATEY(0) + (ML) (0)ME(0) + ME(O)(MEY'(0) + (M) (0))"2 ) V-(2),

and substituting

M (z) =
n(Z) —Cn,1A1 — AgCnfl —AQZ + [p%{n, AQ] — nI—%

Az + [pl o, A + 0142 ACT 4 O A,y ]

the result follows. [l

Remark 4.2. We remark that if the spectrum of « is contained in (—1,+00) \ Z,
when |\| < 1 the +)\ are admissible eigenvalues for a, and when |\| > 1 only positive
and bigger than 1 eigenvalues are admissible for «, and then a = \ 1.

Corollary 4.2. Let us consider N = 1 (i.e the scalar case). If A; = Ay, = —%, and
a > —1 then the second order equation for { Py} _ and {Qy} _. is given by

2P/ (2) — (z —a—1)Pl(2) = —nP,(2),
2Qn(2) + (2 —a+1)Q(2) = —(n + 1)Qn(2).

Proof. In the scalar case this equation reduces to

Z(YL),/—l—(YL)/ a+1+ 2/412 0 L Al + AlOé + A122 0
" " 0 1l—a— 21412 " 0 _Al + AlOé -+ A122
Ar 4 (n+ ) Ay + A7 0
o R | VHE)
0 —A1+ (n+a)A; + Ajz

as AiC, ' = C,'A} and A; = A, = —3, and so

Sy 4y |*tE )

0 l—a+z

1
2

+Yt
"0

= O
—
I

|
e} Ni
—
|
‘:
N |
_
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now, considering the (1,1) and the (1, 2) entry of this differential matrix equation the
result follows. O

2.3. Jacobi case.

Theorem 4.6. In the conditions of Theorem 3.14. If h*(z) = Atz + B* and hR(z)
= ARz + BR, then the left and right fundamental matrices are given respectively by,

(4.4) ML( ) (A* —nI)z+[p.,, A +pl, +nl+B"- ALCTY+ AR — (2n + 1)C !
. z) = ’ ’ ,
" —Cp AV — ARC, 1+ (2n — 1)Cpy (nI—AR) 2z + (PR AR] — PR — nl—BR
4.5) VR(») — (AR —nI) z — [ph, AR + pR, + n1+B%  —Ch A" — ARC, 1 + (20 — 1)Chy
()n(z)_ Lov—1 —1 AR _ -1 ALY ol L1 _ 1 o7_RLI
ACH+CHA 2n+1)C, (nI A )z [p,_m,A ] pL,—nl-B

Proof. Taking |z| — 400 in (3.29) we have that

L IZTL + pi’nz’nfl + .. _C’,;l (I Z*’I’Lfl _l— qEJLZ*TL*Q _|_ .. _)
Y, = _C [2n—1 4 pl n—-2 ... [ 212 4 1 —n—3 ... ’
n—1 ( < + PLp—17 + ) < + din-1% T
vyl [z 2 g, 27" 3+ Tzt gh,z 24 ) Ot
(n) = n—1 1 n—2 4 .2 n—3 4, ... n 1 .nll 2 on—2_ ... |"
(L2 4 Phip1 2" 2 4 P12 P ) Cuct 12" 4 2™ 4 pRp2" 2 +

Hence, as |z| = 400

2(1—z) (YnL), (YnL)_1

[-nlz+nl—(ngg, ,+ (n—1)p.,) —(2n+1)C;1
— [ (2n —1)Cy—4 nIz—nI+np}m+ (n—+ 1)(]&’”71 +O(1/2),
ht(2) 0 -1

L L
o) i )

_ [Atz+ Atgg, oy +pl AN+ B ALCTY 4 O AR +0(1/2)

- Cp1 AL+ ARC,_, — ARz — ARpL gl AR — BR %)
Using the Liouville Theorem for MT'; and by considering the identities leﬁn = _‘Iﬁ,nq
and p{ , = —qg,,_1, then (4.4) follows. The relation (3.4) leads to (4.5). O

Using the calculation made in (4.4) We want to recover here some known formulas
in the scalar case.

Example 4.1. Let us consider the weight W (z) = z%(1 — z)°, with «, (3 scalars in
(—1,00). Then, the scalar second order equation for {Py} _ and {Qy} _. (cf. for
example [87]) is given by

(4.6) z(1-2)Pl(z)+ (14+a—(a+B+2)2)P,(z) +n(a+ B+ n+1)P,(z)
(4.7) 2(1 = 2)Qn(2) + (1 —a+ (a+ 8 —-2)2)Q,(2) + (n+ 1) (a + B+ n)Qn(2)

9

0
0.

In fact, from (4.4)

—(Ptn)z+pl+n+ s —Crlla+B+2n+1)

Cra(a+p+2n—1) (O‘TJ”BJrn)z—p}l—n—% ’

M){(g) =
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it is easy to see that

o
2

(M5(2))* = (—(“ SIS P S

5 ) —%((oﬁ—ﬁ—i—?n)Q—l)L

_otf
2 TN +BO_ n} . Using now Theorem 3.16 we get

a
2

and also, (M-(z))' = [

e

2(1=2)P)(2)+ (1+a—(a+B+2)2)Pi(z) —n(a+ B+n+1)P(z)

_ (n(a—l—n) +1pi(j—l—ﬁ—|—2n) N “—(pr+4e +n)zginz()(a+5+2n) - 1)) P.(2).

By equalizing poles between left and right hand side on 0 then on 1 we have

(%2— (p;+%+n>2+%((a+ﬁ+2n)2—1)> £,(0) =0

(n(a +n) + plla+ B +2n)) Py(1) =0

which, taking into account P,(0), P,(1) # 0, leads to the representation of p. and ~,,
as well as (4.6). The equation (4.7) for the {Q, }.cn follows from the above consider-
ations.

2.4. Bessel case. Here we want to give explicitly the structure matrix when a
Pearson equation is satisfied with polynomial coefficients of degree one. Inside this
class we can consider W (z) = Wt(2)WR(z), with

L gt

Whz) = 2% e = and WR(z)=2Z"e 7,
where [ob, 5] = 0, [of, 58] = 0, Re (a (aL’R)) > —1 and Re (a (5L’R)) > 0.

Theorem 4.7. If h'(z) = Atz + B" and hR(z) = ARz + BR, then the left and right
fundamental matrices are given respectively by,

. (A +nl)z—pl, + B ALC + CAR 4 (2n+ 1)C 1
(4.8) M, (z) = ’ ,
—Cp 1 AY — ARC, . — (2n - 1)C\4 — (nI+AR) z +p}m — BR
TR (RI+AR) z — pk,, + BR —Cp 1 AV — ARC, | — (20— 1)C, 4]
n ALCo 4+ C AR+ (2n + 1)Ct — (A" +nl)z+pl, — B '
Proof. Very similar to the proof of (4.4) and (4.5). [l

We aim to utilize the previously performed computation (4.8) to derive familiar
formulas in the context of scalar scenarios.

Example 4.2. Let us consider the weight W (z) = 272 o=, with a is not a neg-
ative integer or zero and b is not zero. Then, the scalar second order equation for
{Pk}neN (cf. for example [73]) and {QIT_L}nGN is given by

(4.9) 2*Pl(2) + (az + b) Pl(2) —n(a+n —1)P,(z) = 0,
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(4.10) 2Qn(z)+ (4 —a)z—b)Q.(2) — (nla+n—1)+2—a)Q,(z) = 0.

Proof. If we consider W' = WR = 251 e then W (z) = WLWR = 292¢7%" . In fact,
from (4.8)
ML(z) = (52 +n)z—p+5  Cl(a+2n—1)
" —Coa(a+2n—3) —(52+n)z+p, -t

it is easy to see that

—~ —2 b\’
(M,E(z))Q: ((az +n)z—pi+§> — Y ((a+2n—2)* = 1)1,
LN/ a=2 +n 0 .
and also, (M) (z) = | 2 0 _a2 |- Using now Theorem 3.20 we get
2

2P (2) + (az + b)P,’l(z) —n(a+n—1)P,(2)

_ (nb — p;(az—i- 2n —2) I Pp (Pp —b) = (Z(Qa +2n—2)° - 1)> P,(z).

By equalizing poles between left and right hand side on 0 we obtain
(o, (P, = b) = ((a+2n—2)> = 1) ) P,(0) =0
which, taking into account P,(0) # 0, then
(nb—py(a+2n —2)) P,(0) =0

leads to the representation of p}L and v,, as well as (4.9). The equation (4.10) for the
{Qn}nen follows from the above considerations. O

3. Nonlinear difference equations for the recursion coefficients

Using the Riemann-Hilbert approach we will derive in this section nonlinear ma-
trix difference equations fulfilled by the recursion coefficients, some of them are
identified as a non-abelian extension of Painlevé scalar equations.

3.1. Hermite case. The results in this subsection are taken from [15]. We now
explore the simplest case when max { deg h'(z), degh®(z)} = 1 in full generality.
We take

ht(z) = Az + B, hR(z) = ARz + BX,
for arbitrary matrices A-, Bt, AR, BR € CV*¥, with A', AR definite negative matrices.
Thus, the weight matrix W is a solution of the following Pearson equation
W'(z) = (A 2z + BHYW(2) + W(z)(ARz + BR).

For simplicity we take v = R. Hence, the structure matrices have the following form

)

L 1 L —1 4R L~—1
L/\ _ gL L L_[a o L B+|:pL,n’A:| Cn  AT+ACp
M) = A2+ KL A _[OfAR], /cn_[

*Cn—lAL*ARCn—l —BR— [QEﬂn_pAR}
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The Sylvester differential system (3.8) for the left fundamental matrix is

L / L ALy Bl 0 . [pﬁ‘n,AL} CitAR4 ALY
(Vi (2)) + [Y” (z)’[ 0 *ARZ*BRH B { Cor A= ARG,y —[ql,_, . AR] o), m el

that is, foralln € Z.,
(4.11) (Pr) + [P,g, Atz + B = [pl,, A" Py — (CT AR+ AYCLY) Gy Py,

(4.12) Co1(Q- ) — [Cn_lQ;_l,ARHBR}
= (Co1 A"+ ARCL1) Q) — [ah 1. AR Caa Q5 4,
(4.13) Cpi(Pry) + Cor Py (A2 + BY) + (ARz + BR) €, P),
= (Cp1 A"+ ARCy) Py = [af oy, AN Cra Py,
(4.14) (Qy) — Qn(A%z+ BY) — (4“2 + BY)Q,
[pn,AL}QL ( IAR+AL ) . 1Qn L

Taking the (n—1)-th z power of the (4.11), the —n-th of (4.12), the —(n—1)-th of (4.13)
and the —(n + 1)-th of (4.14) we get, foralln € Z,

NI+ [pL s BY) + [pE s AY] = [pLas AT 05 — (CH AR + AYCLY) G,
nl+[gh_y, BY] + [¢t 01, AY] = —(Cra A + ARCL_1) O+ a1 AN @ s
Cp1B+ BRChoq 4 Coa [pl_1. AY] = = (Cct AY + ARC1) By = a1, AR Cry,
BRC,, + C,B" + (¢l ,, AR Cy = =Cha [pL s AY] — (ARG, + CL AN By
After some cleaning we reckon that the system is, for all n € Z ., equivalent to

|- [nz‘iﬁk,AL] + A6

k=0

I —

= C;'C AY — O L ARC, — AYCL G+ T ARG,

n+1

n—2
OnleL + BRCnfl - Onfl |:Z Bllgv AL:|
k=0

= —(Coa A" + ARC,_,) [chﬁk (€t ARGy

\
3.1.1. A matrix extension of the alt-dPI. We now discuss the case
max {h"(z), h%(2)} = 2,
but we perform a strong simplification as we take AR = 0 and ht = X\ + puz + v2?,

with \, i, v € CV*¥N arbitrary matrices but for v being negative definite nonsingular
matrix. Thus, the Pearson equation will be

(4.15) W'(z) = (A4 pz +v2)W(2).
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We obviously drop off the notation that distinguish left and right polynomials and
only describe the results for the left case. The integrals are taken along v, a smooth
curve for which we have a simple Riemann-Hilbert problem as depicted in the fol-
lowing diagram (taken from [15] with the permission of the authors):

Branch of the hyperbola 32? — y? = 3

The structure matrix, cf. (3.3), is a second order polynomial M, (z) = Mgz2 + Mﬁz +
M? with

MOZ v 0 Mlz M_[Vap;} VCle
" 0o o}’ n —C, v 0 |’
2 _ _
Az = (A B8] = ] (o) — P e + 00 G (= [vopn] +980) G
! —n-l (M + PV — VP%L) —Chv G
Theorem 4.8 (Matrix alt-dPI system). The recursion coefficients (3,,~, of the

matrix orthogonal polynomials with weight matrix a solution of the Pearson equa-
tion (4.15) are subject to the following system of equations, for alln € Z.,

n—1
(416) (,U/ + |:V7 Z ﬁk] + 7<ﬁn + 5n+1)>7n+1 = —(Tl + 1) L
k=0
n—1
(AN A+ (0 + 01 + B2) = b+ 1Y 8] (145,
k=0
n—1 n—1 n—1

+ [V, Z Ym — Z ﬁmﬁk] + [1/, Zﬁk} 8, = 0.

m=1 0<k<m<n—1 k=0 k=0
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Proof. Given the asymptotics about oo,
—CoQu(z) =Tz g2
we read the coefficient of »~"~! coming from
Crn1@Qy,_1(2) = =My (2)Qn(2) + Myy(2) Croa Qi1 (2),

with M3, = —Cy vz — Cpy (p+pp_yv—vpy), My, =—C,_1vC,', we get (4.16); and
from

Qn(2) = M7y Qu(2) — M'5(2) Cot Qu-1(2),
with
M{fl =v? 4+ (u — [V, pﬂ)z + ()\ — [u,p}b] - [1/, pqﬂ + V(pi)2 + VC'n_lCn_l — p},bz/p}L)
My, = l/Cn_lz + (u - [V,pﬂ + Vﬁn)C’n_l;
we deduce (4.17) from the z " !-coefficient. g
Another form of writing this result is

Theorem 4.9 (Matrix alt-dPI system). Given matrix orthogonal polynomials with
weight matrix W supported on v, solution of the Pearson equation (4.15), the recur-
sion coefficients v, can be expressed directly in terms of the recursion coefficients
Bn, foralln € Z.,

Ynt1 = —(n+1) (5 + [% nz_lﬁk} +v(Bn + 5n+1)> _1'
k=0

The coefficients (3, fulfill, for all n € Z., the following non-Abelian alt-dPI,

—_

n—

A4V (s + B2) — 1B+ (8,3 8] (1+64)

k=0
n—1 n—1 n—1
LD DETED DR AR S SN DB
m=1 0<k<m<n—1 k=0 k=0
Proof. From (4.16) we get the ~, in terms of 3,, plugged this relation into the
second one gives the following nonlinear equation for the matrices 3,,. U
If we assume that v = — I as expected strong simplifications occur. In the first

place we find that
Tn+1 = _<n + 1)(“ - ﬁn - ﬁn+1>717

and, secondly, we derive the following simplified version of a non-Abelian alt-dPI
equation

n—1
)\ - BEL + n(ﬁ - ﬁnfl + 5n)71 + (n -+ 1)(:“ - 6n - 5n+1)71 - ,uﬁn = - [/Jj, Z Bki| (I+5n)
k=0
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Moreover, when we choose v = —I and ;. = 0 the non local terms disappear and the
equation simplifies further to

—n(Bn1 + Bn) = (n+1)(Ba + Bur1) B =N

Let us remind the reader how the alt-dPI equation appeared for the first time. Going
back to the scalar context, in Magnus’ work [78], associated with the weight func-
tions solution of the Pearson equation W’'(z) = (22+t)W(z), we can find the following
scalar alternate discrete Painlevé I system

7n+7n+l+6i+t:0>
n+ v (ﬁn—i_ﬂnfl) = 07

which can be written as
n n+1

_ﬁn + Bn—l B Bn + Bn+1

3.1.2. The matrix dPI system. We now increase further the degree of the polyno-
mials appearing in the Pearson equations. We consider the case with

max {h"(z), h%(2)} = 3,

+ B2 4+1t=0.

but we perform a strong simplification we take AR = 0 and ht = pz + v23, with
u,v € CN*N arbitrary matrices but for v being negative definite nonsingular matrix.
Now we take v = R. Observe that we have now taken the more general possible poly-
nomial of degree three, but an odd one, with well defined parity on z, this simplifies
widely the computations.

The associated Pearson type equation for a weight matrix of Freud type:
(4.18) W'(2) = (pz + v2*)W(z)
The structure matrix, cf. (3.3), is a third order polynomial, that we write as follows
M, (2) = M%2* + M}2* + M2z + M}

with
o_|v O 1 0 Gt
M=o o) =L ]
o v ph, v+ pCL Cuy 0 5 0 £,C71
Mn B |i O - n—lVC;1 ’ Mn N _Cn—lgn—l 0 ’

where ¢, = 1+ [p%w V] + V(erlon—l + O;ilcn): nezs,.
With this at hand we find.

Theorem 4.10 (Matrix dPI equation). The recursion coefficients -, of the matrix
orthogonal polynomials with weight matrix satisfying the Pearson equation (4.18)
fulfill the following non-Abelian dPI equation

n—1
(M + V(Yny2 + Yot + ) + [V, Z’Yk})%ﬂ =—(n+1)1, n € Ly.
k=1
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Proof. Compare the coefficients of z~—"~! in the ODE for the second kind functions
we get directly (without additional computations) the MdPI equations for the three

term relation coefficients of {Pn(z)}nez+' O

Notice the appearance again of non local terms, that disappear if we take v = — 1
and the matrix dPI reads

Vo1 = 1Y = Yo — Y1 — n € Zy,

which was derived in the matrix context for the first time in [20] and the confine-
ment of singularities for this relation was proven in [22, 20], see also [65]. In
1995, Alphonse P. Magnus [78] for the Freud weight satisfying the Pearson equation
W'(z) = —(2* 4+ 2tz) W(z) presented the following scalar discrete Painlevé I equation

Tn (%—1 + Y+ 7n+1> + 2y, = n.

3.2. Laguerre case.

3.2.1. Matrix discrete Painlevé IV. We can consider, using the notation intro-
duced before, the matrix weight measure W = W _Wkg such that

2(WHY(2) = (h§ + htz + h522)Wh(2), 2(WRY(2) = WR(2)(h§ + ARz + hR2%).

From Theorem 3.10 we get that the matrix

—~

M, = zM*
is given explicitly by
(ML), = CthRCy + (RS + hz + hS2?) + hbah .y + pioht
+ Z(thRn 1 +PthL) thRn 1 +anhL +Pth QRn  +nl

(M), = (hf + W5z + hiqk , + pLh5)Cr ' + Cp (B + b5z + hEpk , + ¢l ,h5),
(Mk)gl = —Cn- 1(hL+hLZ+h2QRn 1+an 1CL)

— (b + hiz + h2pR,n—l + an 1 hS)Crea,
(M}),, = —Crih5CH — (A + 1Rz + h§22) — hipk,, — al 1B}

R

(hQPRn+QLn 1hR) h2pRn QE,nflh QLn 1h2pRn_nI'

From the three term recurrence relation for {P.},cy we get that ptn — ptn =0k
and p{ ,, — p{ 41 = Bipl, + 7 Where 4 = C'C,,_;. Consequently,

n—1
-> 8, Z BrB; — ka
k=0 1,j=0

In the same manner, from the three term recurrence relation for {Qh}neN we deduce
that qL no ,n BR nﬁvl’zcn_l and qE,n - qE,n 1 ﬁRqL n + 771 ’ where 771 C CTL+1
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If we consider that W = W' and WR = I, and use the representation for {P,';}neN
and {Q\},cn in 2z powers, the (1,2) and (2, 2) entries in (3.17) read

(2n + 1) T+hg + hy (Ve + 70 + (87)7) + hiBy
= [pi,m hlé]pi,n—&-l - [pE,rm hIQ_] - Lptrw hll_L
B = (hs(Br + Br_1) + [Pl hs] + h1) — (h5(By + Bria) + [ b5l + )y

We can write these equations as follows

(4.19) (2n+1>1+hL+hL<vnH+vn>> (h5B- + hb)BY

(S S [ o= Sotas] - [Satt]

k=0 1,7=0

(4.20) By — s (h5(BY + Br_y) + BY) + (h5(B5 + Bryy) + BY) e

n—1 n—1
- = k[zglk_?h5i|+|: 6k7hL}’7n+1
k=0 k=0

We will show now that this system contains a noncommutative version of an instance
of discrete Painlevé IV equation, as happens in the analogous case for the scalar
scenario.

We see, on the r h.s. of the nonlinear discrete equations (4.19) and (4.20) nonlocal
terms (sums) in the recursion coefficients B,'-L and yk, all of them inside commutators.
These nonlocal terms vanish whenever the three matrices {h§, ht, hs} conform an
Abelian set. Moreover, {h§, h}, h5, 5, +-} is also an Abelian set. In this commutative
setting we have

(2n + 1) I+hg + hs(vhy +95)) + (5B + AY)BL = 0,

B = (h5(By + Br_1) + BY) + (B5(By + Biyy) + hi)vys = 0.

hL
In terms of &, == ? +n1+4h5y, and u, == h5B- 4 ht the above equations are

B:;,un = _(fn + €n+1)7 67%,(571 - gnJrl) = —VYnln—1 + Yntifni1-

Now, we multiply the second equation by x,, and taking into account the first one we
arrive to

_<5n + Sn—&-l)(gn - gn-i-l) = —Vnln—1Mn T Yn+1lnfin+1

and so

f'n—i—l 5 = Yn+1Mnin+1 — Vnln—1Hn-

Hence,

(4.21) gn—i—l 50 Tn4+1Hnni1 and 575:“71 = _<€n + gn—&-l)
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coincide to the ones presented in [9] as discrete Painlevé IV (dPIV) equation. In fact,

taking v, = u,,' we finally arrive to

h5(£n+1 — hg/2—nl)

n+1 50

UnlVn4+1 =

A (L e o I I
If we take h} = 0 in (4.21) then p, = h5AL, and so

(B5)2hs = —(&n + Enr).

Now, taking square in the first equation in (4.21) we get

hL
(gn + £n+1) (£n+1 + ’Sn+2) = ((fnJrl - 7 - TLI) 1( n+1 60)) )

which is an instance of dPIV by Grammaticos, Hietarinta, and Ramani (cf. [60]).

Thus, (4.19) and (4.20) for B, = 0 may be considered as non-Abelian extension of
this instance of dPIV.

We have just seen that,

Theorem 4.11 (Non-Abelian extension of the dPIV). When B, = 0, the follow-
ing nonlocal nonlinear non-Abelian system for the recursion coefficients is fulfilled

(2n + 1) T+hg + A (75, +75)) + h5(85)?

n—1

[ k] ot [3 st okt
k=0 k=0

,7=0

B = (h3 (B + Bi1)) + (h3(By + Brst)) i

- —vk[nifﬂk,hé] + |- nzfﬂk,f#]%ﬂ
k=0

k=0

Moreover, this system reduces in the commutative context to the standard dPIV
equation.

3.3. Jacobi case. We can consider, using the notation introduced before, the
matrix weight measure W (z) = W\ (z)Wg(z) such that

2(1 = 2)(WHY (2) = (h§ + Rz 4+ h52)Wh(2),
A1 = 2)(WRY(2) = WR() (B + W+ BE22).
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From Theorem 3.14 we get the matrix ]\A/[/ = z(1 — z) M}t is given explicitly by
( (ML) = Cy hRCoy + (B + Az + hb2?) + hhgk oy + ploht
+ z(h'qun 1 +p,_ Jh5) + R an L+t nh" +p,_ nh'qun .+ nI—an—i—ptn,
(M§)12 = (B + Bz + hbak,, + pLh5)Crt + O (BY + hSz + hpk,, + at ,h5)
—(2n+1)C; 1,
(Mk)ﬂ = —Un- l(hL + hLZ + thRn 1 +an 1hL)
— (W} + n5z + RSy + @l 1 h5)Cnt + (20 — 1)Cry,
(M})s2 = —Ch 1 h5Cyt — (hff + hRz + hR2%) — hfph, — g, AR
\ _Z(hQPRn + Qﬁ,n—1h§) h2pRn QE,n—lhR QLn 1h'2pRn n1+2n1_p1R,n'

Using the three term recurrence relation for {P-}, .y we get that Pln = Plmi1 = B
and p{ ,, — p{ .41 = BpL, + 7 Where 4 = C'C,,_;. Consequently,

—Zﬂk, ZM ka
k=0

,7=0

In the same manner, from the three term recurrence relation for {Q,Ll}neN we deduce
that i, —ql,, 1 = B3 = CuByCy "t and @2, — gty = BRal, + 75, where 7 = CoC .

Now, we consider that W = W' and WR = I, and then use the representation for
{Pr}, oy and {QL} . in 2 powers, the (1,2) and (2,2) entries in (3.32) read

(2n + 1)(I=B5) + hg + hs (1 + 5 + (B7)°) + hE By
= [Pl h5]PL st — 0o hs] = [PLns B = Pl = O Pl na O
By = (B2)* = 1 (h3(By + By_1) + [PLy-1: h3] + by — (20— 1))
- (hg(ﬁt + Bhi) + [pin’ hs] 4+ hy — (2n+ 3) I)%%H - [pi,mptmﬂ
We can write these equations as follows

(4.22) (2n+ 1) 1+hg + hy(vpq +75) + (h3Bs + At — (2n + 1)1) B, + Z By

n—1

+c;1iﬁzon=["zlﬂ;,h;]i@;—[zﬁ - zm}—[zﬂg,hﬂ,
k=0 k=0

7.7_

(4.23) B — (85)? — 4k (hs(Bs + B85 )+hL—(n—1)) (h5(By + Bhiy) + hY

_(2n+3)1)75+1:75[25}5’h5} [Zﬁm ]7n+1 [2527252}
k=0 k=0 k=0

We will show now that this system contains a noncommutative version of an instance
of discrete Painlevé IV equation.

We see, on the r.h.s. of the nonlinear discrete equations (4.22) and (4.23) nonlocal
terms (sums) in the recursion coefficients 5- and %, all of them inside commutators.
These nonlocal terms vanish whenever the three matrices {hf, h}, h5} conform an



88 4. STRUCTURE MATRICES AND PAINLEVE DISCRETE MATRIX EQUATIONS

Abelian set, so that {h{, ht, k5, B 4L} is also an Abelian set. In this commutative
setting we have

(2n+ 1) I+h + hy(Yrpy +7m)) + (RSB + ht — @n+ 1)1) By + plp + DLt =0,
By — (Br)” — 1 (h5(Bs + Br_y) + AL — (2n — 1) 1) + (RS(BS + Bhiy)
+hi — (2n+3)1)vh,, = 0.

In terms of

L

h
&, = 70 + nI14h5y, —|—ptn and [ = h5BE + bt — (2n 4+ 1)1,

the above equations reads as

_,U/nﬁh = gn + §n+1 and 6:;(571 - gn-‘,-l) = Un+1Vn+1 — TnMn-1-

Now, we multiply the second equation by p, and taking into account the first one we
arrive to

_(gn + €n+1)<§n - £n+1) = —VYnln—1Mn T Vnt1fnfnt1,

and so

572L+1 - 5721 = Tn+1Mnn+1 — YnHn—1M4n-

Hence,

721+1 - 53 = Yn+1MnMn+1 and Bln_:un = _<€n + gn-&-l)
coincide to the ones presented in [9] as discrete Painlevé IV (dPIV) equation. In fact,
taking v, = u,;' we finally arrive to

h (§n+1 —h§/2—nl —ptn)

VnVn+1 - D) _ 52 5
n+1 0

G Gnsr = ((n) 7 RE = (1)) vt = 2n k1) (1)) ) v

Now, we are able to state that,

Theorem 4.12 (Non-Abelian extension of the dPIV). Equations (4.22) and
(4.23) defines a nonlocal nonlinear non-Abelian system for the recursion coefficients.

3.4. Bessel case. We can consider, using the notation introduced before, the
matrix weight measure W (z) = W (z)Wg(z) such that

(W (2) = (hg + hyz + hgz)WH(z),  22(WF)'(2) = WR(2)(hg + hi'z + h32%).
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The matrix M, = 22M}" is given explicitly by

( (M) = C ARGy + (B + Bbz 4+ h52?) + [pl, hY] + 2 (n1+ [pL,., ht])
N + [0 hs] = PLohapl, — Pl
(M})12 = (hf + hiz — hlipi,nJrl ‘f’Pi,nhlé)CJl
- + Co N (AR + WSz + hipR, — Prasihs) + (2n+1)C
(MF)21 = —Chq(h] + hz — hlipll_,n +Pﬁ,n_1h5)
— (A + h5z + B3Pk uy — PRaPS)Cnt — (20— 1)Cla,
(ME)s2 = —Co 1 h5Cy — (W + BRz + hB2%) + [ph ., BR] — 2 (n1+ [h8, pk ,])
\ + (DR W5 ] + PR IEDR 5+ DR
Taking hR = 0

;

(Mf)11 = (h§ + hiz + h52%) + [pl. hY] + 2 (n1+ [pl .. hs])
- + [pﬁ,n’ hIQ_] - ptnh%pi,n - pﬁ,n’
(My)12 = (BT + Rz — hipl . + plohs)Ct 4+ (2n 4+ 1)C,
L

—

(M5)a1 = —Croa (W + Rz — hipl , + pl,_1hs) — (2n — 1)Chy,

(MJ{)QQ = —Cn_lhlécgl — ZnI+p1R7n.

\

If we consider that W = IW" and WR =1, and use the representation for { Py} _ and
{Q},en in z powers, the (1,2) and (2,2) entries read

(2n +1)By; + g + b3 (i1 + 7 + (B2)) + hiBy
= [Pl h5]PU st — s ] = [PLns 1)+ PLo + P O
(B5)° =75 (2n = 1+ h5(B: + B:_1) + [pLaos, hE] + Y)
- (2n +3+ hli( b+1 + 6:5) + [pinm hli] + hll_)%liﬂ-
In this commutative setting we have
— (h5By +hi + (2n+ 1)) By = hg + hi (Vi1 +75) = Pl — Pty
(B) + (h(By + Brya) + by + 20+ 3) Ty
— Y (hz(By + By 1) + hi + (20— 1T) = 0.
In terms of

hL
Yo 1= )+ s — b and pin = h5 By + hy + (2n+ 1)1,

the above equations reads as

_,Un/BJ; = Yn + Yn+1 and 57& (yn - yn—i-l) = Tn+1Hn+1 — VnHn—1-

Now, we multiply the second equation by ,, and taking into account the first one we
arrive to

_(yn + yn—l—l)(yn - yn-i-l) = Tn+1lntn+1 — Ynfn—1Hn;,
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and so

y721+1 - yi = Tn+1HnMn+1 — YnMnfn—1-
Hence,

Yoi1 = Yo = Ynt1hnbnr and "t = — (Yo + Ynr1)

coincide to the ones presented in [9] as discrete Painlevé IV (dPIV) equation. In fact,
taking x, = u, ' we finally arrive to

h|2' (yn—H - h|6/2 + pi,n+1)
y721+1 - 9(2)

(hi)_l (hk +(2n+1) - i) .

n xn

Tnln41 =

)

Yn + Yn+1 =
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