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In this paper, Geronimus transformations for matrix orthogonal polynomials in the real
line are studied. The orthogonality is understood in a broad sense, and is given in terms
of a nondegenerate continuous sesquilinear form, which in turn is determined by a quasi-
definite matrix of bivariate generalized functions with a well-defined support. The dis-
cussion of the orthogonality for such a sesquilinear form includes, among others, matrix
Hankel cases with linear functionals, general matrix Sobolev orthogonality and discrete
orthogonal polynomials with an infinite support. The results are mainly concerned with
the derivation of Christoffel-type formulas, which allow to express the perturbed matrix
biorthogonal polynomials and its norms in terms of the original ones. The basic tool is
the Gauss—Borel factorization of the Gram matrix, and particular attention is paid to
the non-associative character, in general, of the product of semi-infinite matrices. The
Geronimus transformation in which a right multiplication by the inverse of a matrix
polynomial and an addition of adequate masses are performed, is considered. The resol-
vent matrix and connection formulas are given. Two different methods are developed.
A spectral one, based on the spectral properties of the perturbing polynomial, and con-
structed in terms of the second kind functions. This approach requires the perturbing
matrix polynomial to have a nonsingular leading term. Then, using spectral techniques
and spectral jets, Christoffel-Geronimus formulas for the transformed polynomials and
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norms are presented. For this type of transformations, the paper also proposes an alterna-
tive method, which does not require of spectral techniques, that is valid also for singular
leading coefficients. When the leading term is nonsingular, a comparison of between both
methods is presented. The nonspectral method is applied to unimodular Christoffel per-
turbations, and a simple example for a degree one massless Geronimus perturbation is
given.

Keywords: Matrix biorthogonal polynomials; spectral theory of matrix polynomials;
quasi-definite matrix of generalized kernels; nondegenerate continuous sesquilinear
forms; Gauss—Borel factorization; matrix Geronimus transformations; matrix linear spec-
tral transformations; Christoffel-type formulas; quasideterminants; spectral jets; uni-
modular matrix polynomials.
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1. Introduction

Perturbations of a linear functional u in the linear space of polynomials with real
coefficients have been extensively studied in the theory of orthogonal polynomials
on the real line (scalar OPRL). In particular, when you deal with the positive def-
inite case and linear functionals associated with probability measures supported in
an infinite subset of the real line are considered, such perturbations provide interest-
ing information in the framework of Gaussian quadrature rules taking into account
the perturbation yields new nodes and Christoffel numbers, see [25] 26]. Three per-
turbations have attracted the interest of the researchers. Christoffel perturbations,
that appear when you consider a new functional & = p(x)u, where p(z) is a polyno-
mial, were studied in 1858 by the German mathematician Christoffel in [13], in the
framework of Gaussian quadrature rules. He found explicit formulas relating the
corresponding sequences of orthogonal polynomials with respect to two measures,
the Lebesgue measure dp supported in the interval (—1, 1) and dj(x) = p(z)du(z),
with p(z) = (x — q1)---(x — gn) a signed polynomial in the support of du, as
well as the distribution of their zeros as nodes in such quadrature rules. Nowadays,
these are called Christoffel formulas, and can be considered a classical result in the
theory of orthogonal polynomials which can be found in a number of textbooks, see
for example [12, 26] [7T]. Explicit relations between the corresponding sequences of
orthogonal polynomials have been extensively studied, see [25], as well as the con-
nection between the corresponding monic Jacobi matrices in the framework of the
so-called Darboux transformations based on the LU factorization of such matrices
[9]. In the theory of orthogonal polynomials, connection formulas between two fam-
ilies of orthogonal polynomials allow to express any polynomial of a given degree n
as a linear combination of all polynomials of degree less than or equal to n in the
second family. A noteworthy fact regarding the Christoffel finding is that in some
cases the number of terms does not grow with the degree n but remarkably, and on
the contrary, remain constant, equal to the degree of the perturbing polynomial.
See [25], 26] for more on the Christoffel-type formulas. Christoffel transformations
for orthogonal polynomials on the unit circle based on LU factorizations of CMV
matrices have been studied in [10].
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Geronimus transformation appears when you are dealing with perturbed func-
tionals v defined by p(z)v = wu, where p(z) is a polynomial. Such a kind of
transformations were used by the Russian mathematician Geronimus, see [35], in
order to have a nice proof of a result by Hahn [43] concerning the characteriza-
tion of classical orthogonal polynomials (Hermite, Laguerre, Jacobi, and Bessel) as
those orthogonal polynomials whose first derivatives are also orthogonal polynomi-
als, for an English account of Geronimus’ paper [35] see [40]. Again, as happened
for the Christoffel transformation, within the Geronimus transformation one can
find Christoffel-type formulas, now in terms of the second kind functions, relating
the corresponding sequences of orthogonal polynomials, see for example the work
of Maroni [55] for a perturbation of the type p(z) = 2 — a.

Krein in [48] was the first to discuss matrix orthogonal polynomials, for a review
on the subject see [15]. The great activity in this scientific field has produced a vast
bibliography, treating among other things subjects like inner products defined on
the linear space of polynomials with matrix coefficients or aspects as the existence
of the corresponding sequences of matrix orthogonal polynomials in the real line,
see [1R, 19, b6 [63] [70]) and their applications in Gaussian quadrature for matrix-
valued functions [69], scattering theory [B][34] and system theory [24]. The seminal
paper [20] gave the key for further studies in this subject and, subsequently, some
relevant advances have been achieved in the study of families of matrix orthogonal
polynomials associated to second-order linear differential operators as eigenfunc-
tions and their structural properties [I8] 21} AT} [42]. In [I1], sequences of orthog-
onal polynomials satisfying a first-order linear matrix differential equation were
found, which is a remarkable difference with the scalar scenario, where such a sit-
uation does not appear. The spectral problem for second-order linear difference
operators with polynomial coefficients has been considered in [4]. Therein four fam-
ilies of matrix orthogonal polynomials (as matrix relatives of Charlier, Meixner,
Krawtchouk scalar polynomials and another one that seems not have any scalar
relative) are obtained as illustrative examples of the method described therein.

We continue this introduction with two introductory subsections. One is focused
on the spectral theory of matrix polynomials, we follow [39]. The other is a basic
background on matrix orthogonal polynomials, see [I5]. In the Sec. [2, we extend
the Geronimus transformations to the matrix realm, and find connection formu-
las for the biorthogonal polynomials and the Christoffel-Darboux kernels. These
developments allow for the finding of the Christoffel-Geronimus formula for matrix
perturbations of Geronimus type. As we said we present two different schemes. In
the first one, which can be applied when the perturbing polynomial has a nonsingu-
lar leading coefficient, we express the perturbed objects in terms of spectral jets of
the primitive second kind functions and Christoffel-Darboux kernels. We present a
second approach, applicable even when the leading coefficient is singular. For each
method we consider two different situations, the less interesting case of biorthogonal
polynomials of degree less than the degree of the perturbing polynomial, and the
much more interesting situation whence the degrees of the families of biorthogonal
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polynomials are greater than or equal to the degree of the perturbing polynomial.
To end the section, we compare spectral versus nonspectral methods and present a
number of applications. In particular, we deal with unimodular polynomial matrix
perturbations and degree one matrix Geronimus transformations. Notice that in [6]
we have extended these results to the matrix linear spectral case, i.e. to Uvarov—-
Geronimus—Christoffel formulas for certain matrix rational perturbations. Finally,
an appendix with the definitions of Schur complements and quasideterminants is
also included in order to have a perspective of these basic tools in the theory of
matrix orthogonal polynomials.

1.1. On spectral theory of matrixz polynomzials

Here we give some background material regarding the spectral theory of matrix

polynomials [39] 52].

Definition 1. Let Ag, Ay,..., Ay € CP*P be square matrices of size p X p with
complex entries and Ay # 0p,. Then

W(x) = AyaN + An 12V 4+ Az + Ay (1)

is said to be a matrix polynomial of degree N, deg(W(x)) = N. The matrix poly-
nomial is said to be monic when Ay = I,, where I, € CP*? denotes the identity
matrix. The linear space — a bimodule for the ring of matrices CP*P — of matrix
polynomials with coefficients in CP*? will be denoted by CP*P[z].

Definition 2 (Eigenvalues). The spectrum, or the set of eigenvalues, o(W(x))
of a matrix polynomial W is the zero set of det W (x), i.e.

o(W(z)) :={x € C:det W(z) = 0}.

Proposition 1. A monic matriz polynomial W(x), deg(W(xz)) = N, has Np
(counting multiplicities) eigenvalues or zeros, i.e. we can write
q

det W(z) = [[ (@ — za)™,

a=1
with Np = aq + -+ - + ay.
Proposition 2. Any nonsingular matriz polynomial W(x) € CP*Plx], det W
(x) #0, can be represented as
W(z) = B, (z) diag((z — o)™, ..., (x — 20)"™ ) Fyo ()

at v = x9 € C, where Ey,(x) and Fy,(x) are nonsingular matrices and k1 < --- <
Km are nonnegative integers. Moreover, {k1,...,km} are uniquely determined by
W(x) and they are known as partial multiplicities of W (z) at xo.

Definition 3. For an eigenvalue x( of a monic matrix polynomial W (x) € CP*P[z],
then:

(i) A nonzero vector ro € CP is said to be a right eigenvector, with eigenvalue
xo € o(W(x)), whenever W (xg)ro =0, i.e. 7o € Ker W(xp) # {0}.
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(i) A mnonzero covector Iy € ((Cp)* is said to be an left eigenvector, with eigen-
value x9 € o(W(x)), whenever oW (zo) = O,(lo)T € (Ker(I/V(acg)))L =
Ker (W(0))T) # {0}.

(iii) A sequence of vectors {rg,r1,...,7m—1} is said to be a right Jordan chain
of length m corresponding to the eigenvalue z¢ € o(W(x)), if r¢ is an right
eigenvector of W (xg) and

J
1 d°W .
Zogdxs ri—s =0, j€{0,...,m—1}.
5= T=x0

(iv) A sequence of covectors {lp,l1...,lm—1} is said to be a left Jordan chain of
length m, corresponding to zo € o(WT), if {(lo)",(l1)",...,(lm—1)T} is a
right Jordan chain of length m for the matrix polynomial (W (z))".

(v) A right root polynomial at x¢ is a nonzero vector polynomial r(z) € CP[z] such
that W (z)r(z) has a zero of certain order at x = x, the order of this zero is
called the order of the root polynomial. Analogously, a left root polynomial is
a nonzero covector polynomial [(x) € (CP)*[z] such that I(zo)W (x¢) = 0.

(vi) The maximal lengths, either of right or left Jordan chains corresponding to
the eigenvalue xq, are called the multiplicity of the eigenvector ry or [y and are
denoted by m(rg) or m(lp), respectively.

Proposition 3. Given an eigenvalue xo € o(W(x)) of a monic matriz polynomial
W (x), multiplicities of right and left eigenvectors coincide and they are equal to the
corresponding partial multiplicities K;.

The above definition generalizes the concept of Jordan chain for degree one
matrix polynomials.

Proposition 4. The Taylor expansion of a right root polynomial r(z), respectively
of a left root polynomial l(x), at a given eigenvalue xo € o(W(x)) of a monic matriz
polynomial W (x),

r—1 rk—1
r(z) = Z ri(x —x0)?, respectively, I(x) = Z Li(z —z0)7,
j=0 j=0

provides us with right Jordan chain

{ro,r1,...,rs—1}, respectively, left Jordan chain {lo,l1,...,ls—1}.
Proposition 5. Given an eigenvalue xo € o(W(z)) of a monic matriz polyno-
mial W (x), with multiplicity s = dim Ker W (xg), we can construct s right root
polynomials, respectively left root polynomials, for i € {1,...,s},

K,i—l K,;—l

ri(x) = Z rii(x —m0),  respectively, l;(x) = Z li j(x — 20)7,
j=0 =0

where r;(x) are right root polynomials (respectively, 1;(x) are left root polynomials)
with the largest order k; among all right root polynomials, whose right eigenvector
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does not belong to C{ro1,...,r0—1} (respectively, left root polynomials whose left
eigenvector does not belong to C{lo.1,...,lo.i-1}).

Definition 4 (Canonical Jordan chains). A canonical set of right Jordan chains
(respectively left Jordan chains) of the monic matrix polynomial W (x) correspond-
ing to the eigenvalue z¢o € o(W(z)) is, in terms of the right root polynomials
(respectively left root polynomials) described in Proposition[H the following sets of

vectors
{71,001 m1—1y- -+ T5,05---sTs.na—1}, Lespectively, covectors
{l1,07 ey ll,mlfla ey 15707 ey ls,m571}~
Proposition 6. For a monic matriz polynomial W (x) the lengths {k1,...,ks} of

the Jordan chains in a canonical set of Jordan chains of W(z) corresponding to
the eigenvalue xo, see Definition[d are the nonzero partial multiplicities of W (x)
at x = xq described in Proposition 2]

Definition 5 (Canonical Jordan chains and root polynomials). For each
eigenvalue z, € o(W(z)) of a monic matrix polynomial W (x), with multiplicity o,
and s, = dimKer W (x,), a € {1,...,q}, we choose a canonical set of right Jordan
chains, respectively left Jordan chains,

{ (@ (@ }Su respectively {l 1@ }
J07"'7 j,n;a)—l j:l’ 7,00 j7ﬁ§a)_1

Sa
. )
Jj=1

PO

o1k = Oa. Thus, we

and, consequently, with partial multiplicities satisfying > %
can consider the following right root polynomials:
rc(.a)—l
J
r® (z) = Z (e )(ac —x,)!, respectively, left root polynomials
1=0

(a) Z l(a) (z — z4)". (2)

Definition 6 (Canonical Jordan pairs). We also define the corresponding
canonical Jordan pair (X, J,) with X, the matrix

X, = [7‘5%,... @ . 7@ ...,r(a) (a)_J € CP*%a,

’ 1,5(1{1)—1 84,07 Sa Ksq
and J, the matrix

Jo = diag(Ja1,. .., Jays,) € CHe7%,
where J, ; € €% %" are the Jordan blocks of the eigenvalue z, € o(W(x)).
Then, we say that (X, J) with
X :=[Xy,...,X,] € CP*Ne g = diag(Jy,. .., J,) € CNPNP,

is a canonical Jordan pair for W (x).
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We have the important result, see [39],
Proposition 7. The Jordan pairs of a monic matriz polynomial W (x) satisfy
AoXa + A Xodo+ A+ A1 Xa(Jo)N 7+ Xa(Ja)N = Opxa,,
A X + A XT+ -+ A XTIV XTN = 0,0 vy
A key property, see [39, Theorem 1.20] is the following.

Proposition 8. For any Jordan pair (X, J) of a monic matriz polynomial W (z) =
Ipr + An_12N"t ...+ Ay the matriz

X
XJ e CNpxNp
X N-1
s nonsingular.
Definition 7 (Jordan triple). Given
Yi
Y =|:|echrxp,
v,

with Y, € C**P we say that (X, J,Y) is a Jordan triple whenever

X 0,
XJ
Y =
. OP
XJN—l Ip

Moreover, [39, Theorem 1.23], gives the following characterization.

Proposition 9. Two matrices X € CP*NP and J € CNP*NP constitute a Jordan
pair of a monic matriz polynomial W (x) = L™ + Ax_12™V~"1 + - + Ag if and
only if the two following properties hold:

(i) The matrix

XJ

XJNfl
is monsingular.
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(i1)
AgX + A X T+ -+ Ay XTIV 4 X TN = 0 vpe

Proposition 10. Given a monic matriz polynomial W (z) the adapted root poly-
nomials given in Definition [ satisfy

(W(x)r§“) ()™ =0, (l§“)(x)W(x))(m) —0.

me {0, kY —1}, je{l,... sq). (3)

Here, given a function f(x) we use the following notation for its derivatives evalu-
ated at an eigenvalue x, € o(W(x))
amf
(m) . > J
(f)mu : Ill)n;:la dﬂ:m
In this paper, we assume that the partial multiplicities are ordered in an increas-
(a) (a) (a)
ing way, i.e. kK1 < Ky <-o- < Kg .
Proposition 11. If rl(a) and lj(.a) are right and left root polynomials corresponding
to the eigenvalue x, € o(W(x)), then a polynomial

d(‘l)
Z wz((z)mx € (C[l’], d(a = I(gl)ll(i7j) +N =2,
ezists such that
(a)
L @)W @) (@) = (@ = o) ool (z). (4)

Definition 8 (Spectral jets). Given a matrix function f(x) smooth in region
Q C C with 2, € Q, a point in the closure of £ we consider its matrix spectral jets

(a) _
f("‘”vz‘ 1)(x) 6 Cpxpm( ),

jf (xa) = mll?;u f(x),,m

Ti(aa) = 1T (@a), ... T (wa)] € CP¥P%,
Tt = [T5(x1), ..., Ty(ag)] € CPXNP°,

and given a Jordan pair the root spectral jet vectors

(@) (o)) (k1 =1)
T (@a) = lim | f(za)ri™ (2a), ... e (@), e cremi”
! z = ' (5{” —1)!

Ti(@a) = [T (@a),..., TE (a)] € CP70,
T =T s(x1),...,T(xq)] € CP*NP,
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Definition 9. We consider the following jet matrices
QL) =T\ (wa) = | (wa)"r( (wa), (@™ (@)Y, ..,

a (r{—1)
(i () e
. (ﬁl@ Y eC
QW = Ty un(wa) = [QL), ..., Q) | € CPX,

Qn = j[ n — [Q;1)77Q£Lq)j| S (CpXN;D,

)

Qo
Q:= jX[N] = € CNPXNP?
On-1
where (x(n)(2)) " = [Ip, ..., [aV 71 € CP*NP[g].

Lemma 1 (Root spectral jets and Jordan pairs). Given a canonical Jordan
pair (X, J) for the monic matriz polynomial W (x) we have that

Qn:XJn, nE{O,l,}

Thus, any polynomial P, (x) = E;‘l:o P;a7 has as its spectral jet vector correspond-
ing to W(x) the following matriz.

ITp=PX+PXJ+---+P,XJ" L

Definition 10. If W(x) = ZQ;O Apa® € CP*P[z] is a matrix polynomial of degree
N, we introduce the matrix

[ AL Ay As .. An_1 Ay
A2 Ag AN Op
B.= As ... An_q - Op  0p | ¢ cNPxNp,
An_1 AN 0p
i Apn 0, 0p Op_

Lemma 2. Given a Jordan triple (X, J,Y') for the monic matriz polynomial W (x)
we have

X

XJ
Q= . BT =Y. IV Y = R

XJNfl
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Proof. From Lemmal[l, we deduce that
X
XJ

XJNfl

which is nonsingular, see Propositions Bland [@ The biorthogonality condition (2.6)

of [39] for R and Q is

RBQ = Inp,
and if (X, J,Y) is a canonical Jordan triple, then
R=[V,JY,...,JN"1Y]. (5)
O

Proposition 12. The matriz R, := [Y,JY, ..., J""tY] € CNP*" has full rank.
Regarding the matrix B, we have the following.

Definition 11. Let us consider the bivariate matrix polynomial
V(z,y) = (x@)v) " B(x())in) € CP*P[z, 9],
where A; are the matrix coefficients of W (z), see ().

We consider the complete homogeneous symmetric polynomials in two variables
n
hn ({I?, y) = Z x’ yni'i .
j=0

For example, the first four polynomials are
ho(z,y) =1, hi(z,y) =z +y, ho(z,y) =2 +ay+y°
ha(z,y) = 23 + 2%y + zy® + .

Proposition 13. In terms of complete homogeneous symmetric polynomials in two
variables we can write

N
V(,y) = Ajhj_1(z,y).
j=1

1.2. On orthogonal matriz polynomials

The polynomial ring CP*P[z] is a free bimodule over the ring of matrices CP*P
with a basis given by {I,, Iz, I,?,...}. Important free bisubmodules are the sets
CPxP[z] of matrix polynomials of degree less than or equal to m. A basis, which has
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cardinality m + 1, for C2*P[z] is {I,, Ipz,...,I,z™}; as C has the invariant basis
number (IBN) property so does CP*? | see [64]. Therefore, being CP*? an IBN ring,
the rank of the free module CP*P[z] is unique and equal to m+1, i.e. any other basis
has the same cardinality. Its algebraic dual (CP*P[x])* is the set of homomorphisms
¢ : CP*P[x] — CP*P which are, for the right module, of the form

(¢, P(z)) = ¢opo + -+ + dmpm, P(x) =po+ -+ pmaz™
where ¢, € CP*P. Thus, we can identify the dual of the right module with the
corresponding left submodule. This dual is a free module with a unique rank, equal
to m + 1, and a dual basis {(I,2%)*}7_ given by
<(Ip$k)*a Ipxl> = O, Lp.
We have similar statements for the left module C2XP[x], being its dual a right
module

(P(x),6) = Poco + -+ Prm, (L', (Ipz*)") = bx.11y.
Definition 12 (Sesquilinear form). A sesquilinear form (-,-) on the bimodule
CP*P[z] is a continuous map

<., > :(Cpo[x] X Cpo[x] N (Cpxp,
P(x), Q(x)) = (P(2), Q(y)),

(
such that for any triple P(z),Q(z), R(z) € CP*P[x] the following properties are
fulfilled:

(i) (AP(z) + BQ(x), R(y)) = A(P(x), R(y)) + B(Q(x), R(y)), VA, B € CP7,
(i) (P(x),AQ(y) + BR(y)) = (P(2),Q(y))AT + (P(x),R(y))BT, VA, B € CP*P.

The reader probably has noticed that, despite dealing with complex polynomials
in a real variable, we have followed [26] and chosen the transpose instead of the
Hermitian conjugated. For any couple of matrix polynomials P(x) = zegOP prar

and Q(z) = deg’Q qix! the sesquilinear form is defined by

(P(),Qw) = >,  piGrila)’,

k=1,...,deg P
1=1,...,deg Q
where the coefficients are the values of the sesquilinear form on the basis of the
module
Gri= (Ipkapyl).
The corresponding semi-infinite matrix

Goo Gon

)

G = Gl,o G1,1

is named as the Gram matrix of the sesquilinear form.
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1.2.1. Hankel sesquilinear forms

Now, we present a family of examples of sesquilinear forms in CP*?[z] that we call
Hankel sesquilinear forms. A first example is given by matrices with complex (or
real) Borel measures in R as entries

M1 --- Hlp

Hp1  --- Hpp

i.e. a p x p matrix of Borel measures supported in R. Given any pair of matrix
polynomials P(z), Q(x) € CP*P[z] we introduce the following sesquilinear form:

(P(2),Q(x)) = / P()du(z) (Q(x)) .

A more general sesquilinear form can be constructed in terms of generalized
functions (or continuous linear functionals). In [53], [54], a linear functional setting
for orthogonal polynomials is given. We consider the space of polynomials C[z],
with an appropriate topology, as the space of fundamental functions, in the sense of
[32, B3], and take the space of generalized functions as the corresponding continuous
linear functionals. It is remarkable that the topological dual space coincides with
the algebraic dual space. On the other hand, this space of generalized functions is
the space of formal series with complex coefficients (Clz])" = C[z].

In this paper, we use generalized functions with a well-defined support and,
consequently, the previously described setting requires a suitable modification. Fol-
lowing [32], [33] [67], let us recall that the space of distributions is a space of gen-
eralized functions when the space of fundamental functions is constituted by the
complex-valued smooth functions of compact support D := C§°(R), the so-called
space of test functions. In this context, the set of zeros of a distribution v € D’ is
the region 2 C R if for any fundamental function f(x) with support in © we have
(u, f) = 0. Its complement, a closed set, is what is called support, supp u, of the dis-
tribution w. Distributions of compact support, u € £, are generalized functions for
which the space of fundamental functions is the topological space of complex-valued
smooth functions & = C*°(R). As Clz] € £ we also know that & C (C[z])' N D".
The set of distributions of compact support is a first example of an appropriate
framework for the consideration of polynomials and supports simultaneously. More
general settings appear within the space of tempered distributions S’, 8’ C D’. The
space of fundamental functions is given by the Schwartz space S of complex-valued
fast decreasing functions, see [32] 33| 67]. We consider the space of fundamental
functions constituted by smooth functions of slow growth Oy, C &, whose elements
are smooth functions with derivatives bounded by polynomials. As C[z],S C Oy,
for the corresponding set of generalized functions we find that O}, C (C[z])’' NS".
Therefore, these distributions give a second appropriate framework. Finally, for

1950007-12



Bull. Math. Sci. 2019.09. Downloaded from www.worldscientific.com

by UNIVERSIDAD COMPLUTENSE MADRID LIBRARY on 10/01/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

Geronimus transformations for matrixz biorthogonal polynomials

a third suitable framework, including the two previous ones, we need to introduce
bounded distributions. Let us consider as space of fundamental functions, the linear
space B of bounded smooth functions, i.e. with all its derivatives in L*°(R), being
the corresponding space of generalized functions B’ the bounded distributions. From
D C B we conclude that bounded distributions are distributions B’ C D’. Then, we
consider the space of fast decreasing distributions O/, given by those distributions
u € D' such that for each positive integer k, we have that (v/1+ 22)ku € B’ is a
bounded distribution. Any polynomial P(z) € Clx], with deg P = k, can be writ-

ten as P(z) = (V1 + 22)*F(x) and F(x) = \/ﬁﬂ)k € B. Therefore, given a fast

decreasing distribution u € O/, we may consider

(u, P(x)) = (V1 +22)"u, F(a))
which makes sense as (V1 + 22)ku € B, F(x) € B. Thus, O, C (C[z])’ ND’. More-
over, it can be proven that O}, € O/, see [53]. Summarizing this discussion, we have
found three generalized function spaces suitable for the discussion of polynomials
and supports simultaneously: & C O, C O, C ((C[z])) N D).

The linear functionals could have discrete and, as the corresponding Gram
matrix is required to be quasi-definite, infinite support. Then, we are faced with
discrete orthogonal polynomials, see for example [57]. Two classical examples are
those of Charlier and Meixner. For i@ > 0 we have the Charlier (or Poisson—Charlier)
linear functional

and > 0 and 0 < ¢ < 1, the Meixner linear functional is

-y 5(ﬂ+1)'~]'€!(6+k— 1)Ck5(x_k)'

k=0
See [] for matrix extensions of these discrete linear functionals and corresponding
matrix orthogonal polynomials.

Definition 13 (Hankel sesquilinear forms). Given a matrix of generalized
functions as entries

Uy, .- Ulp

5

Up,1 c.. Upyp

i.e. u;; € (Clz])’, then the associated sesquilinear form (P(x), Q(x)), is given by

(P(z),Q = Z (ui, Pig(2)Qj1(2))-

k=1
When uy,; € O, we write u € (O,)P*? and say that we have a matrix of fast decreas-
ing distributions. In this case the support is defined as supp(u) := Uffvzzl supp(ur,1)-

1950007-13



Bull. Math. Sci. 2019.09. Downloaded from www.worldscientific.com

by UNIVERSIDAD COMPLUTENSE MADRID LIBRARY on 10/01/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

G. Ariznabarreta et al.

Observe that in this Hankel case, we could also have continuous and discrete
orthogonality.

Proposition 14. In terms of the moments

(ur,g,2™) oo (upp,a™)

(up,1,2") ... (upp,a™)

the Gram matriz of the sesquilinear form given in Definition [I3] is the following
moment matrix:

mo MMy mao

myp Mz M3

G = me M3 My N )

of Hankel-type.

1.2.2. Matrices of generalized kernels and sesquilinear forms

The previous examples all have in common the same Hankel block symmetry for the
corresponding matrices. However, there are sesquilinear forms which do not have
this particular Hankel-type symmetry. Let us stop for a moment at this point, and
elaborate on bilinear and sesquilinear forms for polynomials. We first recall some
facts regarding the scalar case with p = 1, and bilinear forms instead of sesquilinear
forms. Given u, , € (Clz,y])" = (Clz,y])* = C[z, y], we can consider the continuous
bilinear form B(P(z),Q(y)) = (uz,y, P(z) ® Q(y)). This gives a continuous linear
map L, : Cly] — (C[z])’ such that B(P(z),Q(y)) = (L.(Q(y)), P(z)). The Gram
matrix of this bilinear form has coefficients Gy, = B(a*,y!) = (uy,, 2% @ ¢') =
(L, (y"), 2%). Here we follow Schwartz discussion on kernels and distributions [66],
see also [47]. A kernel u(z,y) is a complex-valued locally integrable function, that
defines an integral operator f(z) — g(z) = [u(x,y)f(y)dy. Following [67] we
denote (D), and (D), the test functions and the corresponding distributions in the
variable z, and similarly for the variable y. We extend this construction considering
a bivariate distribution in the variables z,y, uz,, € (D’)s,y, that Schwartz called
noyau-distribution, and as we use a wider range of generalized functions we will call
generalized kernel. This u, , generates a continuous bilinear form B, (¢(z),¥(y)) =
(Ugz,y, P(x) @ Y(y)). It also generates a continuous linear map £, : (D), — (D),
with ((L,(¥(Y)))z, d(x)) = (Ugy, d(x) @1Y(y)). The Schwartz kernel theorem states
that every generalized kernel u, , defines a continuous linear transformation £,
from (D), to (D’),, and to each of such continuous linear transformations we can
associate one and only one generalized kernel. According to the prolongation scheme
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developed in [66], the generalized kernel u, , is such that £, : (£), — (€'), if and
only if the support of u, , in R? is compact.”

We can extended these ideas to the matrix scenario of this paper, where instead
of bilinear forms we have sesquilinear forms.

Definition 14. Given a matrix of generalized kernels
(Uz )i - (Uagy)ip

Ug,y 1=
(Uey)pr oo (Uay)pp
with (uzy)re; € (Clz,y]) or, if a notion of support is required, (ugy)r; €

(C
(&N (Oh)zys (OL)ay pr0v1des a continuous sesquilinear form with entries
given by

M=

(P(x), Qu)ig = ) ((tay)ki, Pir(®) @ Qju(y))

k.l

1

[
M*@

(Lupi (Q51(y)), Pik()),

k,l

)

1

where L, , : Cly] — (C[z])" — or depending on the setting Ly, , : (£)y — (£')z,
Ly, (On)y — (O),, for example — is a continuous linear operator. We can con-
densate it in a matrix form, for u, , € (CP*P[z,y])" = (CP*Plz,y])* = CP*P[z,y],

a sesquilinear form is given

(P(2), QW))u = (Ua.y, P(x) @ Q(y)) = (Lu(Q(y)), P(x)),

with £, :CP*P[y] — (CP*P[z])’ a continuous linear map. Or, in other scenarios

Loz (€))7 P = (€))7 F or Ly = (Om)y)7 P — ((Of)2)"P.

If, instead of a matrix of bivariate distributions, we have a matrix of bivari-
ate measures then we could write for the sesquilinear form (P(z),Q(y)) =
[ P(z)du(z,y)(Q(y)) T, where u(z,y) is a matrix of bivariate measures.

For the scalar case p = 1, Adler and van Moerbeke discussed in [I] different
possibilities of non-Hankel Gram matrices. Their Gram matrix has as coefficients
Gy = (uhxk), for an infinite sequence of generalized functions u;, that recovers

the Hankel scenario for u; = z'u. They studied in more detail the following cases:
(i) Banded case: uj i pm = 2™ u;.

aUnderstood as a prolongation problem, see [66], §5], we have similar results if we require L, :
Op — OL or Ly : Oc — OL or any other possibility that makes sense for polynomials and
support.
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(ii) Concatenated solitons: u;(z) = 6(z — pr+1) — (Ni41)%6(2 — qrt1)-
(iii) Nested Calogero—Moser systems: u;(x) = ¢'(z — pi+1) + Ni+10(x — pr+1).
(iv) Discrete KAV soliton type: u(x) = (—1)*6® (x — p) — 6V (x + p).

We see that the three last weights are generalized functions. To compare with the
Schwartz’s approach we observe that (u, ,, 2" ® y') = (u;,2*) and, consequently,
we deduce u; = L,(y') (and for continuous kernels w;(z) = [u(x,y)y'dy). The
first case has a banded structure and its Gram matrix fulfills A"G = G(AT)™.
In [3], different examples are discussed for the matrix orthogonal polynomials, like
bigraded Hankel matrices A"G = G(AT)™, where n,m are positive integers, can
be realized as G ; = (uy, Ipxk>, in terms of matrices of linear functionals u; which
satisfy the following periodicity condition u;4,, = w;x™. Therefore, given the linear
functionals uqg, ..., u,_1 we can recover all the others.

1.2.3. Sesquilinear forms supported by the diagonal and Sobolev sesquilinear
forms

First we consider the scalar case

Definition 15. A generalized kernel u; , is supported by the diagonal y = x if

n+m
(s 8(2.)) = 3 <u<;um>, 0"z, y) >
y=x

~ oz oy™
for a locally finite sum and generalized functions ul™™ € (D'),.

Proposition 15 (Sobolev bilinear forms). The bilinear form correspond-
ing to a generalized kernel supported by the diagonal is B(é(x),¢(z)) =

dnm <u§cn’m), ™) (z)ap(™) (x)>, which is of Sobolev type.

n,m . . .
For order zero u; ) generalized functions, i.e. for a set of Borel measures

™) we have
B(o(@), (@) =3 / 6 (@)™ () dp™™ (z),

which is of Sobolev type. Thus, in the scalar case, generalized kernels supported by
the diagonal are just Sobolev bilinear forms. The extension of these ideas to the
matrix case is immediate, we only need to require to all generalized kernels to be
supported by the diagonal.

Proposition 16 (Sobolev sesquilinear forms). A matriz of generalized kernels
supported by the diagonal provides Sobolev sesquilinear forms
P
(P(). Q@i = D D (uy™. PR @)Q (@)
k,=1nm
for a locally finite sum, in the derivatives of order n,m, and of generalized functions

ud™™ € (Clz])'. All Sobolev sesquilinear forms are obtained in this form.
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For a recent review on scalar Sobolev orthogonal polynomials see [51]. Observe
that with this general framework we could consider matrix discrete Sobolev orthog-
onal polynomials, that will appear whenever the linear functionals «("™ have infi-
nite discrete support, as far as u is quasi-definite.

1.2.4. Biorthogonality, quasi-definiteness and Gauss—Borel factorization

Definition 16 (Biorthogonal matrix polynomials). Given a sesquilinear form
(-,+), two sequences of matrix polynomials {Pr[Ll] ()}, and {Pr[?] ()}, are said
to be biorthogonal with respect to (-,-) if

(i) deg(PJll] () = deg(PJlQ] (x)) =nforalln e {0,1,...},
(i) (P (2), P2 (y)) = 6, H, for all n,m € {0,1,...},

where H,, are nonsingular matrices and &,,,,, is the Kronecker delta.

Definition 17 (Quasi-definiteness). A Gram matrix of a sesquilinear form (-, -),,
is said to be quasi-definite whenever det Gy # 0, k € {0, 1,...}. Here G denotes
the truncation

G070 e GO,k’—l
Gy =
Gr—10 --- Gr—1k-1

We say that the bivariate generalized function u, , is quasi-definite and the cor-
responding sesquilinear form is nondegenerate whenever its Gram matrix is quasi-
definite.

Proposition 17 (Gauss—Borel factorization, see [[7]). If the Gram matriz of
a sesquilinear form (-,-), is quasi-definite, then there exists a unique Gauss—Borel
factorization given by

G =(S1) " H(S:)" ", (6)

where S, S are lower unitriangular block matrices and H is a diagonal block matrix

Si: . , 1=1,2 H:diag(H()aHhH?a"‘)a

with (Si)n,m and H, € CP*? ¥n,m € {0,1,...}.
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For [ > k we will also use the following bordered truncated Gram matrix:

Goo -+ Gok—
RS
Gliy = :
Gr—20 -+ Gr—2k-1
Gl70 “e Gl_’k_l

where we have replaced the last row of blocks of the truncated Gram matrix G
by the row of blocks [G} 0, ..., Gl k—1]. We also need a similar matrix but replacing
the last block column of G by a column of blocks as indicated

Goo -+ Gogr—2 Go,i

) )

Gi—10 - Gr—1k—2 | Gr-1,
Using last quasideterminants, see [27] [58] and Appendix A, we find the following.

Proposition 18. If the last quasideterminants of the truncated moment matrices
are nonsingular, i.e.

det®*(G[k})7éO, k=1,2,...,

then, the Gauss—Borel factorization can be performed and the following expressions

are fulfilled:

[ Goo Goi ... Gor-1
Gio Gii ... Gig—
Hk — 9* )
|Gr—10 Gr-11 ... Gr_1k-1
[ Goo  Goi ... Gox_1 0]
Gy Gipn ... Gig—1 0p
Gi—1io Gipn ... Gi_ig—1 O
(S1)k1 = Oy "l
G Gii ... G I
Giyi0 Giria - Grig—1 0Op
| Gko Gea oo Grr—1 Op]
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Goo Goa ... Gog—1 Gog  Goyg1 ... Gog

) )

Gio Gip ... Giuer Gig Giggr oo G

(($2)ea=0. | 1 : : : E

Gr-1,0 Gk—1,1 -+ Ge—1,4-1 Gr—11 Gr—1,041 --- Gr—1,k
0, 0, .. 0, L, 0, .. 0

and for the inverse elements [B8] the formulas
(St ks = 0.(G 1,10 (G,
_ _ T
(S5 Dkt = (0u(Gyn) 'OL(GI 1)
hold true.

We see that the matrices Hj, are quasideterminants, and following [7} 8] we refer
to them as quasi-tau matrices.

1.2.5. Biorthogonal polynomials, second kind functions and
Christoffel-Darbouz kernels

Definition 18. We define x(x) = [I,, [z, [,2%,...]T, and for @ # 0, x*(z) :=
(Lot L2 a3, .. ]T.

Remark 1. Observe that the Gram matrix can be expressed as

G = (x(), X(¥)u = (Uzy, x(x) @ x(y)) (7)

and its block entries are
Gri = <Ipxk,lpyl>u.

If the sesquilinear form derives from a matrix of bivariate measures p(z,y) =
[pi.j(x,y)] we have for the Gram matrix blocks

Gry = // M du(z,y)y,

which reduces for absolutely continuous measures with respect to the Lebesgue
measure dxdy to a matrix of weights w(z,y) = [w; ;(x,y)], and When the matrix
of generalized kernels is Hankel we recover the classical Hankel structure, and the

Gram matrix is a moment matrix. For example, for a matrix of measures we will
have Gy, = [ 2" dp(z).

Definition 19. Given a quasi-definite matrix of generalized kernels u, , and the
Gauss—Borel factorization () of its Gram matrix, the corresponding first and
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second families of matrix polynomials are

respectively.

Proposition 19 (Biorthogonality). Given a quasi-definite matriz of generalized
kernels ug y, the first and second families of monic matriz polynomials {Pr[}] (ac)}Oo

and {PE] (z)} :O:o

(PM(x), PN (y)), = 6nmHn, n,me{0,1,...}. 9)

n=0

are biorthogonal

Remark 2. The biorthogonal relations yield the orthogonality relations

<P7[L1] (x)vymlp>u = Opa <meP7Pr[L2] (y)>u = Opa me {17 RN 1}a (10)
<P[1] (), y"Ip)u = Hn, <xnIp7PT[L2} (Y)u = Hp. (11)

n

Remark 3 (Symmetric generalized kernels). If u,, = (u,.)', the Gram
matrix is symmetric G = G T and we are dealing with a Cholesky block factorization

with Sy = S5 and H = H'. Now P’ (x) = 12! (x) =: Py(z), and {P,(z)}22, is a

set of monic orthogonal matrix polynomials. In this case cll () = c? (z) =: Cyp ().

The shift matrix is the following semi-infinite block matrix:

which satisfies the spectral property
Ax(z) = zx(z).

Proposition 20. The symmetry of the block Hankel moment matriz reads

AG=GAT.
Notice that this symmetry completely characterizes Hankel block matrices.

Definition 20. The matrices J; := S1A(S1) "t and Jo := S3A(S2) ™! are the Jacobi
matrices associated with the Gram matrix G.
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The reader must notice the abuse in the notation. But for the sake of simplicity
we have used the same letter for Jacobi and Jordan matrices. The type of matrix
will be clear from the context.

Proposition 21. The biorthogonal polynomials are eigenvectors of the Jacobi
malrices

J P (z) = 2PM(2),  JPPl(z) = 2PPl(2).

and the second kind functions d la Gram satisfy
I
(H(J)"H YoM (z) = zcM(z) — Hy |Op],

IP
HT(J)TH O (z) = 2CP(z) — H) |Op

Proposition 22. For Hankel-type Gram matrices (i.e. associated with a matriz of
univariate generalized functionals) the two Jacobi matrices are related by H~1J; =
Jy H™Y being, therefore, a tridiagonal matriz. This yields the three-term relation
for biorthogonal polynomials and second kind functions, respectively.

Proposition 23. We have the following last quasideterminantal expressions:

Go,o Go,1 Gon—-1 I,
Gio Gia Gin—1 Lx
Pll(z) =0,
Gn-10 Gn-11 Gn-1n-1 Iya"?
L Gy G Gnn-1 ILx™
[ Goo Go,1 Gon—1 Gon |
Giy Gia Gipn-1 Gin
(PP)T = o.
Gn-10 Gn-11 Grn-in-1 Gn-1n
I Ly o Lyt Ly"

Definition 21 (Christoffel-Darboux kernel [15} [68]). Given two sequences
of matrix biorthogonal polynomials {Pél](x)}zozo and {P,?] (y)}72, with respect to
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the sesquilinear form (-,-),, we define the nth Christoffel-Darboux kernel matrix
polynomial

Ka(z,y) =Y (PP ()T (Hy) P (@), (12)
k=0

and the mixed Christoffel-Darboux kernel

n

K () =3 (PP W) (H) O (@),
k=0

Proposition 24. (i) For a quasi-definite matriz of generalized kernels u ,, the
corresponding Christoffel-Darbouzx kernel gives the projection operator

T

<Kn(x,z>, > chF](y>> = icjzé}z](z) ,
j=0

0<j<o0 u

< > cﬂé}”(x>,(f<n<z,y>f> =inP}”<z>. (13)
j=0

0<j<o0 u

(ii) In particular, we have
(K (z,2), Ly = 1,2, 1€{0,1,...,n}. (14)
Proposition 25 (Christoffel-Darboux formula). When the sesquilinear form

is Hankel (now w is a matriz of univariate generalized functions with its Gram
matriz of block Hankel-type) the Christoffel-Darbouz kernel satisfies

(@ = y)Kn(e,y) = (PP )T (Ha) " Pl (@) = (B )T () PP (@),
and the mized Christoffel-Darboux kernel fulfills

(@ — ) K (2,y) = (PP () TH, 'O () — (PPL () T H ' OW (@) + 1,

Proof. We only prove the second formula, for the first one proceeds similarly. It is
obviously a consequence of the three-term relation. First, let us notice that

IP
Ty H ' CW(@) = a1 CW () — |Op |, (PPI(y) "I B = y(PPI(y) TH .
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Second, we have

_ o o0 1
[J3 H™ Y
0 0
JyH ! = H' 0
0 0 H!
0 0 0 .

Using this, we calculate the (P[m W) "Iy H Yy C[[rlj (x), first by computing the

n]

action of middle matrix on its left and then on its right to get
2K\ @y y) = (P () TH, O ) — Py
=y, (@) — (PR ) H, 'O (@),

and since Py = I, the proposition is proven. O

Next, we deal with the fact that our definition of second kind functions implies
non-admissible products and do involve series.

Definition 22. For the support of the matrix of generalized kernels supp(ug. ) C
C? we consider the action of the component projections 7,72 :C? — C on its
first and second variables, (z,y) /> x, (z,y) /> y, respectively, and introduce the
projected supports supp, (u) := m1(supp(uz,y)) and supp,(u) = m2(supp(uz,y)),
both subsets of C. We will assume that r, := sup{|z| : z € supp, u} < oo and
ry = sup{|z| : z € supp,u} < oo We also consider the disks about infinity, or
annulus around the origin, D, :={z € C: [z| > r;} and D, :={z € C: |z| > ry}.

Definition 23 (Second kind functions & la Cauchy). For a generalized kernel
it is such that ug , € ((OL)z,y)?*? we define two families of second kind functions
4 la Cauchy given by

Ip
z2=Y

(RN = (25 PEW) o = (),

> . = ¢ supplu),
u Y

2. Matrix Geronimus Transformations

Geronimus transformations for scalar orthogonal polynomials were first discussed
in [35], where some determinantal formulas were found, see [55, [73]. Geronimus
perturbations of degree two of scalar bilinear forms have been very recently treated
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in and in the general case in [16]. Here we discuss its matrix extension for
general sesquilinear forms.

Definition 24. Given a matrix of generalized kernels u;, = ((tsy)ij) €
((OL)zy)P*P with a given support suppus,, and a matrix polynomial
W (y) € CP*P[y] of degree N, such that (W (y)) Nsupp,, (u) = &, a matrix of bivari-
ate generalized functions . , is said to be a matrix Geronimus transformation of
the matrix of generalized kernels u, , if

Uy W (y) = Uar - (15)
Proposition 26. In terms of sesquilinear forms a Geronimus transformation
Sulfills
(P@), Q)W () )a = (P(2), QW)
while, in terms of the corresponding Gram matrices, satisfies
GW(AT) =G.

We will assume that the perturbed moment matrix has a Gauss—Borel factor-
ization G = Sy H(S2)~ T, where Sy, Sy are lower unitriangular block matrices and
H is a diagonal block matrix

I 0p 0p

(S I, 0,
Si=1 . 3 |, i=1,2, H =diag(Ho, Hy, Ho,...).
(Si)2,0 (Si)2n Ip -

Hence, the Geronimus transformation provides the family of matrix biorthogonal
polynomials

Pl(z) = §1x(z), PP(y) = Sox(y),

with respect to the perturbed sesquilinear form (-, ).

Observe that the matrix generalized kernels v, ,, such that v, , W (y) = 0, can be
added to a Geronimus transformed matrix of generalized kernels g,y — Uy y + Vs, y,
to get a new Geronimus transformed matrix of generalized kernels. We call masses
these type of terms.

2.1. The resolvent and connection formulas

Definition 25. The resolvent matrix is
w = Sl(Sl)il. (16)
The key role of this resolvent matrix is determined by the following properties.
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Proposition 27. (i) The resolvent matriz can be also expressed as
w=H(S) TWAT)(S) H, (17)
where the products in the right-hand side are associative.

(ii) The resolvent matriz is a lower unitriangular block banded matrix — with only
the first N block subdiagonals possibly not zero, i.e.

L, 0, .. 0, 0
w1,0 Ip . Op Op
w =
WN.0 WN,1 PN Ip Op
0, wnNt11 - wNnyi,N D

(iii) The following connection formulas are satisfied
Pll(z) = wPl(z), (18)
(F~'wH) " PP(y) = PEGW T (y). (19)
(iv) For the last subdiagonal of the resolvent we have
WNik e = HyixAn (Hg) ™t (20)

Proof. (i) From Proposition 28 and the Gauss-Borel factorization of G' and G
we get

(S1)THH(S2)™ " = ((S1) T H(S2)” )W(AT),

so that

T

S1(S1)"'H = H(S2)” W(AT)(S2)".

(ii) The resolvent matrix, being a product of lower unitriangular matrices, is a
lower unitriangular matrix. However, from ([[7) we deduce that it is a matrix
with all its subdiagonals with zero coefficients but for the first N. Thus, it
must have the described band structure.

(i) From the definition we have (I8). Let us notice that (1) can be written as

w H T =H TS WT(A)(Sy)7L,
so that
Wl H™TPP(y) = H-TS;W T (A)x(y),
and ([IT) follows.
(iv) It is a consequence of (IT). m|
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The connection formulas (I8) and () can be written as

PM(z) = PlM(z) + ni wn i P (), (21)
k=n—N
T n+N T
W () (PR ()T (Ha) ™ = (PP(y)) () + > (PP ) () wrm (22)
k=n-+1
Lemma 3. We have that
B(x(z))(n
W(AT)X*(x) = x*(z)W (z) — O , (23)

with B given in Definition [0

Proposition 28. The Geronimus transformation of the second kind functions sat-
isfies

(H(S2)™ ") B(x(2))in

CH (@)W (x) — Op = wCM(a), (24)
(C(@) "B w = (CP)(z)) TH. (25)
Proof. To get ([24) we argue as follows
- - L . 1,
(1] _ My = p _ P
W () —wCM(e) = (Ale) 722 ) W= (Pl 20
use ([I8) and (IH)
z—y a
But, we have
Wiz — W N _,N N-1_ ,N—1
(z) (y):]pz Yy +AN71#+'“+A1
2=y 2=y 2=y

= Ithfl(Zﬁl/) + AN*th—Q(Z,y) + - + Al

so that

CUEW () - wCH(:) = $1lxa) x(ua [ PG

= $,G [B(X(Ox))N}
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and using the Gauss-Borel factorization the result follows. For (28) we have
(CPNa)TH  w — (CPl () TH

I, - - I -
:<+”,P[2]<y>> H 1w—<+",P[2]<y>> a7
zZ—X - z xT ”

I w1 AT I _
= < L (') Pm<y>> - <—pH TPP](y>>
z—x “ z—x "
(L mTPEG W) T - (5T PE)
z—z’ “ z—z’ "
=0 O
Observe that the corresponding entries are
T n+N
(C2(y)) () = (CP ()" + > (Hp) 'wog- (26)
k=n-+1

2.2. Geronimus transformations and Christoffel-Darboux kernels

Definition 26. The resolvent wing is the matrix

(Wnn-nN oo ... Wnon—1
Op NpxXNp
eC , n>N,

L Op Op Wn+N—-1,n—1

Wn,0 [ Wnon—1

Qfn] =
WN,0 WN,n—1
€ CNpxnp < N.
0p
L Op o Op wngnN—1n—1]

Theorem 1. For m = min(n, N), the perturbed and original Christoffel-Darbouz
kernels are related by the following connection formula:

Ky1(z,y) = W) Kp_1(z,y) — [(Pr[?} (y))THrjly . (P7£,2—0]—N (Y )) H;—Q—N 1
Py (x)
x Q[n] : : (27)
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For n > N, the connection formula for the mized Christoffel-Darbouz kernels is

KX ()W () = W) KE) (2,y) — (PR @) 7
i (@)

PPy @) Al ]0m | 1 [+ V), (28)
cll ()

where V(z,y) was introduced in Definition [T1].

Proof. For the first connection formula (27) we consider the pairing

P(@)

(anl)_l]w[n] )

Koo (z,y) == [(PP ) (Ho) . (PP ()

and compute it in two different ways. From 2I]) we get

P () ()

and, therefore, ICp,—1(z,y) = K, —1(x,y). Relation [22)) leads to

Knoi1(z,y) = Wy Ko (z,9) - [(PP(y) " (H) ..,

PY (2)

and (Z7) is proven.
To derive (28) we consider the pairing
@)
. - T, . T _
K ) = (B ) () (B ) T () e :
(@)
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which, as before, can be computed in two different forms. On the one hand, using

24) we get

X(H(S2) ") B ),

where (FI (5'2) :r) (n.N] is the truncation to the first n block rows and first N block

columns of H(SQ)_T. This simplifies for n > N to

K5 (@, y) = K (2, )W (2) — (x()in)  Bx(@))a-

On the other hand, from (22) we conclude

K (2, y) = W) KX (2.y) - [(PP () (H) .,

and, consequently, we obtain

) (e, )W () = W (y) KP) (2,9) — [(B2 () " ()7,
C’I[LllN(x)
(Pr[?—i]-N—l(y))T(Hn—O—N—l)7 12[n] :
ol ()
+ () ) " Bx(@) 0
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2.3. Spectral jets and relations for the perturbed polynomials and
its second kind functions

For the time being we will assume that the perturbing polynomial is monic, W (z) =

LaN + Y0 Agak e Crepa).

Definition 27. Given a perturbing monic matrix polynomial W (y) the most gen-
eral mass term will have the form

e 1

vy = 3050 T EV el a5y — i), (20)

a=1j=1 m=0

expressed in terms of derivatives of Dirac linear functionals and adapted left root
polynomials l§a)(x) of W(xz), and for vectors of generalized functions (fj[ajn)m €

(((C[x])’ )p . Discrete Hankel masses appear when these terms are supported by the
diagonal with

O

TS e e o), (30)

a=1j=1 m=0
with €% € CP.

Remark 4. Observe that the Hankel masses (30) are particular cases of (29) with

[a] m
eSS mE S (1)8 e - 2) 0 60 - 20,

a=1j=1 m=0 k=0
so that, with the particular choice in (29),

(a)
K —1-k

€D, = Y (1 >§“‘+"6<"< _ za),

n=0

we get the diagonal case.

Remark 5. For the sesquilinear forms we have

(P(2),QW))a = (P(x), Q)W ()™ u

(“) —1

ST (P (€)= (0 @) )

a=1j=1 m=0

Observe that the distribution v, , is associated with the eigenvalues and left root
vectors of the perturbing polynomial W (x). Needless to say that, when W (x) has
a singular leading coefficient, this spectral part could even disappear, for example
if W(z) is unimodular; i.e. with constant determinant, not depending on x. Notice
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that, in general, we have Np > >°9_ S5, Ii ) and we cannot ensure the equality,
up to the nonsingular leading coefficient case

Definition 28. Given a set of generalized functions (§ L] m )z, we introduce the matri-
ces

(PI(2), (€1)0) = [(PM(a), (19) ). (P (@), (fi“ﬂ) b

(PlU(), (1)) == (P (@), ( Fbw%<P“Mxx<é“)>» :
(P(2), (€l2)),)] € Crxae
(P(), (€)a) = [(PRI(@), (€M), ), (PP (@), (€),), .,
(Bll(2), (€lY),)] e coxive
Definition 29. The exchange matrix is
0 0 ... 0 1]
00 ... 10
@ = | : e R xmi®
o1 ... 00
1 0 ... 0 0]

Definition 30. The left Jordan chain matrix is given by

I PP AR
Op 1Y 1% .. li‘fm)_Q
L= |01xp Oixp 18 ... z“”m | ecHes
_le;; OlXp lz%) J
For z # x,, we also introduce the p X p matrices
Ip
(z—xa)"ga)
Cri)(2) = (P(@), (&) m P (31)
Ip
Z— T4

where i =1,...,5,.
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Remark 6. Assume that the mass matrix is as in (30). Then, in terms of

fii]cﬁa)—l 55—15“)—2 55—15“)—3 510
Opx1 5;25@_1 5;115@_2 fz[fll
a a a (D) s e (@)
XY= O Opa €9, feem T (32
I Opx1 Opx1 fl[jliga>_1_
we can write
(PP (@), (Ea)n® = T (@a) X (33)
Consequently,
IP
5(a) 0) (@ play | T :
C’I’Lal(z) = «7}511] (za) X, L :
IP

Observe that Xi(a)ﬁl(-a) e CPi e s a block upper triangular matrix, with blocks
in CP*P,

Proposition 29. For z ¢ supp, (i) = supp,(u) Ua(W(y)), the following expres-
sion

holds.

Proof. We have

= (PP ) Y S (R ().

a (m)
( 1 ><x>>
X | —2—= .
m! z—x
Now, taking into account that

m) m—k
19w f: z<“> LiC R
m! z—x Pt (2 — gkt

T=T,

we deduce the result. 0O
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(z) be right root polynomials of the monic matriz polynomial

I,
(2 — za)™"”
£y W (z)r{® (z)
Ip
L -z, A
—- 1 -
(x — xa)"gu)
: (a) (a) @ ()
= : LY (@)W(x)r 7 (z) + (x —20)% T(x), T(x)eC% [x].
1
L z—2,
Proof. Notice that we can write
_ i _
(= zq)™”
(a) (a)
L; : W (z)r;" (z)
Ip
T — T4
meoondouy o e | rop T
Oup 15 LY e, | [ @)
= [0 Ouop Uy %, W (a)ri®) (z)
; I,
OlXp lep ZE%) L T —Zq _
1 ()
(x — xa)"gu)
1 (@) @ "
= (x — J:a)"ia)_l i -1 W(x)rja (z)
@) (a) ) g
|z —z, _lm _"'_li’,‘.gwfl(x_xa) ! | O
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Lemma 5. The function éflaz (x)W(x)rlgb) (x) € CP[z] satisfies

)

(a) (a)
(x — xa)ﬁmax(i,j)i’%i
~[1 a a . a
(P (), (€1), )@ : wi ()
5(a b a
Cl (@)W (@) () = (2 — 20 i

+(x — xa)'ﬁga)T(“’“)(x) if a =b,

(x— xb)'“;'b)T(a’b) () ifa#b,
(34)

where the CP-valued function T(“’b)(x) is analytic at * = xp and, in particular,
T(@9)(z) € CP[x].

Proof. First, for the function (fr(:ll) (x)W(x)r§b) (x) € CP[z], with a # b, we have

— Ip —
(x — xa)ﬂga)
CO @)W (@)r® (@) = (PN (@), (L)), n(@ £l : W (@) (@)
IP
L rx—z,

= (z—x)" TED(z),

where the CP-valued function 7% (z) is analytic at = x;. Second, from (F) and
Lemma Ml we deduce that

IP
(x — xa)"ia)
CL (@)W ()l (@) = (B (x), (1), )n{™ £ : W ()i (z)
IP
L -2 A
IP
(CU - xa)ﬁga)
= (PV(x), (el ynt® : L (@)W ()l ()
IP
L €T — Tg J

PO a a a,a
+(x—2)" (M (@), (€))7 (),
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for some T (z) € CP[x]. Therefore, from Proposition [T we get
(x— aca)'“f§;x<i,.7> —ry™

) @)W (@)r{® () = (P (@), (€)a )
(x — xa)"ga)xu,.n’l

(a) (a) (a)
X\w; ;. w; ;4\ —X w
(o + w5 (@ = @a) bt WS s

X (z—w4)" K TN = 2)

+ (@ — 2a)™ (P (@), (€))7 (),

and the result follows. O

We evaluate now the spectral jets of the second kind functions C'(z) 4 la
Cauchy, thus we must take limits of derivatives precisely in points of the spec-
trum of W (z), which do not lay in the region of definition but on the border of
it. Notice that these operations are not available for the second kind functions
4 la Gram.

Lemma 6. Form=0,..., m§a) — 1, the following relations hold:
- @M _ NS (g5la @)y (m)
(CHEW (2)r{ () =3 (LW () (). (35)

1=

(m)

1, a

y > W ’<z>)
Z2=Y ) aw— Tq

q

+ 35 @ )

b=1 i=1
But, as o(W(y)) Nsupp,(u) = &, the derivatives of the Cauchy kernel 1/(z — y)
are analytic functions at z = z,. Therefore,

<<P£”($)a Zlfpy>uw_l W (z)ri® (z))im) = <P7[LH (@), (%) (m)>uw_1

a Tq

) <P£” @3 () )

Proof. For z ¢ supp,,(u) Uo(W(y)), a consequence of Proposition 29 is that

1
(CI W () (2)) ™ = <P,£ﬂ<x>,

a
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for m =0, . ( ) 1. Equatlon (B4) shows that C,(Lbz(x)W(x)rga) (z) for b # a has

a zero at z =z, of order nj amd7 consequently,

CO @)W (@)l (@)™ =0, b#a,

form:07...,/$§a)—1. O

Definition 31. Given the functlonb w( @)

()
’l

;1 introduced in Proposition M, let us

introduce the matrix Wj(i) e’

r w® @ (a) )
PRI w
wy ,7;0 w; 751 ik ( )1
(a) (a)
Op Wiy - W G
@ | iyt =2 P>
7]7 m§.“)><(f€§“),m§“)) . . . ) =7
(a)
Op 0p W; 5.0
w(a) (a) _(a) w(a) (a) __(a) w@ (a)
W(a) — b5k =k b5k, =R +1 i,y =1
i
(a) (a) o (a)
(@) Wi 5:0 Wi 51 w, P .
773 T 9 1 g ]7
0 w'®
D 4,550
(a)
L 0p Op Wi o

and the matrix W( 9 ¢ Cr” e given by

W= T ]
We also consider the matrices W(®) € C¥*® and W € CNP*Np
wi
W@ = [ W=diagWW, ... W), (36)
%
Proposition 30. The following relations among the spectral jets, introduced in
Definition B, of the perturbed polynomials and second kind functions

T Iy () Z T T ey (@) = Y Te, w(a), (37)
=1
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T ) = (BU), €W Te, (e = (B @), (€)Wl

T ety (wa) = (P (@), D)W, T ey, = (B (@), (€)W, (39)

are satisfied.

Proof. Equation (37) is a direct consequence of (34)). According to ([B4) for m =

0,..., ;a)—l,wehave

()W ()l ()"

(a)

(@ m
(& = )™ ) () )

= (BM (@), (), )n' : :
(0 = o)~ ) (@)

La

and collecting all these equations in a matrix form we get ([B8). Finally, we notice
that from B7) and (B8) we deduce

Sa

T (@) = D (B (@), (€ ) Wi
=1

Sa

JC,[}]W(xa) = Z <pr[zl](x)a (fz[a})$>wi(a)'

i=1
Now, using (36) we can write the second equation as

Sa

jcgl]w(xa) = Z <pT[L1] (J)), (fz[a])r>wz(a)

i=1

P (), (¢le)), Y@,
= (B (@), (€)W

A similar argument leads to the second relation in (39). O

Definition 32. For the Hankel masses, we also consider the matrices ’];(a) €

Cprixea T(@) ¢ CPaaxaa and T € CNP*XNP given by

7@ — y@p@ @

7@
L, T = diag(TW, .., TW).
7@

7@ =
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2.4. Spectral Christoffel-Geronimus formulas

Proposition 31. Ifn > N, the matriz coefficients of the connection matriz satisfy

[Wn,n—Ny ey wn,n—l}

=~ (Top = (P @), ()W)

Proof. From the connection formula (24)), for n > N

(@)W () = Z wa kOl () + O (@),
k=n—N
and we conclude that
T,
JcLl]W = [Wnn-Ns- - s Wnn1] + ‘707[11].
T,

Similarly, using Eq. 1), we get

(P (), (€)a)WV

= (W Wnn—1] : + (PM(), (€)s )WV (40)

Now, from ([B9) we deduce

T
[wn,ana ceey wn,nfl} + jcg]
T,
= [wn,ana . wn,nfl} + <PT[L1](£U)7 (5) >W7
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that is to say

[wn,n7N7 v 7wn,n71} .
T = Py (@), (a)W
= —(Tom — (PN (@), (&)a)W). O

n

Remark 7. In the next results, the jets of the Christoffel-Darboux kernels are
considered with respect to the first variable x, and we treat the y-variable as a
parameter.

Theorem 2 (Spectral Christoffel-Geronimus formulas). When n > N, for
monic Geronimus perturbations, with masses as described in @29), we have the
following last quasideterminantal expressions for the perturbed biorthogonal matriz
polynomials and its matrix norms:

(T e = (P (@), €W Pl (@)
w—e.| 57
T o — (P (@), €. Pl()
[ T (P @), (@)W Haox
i o, |l — (P (@), a0, |
T o = (Bl(@), (€)W 0,
_ Ten — (P (@), (@)W .
T~ (Pl iae) €)W 0,
(PP )" = e, '
T o, = (Paly(@), (€)W 0,
W) (T ey (1) = (K (@.9), (€a)WV) + Tv(y) 0y |

Proof. First, we consider the expressions for piY (z) and H,. Using relation (2I)
we have
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from Proposition BIl we obtain
P (z) = PM(z) = (T oo — (P (), (€)a)WV)

T, —(PL@L O] [P (@)

and the result follows. To get the transformation for the H’s we proceed as follows.
From (20) we deduce

Hn = wn,n—NHn—N~ (41)

But, according to Proposition BI] we have

T~ (@), ©aw] ép
wnn-n = =(T o = (P (), (©))WV) b
Tep, (B @ ]|
p
Hence,
H,_
ch[LN <P7E1,]N(x)7(§)m>w . O N
Hy = =(F o = (P (@), (©)2)W) b
p

We now prove the result for (P,[LQ} (y))". On one hand, according to Definition T2
we rewrite (28) as

|
-

n

(PP(y)) T H O @)W (2) = W (y) KP) (2, y)

B
Il

0
—[(PPw) L (PR ) ]
Cr[LllN(x)
x Q[n] +V(z,y).
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Therefore, the corresponding spectral jets do satisfy

i
L

(PP W) H' T iy = WT 0 (0)

x>
Il

0

Tl
x Qn] +Iv(y),
T
and, recalling ([B9)), we conclude that
n—1
. T o 4,
> (P w) R @), (9w
k=0

On the other hand, from (27) we realize that
n—1
. T o
> (Bw) i (R @), ©)W
k=0

= W(y)<Kn71(xv y)7 (f)m>W
~[(PEw) it (PR ) T )00 : ,

which can be subtracted to (2] to get

W) (T o) (1) = (K1 (2,9), (©))W) + Tw(y)
= [(P2w) Hy o (P ) Ty ]
T e~ (Pl (@), (©e)W
x Q[n] :

T e — (P (), (€)W

]
n—1
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Hence, we obtain the formula
(PP @) H e (PRI ) Hyl 9]
= (WWT jeoe) () = (Kn1(2,9), ()W) + Tv(v))

X : . (43)

Now, for n > N, from Definition Bf and the fact that w,, y = H, (Hn_N)_l,

we get

(P )" = (WW(T oo () = (Kn1(2,9), (€)e)W)

-1 [H,_
T, = (Pln@. @] |70 "
. P
+Tv(y)) : ;
Tom — (P (), ()x)WW
n—1 Op
and the result follows. O

2.5. Nomnspectral Christoffel-Geronimus formulas

We now present an alternative orthogonality relations approach for the derivation of
Christoffel-type formulas, that avoids the use of the second kind functions and of the
spectral structure of the perturbing polynomial. A key feature of these results is that
they hold even for perturbing matrix polynomials with singular leading coefficient.

Definition 33. For a given perturbed matrix of generalized kernels i, =
Uy (W (y)) ™ + vy, with v, , W (y) = 0,, we define a semi-infinite block matrix

= (PU(@), x(®) s + (PY (). x(0)),

Remark 8. Its blocks are R,; = ( r[Ll](x),Ipyl>ﬂ € CP*P. Observe that for a
Geronimus perturbation of a Borel measure du(z,y), with general masses as in

@9) we have
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that, when the masses are discrete and supported by the diagonal y = x, reduces to

(a)
Ky —1
94 Se (m)

Roa = [ PR@dua) W)™ + 33 3 — (Pl@ele 1 @)

a=1i=1 m=0 Ta

Proposition 32. The following relations hold true:

R=85,G, (44)
wR=H (%) ', (45)
RW(AT) = H(Sy) . (46)

Proof. (#4) follows from Definition B3 Indeed,
R = (PM(2),x(y))a

= S1{x(z), x(y))a-

To deduce (45) we recall ([I6), (44), and the Gauss factorization of the perturbed

matrix of moments

Finally, to get (HG), we use ([7) together with (4H), which implies w =
wRW(AT)(S2)TH™, and as the resolvent it is unitriangular with a unique inverse
matrix [14], we obtain the result. O

From (D) it immediately follows that

Proposition 33. The matriz R fulfills

0p, 1€{0,...,n—1},
wmmz{p

H,, n=I.
Roo ... Ron-1
Proposition 34. The matriz l ] 18 nonsingular.

Rn_10 - Rn_1n-1

Proof. From (@) we conclude for the corresponding truncations that Rp,) =
(Sl)[n}é[n} is nonsingular, as we are assuming, to ensure the orthogonality, that
G[n] is nonsingular for all n € {1,2,...}. O
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Definition 34. Let us introduce the polynomials 7, (z) € CP*P[z], 1 € {0,...,n—
1}, given by
i (2) 1 = (W (2) Knoa (@, 2), Ipy'ha — 2!
= <W(3)Kn—1(xa Z)a Ipyl>uW*1 + <W(Z)Kn_1($, Z)a Ipyl>v - Ipzl-

Proposition 35. Forle {0,1,...,n— 1} and m = min(n, N) we have
Rn—m,l

K (2) = (PR )T ()™ (B2 y ()T (Haeain) 71 Qn)
Rn—l,l

Proof. It follows from (Z1), Definition B3] and (4. m|

Definition 35. For n > N, given the matrix

Ro-nNo .. Rp—nNn—1

Npxn
€ CPrne,

Ro_10 ... Rp—in-

we construct a submatrix of it by selecting Np columns among all the np columns.
For that aim, we use indexes (i,a) labeling the columns, where ¢ runs through
{0,...,n—1} and indicates the block, and a € {1, ..., p} denotes the corresponding
column in that block; i.e. (¢,a) is an index selecting the ath column of the i-block.
Given a set of N different couples I = {(i,,a,)}_;, with a lexicographic ordering,
we define the corresponding square submatrix RE = [‘(il,a1)7 . )]. Here
C(i,,a,) denotes the a,th column of the matrix

ey C(in,aNp

RN,

Ri_14,
The set of indexes I is said to be poised if RE is nonsingular. We also use the
notation where 5 := [C(ir,a1)s -+ > Clinprany))- Here € 4,y denotes the a,th column

K
n

of the matrix R, ;,. Given a poised set of indexes we define (7 (y))" as the matrix

built up by taking from the matrices 7",15 i (y) the columns a,..

Lemma 7. Forn > N, there exists at least a poised set.

Proof. For n > N, we consider the rectangular block matrix
Rn—N,O B Rn—N,n—l

c (CNanp.
R,10 ... Rp_1na
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As the truncation Ry, is nonsingular, this matrix is full rank, i.e. all its Np rows
are linearly independent. Thus, there must be Np independent columns and the
desired result follows. |

Lemma 8. Whenever the leading coefficient An of the perturbing polynomial W (y)
is monsingular, we can decompose any monomial I,y' as

Ly' = ay)W©)" + 6i(y),
where ay(y), Bi(y) = Bro+ -+ Bn—1yN 1 € CP*Ply], with degay(y) <1 — N.

Proposition 36. Let us assume that the matriz polynomial W (y) = Axy™N +---+
Ao has a nonsingular leading coefficient and n > N. Then, the set {0,1,...,N —1}
is poised.

Proof. From Proposition B3] we deduce

Ro_ny
[wn,n,m ... ,wn,n,l] : =—-R,,,
Rn_1;
for 1 € {0,1,...,n — 1}. In particular, the resolvent vector [wp n—n,...,Wn n—1] I8
a solution of the linear system
Ry_No ... Rp_NnnN-1
[Whn—N - -+ s Wn,n—1] : : = —[Rno, s Ron_1].  (47)
Ro 10 ... Ruin-aa

We will show now that this is the unique solution to this linear system. Let
us proceed by contradiction and assume that there is another solution, say
[@Onn—N,---,@nn-1]. Consider then the monic matrix polynomial

Po(x) = P () + Gpna1 P (@) + -+ B P g ().
Because [@pn—n, - -, @n,n—1] solves ([I7) we know that
(Po(x), Iy = 0,, 1€{0,...,N—1}.
Lemma [§ implies the following relations for deg oy (y) < m:
(PM(@), Iy'), = (PR (@), cu(y))aw + (P (), Bu(y)),,
= (PM(@),au(y)), + (P(z), Bi(v)),
= (PR(), B(y)) -
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But deg o (y) < I— N, so that the previous equation will hold at least for [— N < m;

i.e. I <m + N. Consequently, for [ € {0,...,n — 1}, we find

<]5n(33)a Ipyl>ﬂ = PT[Ll] (@), Ipyl>ﬁ + a’n,n—1<Pr[L1—}1(x)7 Ipyl>ﬁ +o

+ ‘:’n,n—N<P7[L1_]N(y)a Ipyl>ﬁ

= (P(2), Bi(¥))a + Dnp—r (P (2), Bi(y)), + -

+ @ NP (@), Bi())a

N-1

k=

o

D-

Therefore, from the uniqueness of the biorthogonal families, we deduce P, (z)

pl (x), and, recalling (ZI)), there is a unique solution of (BZ). Thus,

Ry-nNo ... Rp—nn—1
Ry 10 .. Rpin
is nonsingular, and I = {0,..., N — 1} is a poised set.

Proposition 37. Forn > N, given a poised set, which always exists, we have

[wn,an7 CIa 7wn,nfl] = _TE(RE)il‘

Proof. It follows from Proposition [33]

Z (Rn,k + CDn,n—ll'%n—l,k' + -+ CDn,n—N}%n—N,k) (ﬂl,k)T

O

Theorem 3 (Non-spectral Christoffel-Geronimus formulas). Given a
matriz  Geronimus transformation the corresponding perturbed polynomials,
{P,[Ll] (x)}22, and {]57[12] (¥)}o%,, and matriz norms {H,}%, can be expressed as

n=0»

follows. For n > N,
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and two alternative expressions

Pr[Ll] (z) = [wn,n—ma e awn,n—l] + PT[Ll](x)’

1
B (@)
and from Proposition 33 we deduce

Rn—m,n

Hn = [wn,nfnu cee 7wn,n71] + Rn,n7
Rnfl,n
and use (EI). Then, recalling Proposition [37 we obtain the desired formulas for

]57[11](96) and H,.
For n > N, we have

() = (PP @) (H) ™ (B 0) T (Haeen) Q)| 2,

so that
K )P (R = (PR )T () (P2 )T (Hamren) 1] Qn).
In particular, recalling (Z0)), we deduce that

anN
Op
(PP ) An = (rf ()2 (B) ™ R H
0p
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2.6. Spectral versus nonspectral

Definition 36. We introduce the truncation given by taking only the first N
columns of a given semi-infinite matrix

Roo Rop ... Ron-1
RN .— [Rio Rop ... Rino1

Then, we can connect the spectral methods and the nonspectral techniques as
follows

Proposition 38. The following relation takes place

T o — (PM (), (©)2)W = —~RMBQ.

Proof. From (24) we deduce that

Taking the corresponding root spectral jets, we obtain

BQ
T emw — f{(SQ)_T Op | =wT o,

that, together with (B9), gives

BQ
(T o — (PU (@), (€)a)W) = —H(S52) " | O

Now, relation (@) implies
(T em — (PM (@), (©)=)W + RYVBQ) = 0.

But, given that w is a lower unitriangular matrix, and therefore with an inverse, see
[14], the unique solution to wX = 0, where X is a semi-infinite matrix, is X = 0.
O
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We now discuss an important fact, which ensures that the spectral Christoffel-
Geronimus formulas presented in previous sections make sense.

Corollary 1. If the leading coefficient Ay is nonsingular and n > N, then

T = (B (@), ()W

s monsingular.

Proof. From Proposition B8] one deduces the following formula:

T e~ (Pl (@) (©a)W Ro-no - Ru-nn-i
. - L |Ba @s)
T o~ (P @), ©n)W Riro - Raoine
Now, Proposition 36l and Lemma [2] lead to the result. |

We stress at this point that ([@8]) connects the spectral and the nonspectral
methods. Moreover, when we border with a further block row we obtain

jc[U_N - <P7[L1—]N($): (©)a)WV Ro-No ... Rp_nnN-1
: =- : : BQ.
T e — (P (@), (€)W R,o ... Run-1

2.7. Applications
2.7.1. Unimodular Christoffel perturbations and nonspectral techniques

The spectral methods apply to those Geronimus transformations with a perturb-
ing polynomial W (y) having a nonsingular leading coefficient Ay. This was also
the case for the techniques developed in [2] for matrix Christoffel transformations,
where the perturbing polynomial had a nonsingular leading coefficient. However,
we have shown that despite we can extend the use of the spectral techniques to the
study of matrix Geronimus transformations, we also have a nonspectral approach
applicable even for singular leading coefficients. For example, some cases that have
appeared several times in the literature — see [21] — are unimodular perturbations
and, consequently, with W (y) having a singular leading coefficient. In this case, we
have that (W (y))~! is a matrix polynomial, and we can consider the Geronimus
transformation associated with the matrix polynomial (W (y))~* — as the spectrum
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is empty o(W(y)) = &, no masses appear — as a Christoffel transformation with
perturbing matrix polynomial W (y) of the original matrix of generalized kernels

sy = gy (W () ) ™"

We can apply Theorem [3 with

R=(PU(@),x¥)) s Rus=(P(@), Ly"),,, € CP*P.

= ey W(y). (49)

For example, when the matrix of generalized kernels is a matrix of measures u, we
can write

Rm=/RmewwW@¢

Here W (x) is a Christoffel perturbation and deg((W (z))~!) gives you the num-
ber of original orthogonal polynomials required for the Christoffel-type formula.
Theorem Bl can be nicely applied to get ]57[11](36) and H,. However, it only gives
Christoffel-Geronimus formulas for (P,[LZJ (y))T Ay and given that Ay is singular, we
only partially recover Pr[f (y). This problem disappears whenever we have symmet-
ric generalized kernels u,,, = (uy )", see Remark [3, as then piY (x) = p? () =:
P, (x) and biorthogonality collapses to orthogonality of { P, (z)}5°,. From (@), we
need to require

Uay W (y) = (W(@) " (ty0) "

that when the initial matrix of kernels is itself symmetric u, , = (uy,)" reads

gy, W(y) = (W(z))Tuy,,. Now, if we are dealing with Hankel matrices of gener-

alized kernels ug , = ug, we find uy , W(z) = (W(x))—'—u$$7 that for the scalar

case reads ug ; = ugl, with ug a generalized function we need W(z) to be a sym-

metric matrix polynomial. For this scenario, if {p,(x)}22, denotes the set of monic

orthogonal polynomials associated with ug, we have R, ; = (ug, p,(z)W (z)2).
For example, if we take p = 2, with the unimodular perturbation given by

(A2)112% + (A1)112 + (Ao)11 (A2)122% + (A1)122 + (Ao)12

)

W(z) =
(A2)122% + (A1)122 + (Ao)12  (A2)2.22% + (A1)222 + (Ag)2.2

we have, that the inverse is the following matrix polynomial:

W)™ = det VlV(x)

» (A2)2,2$2+(A1)2,2$ + (A0)2,2 —(A2)1,2332 — (A1)1,27 — (Ao)1,2
—(A2)102% — (A1)122 — (Ao)12  (A2)1122 + (A1) 112+ (Ao)1a

b

where det W (x) is a constant, and the inverse has also degree 2. Therefore, for n €
{2,3,...}, we have the following expressions for the perturbed matrix orthogonal
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polynomials
(ug, pr—2(2)7* (A2a® + A1z + Ag))
P,(z) = O, {(ug, pp_1(z)z* (A2 + Ay x))
(uo, pn ()2 A2a?)
Jz! (A2a? + Arz + Ag))  pn—2(2)
(ug, pn—1(x)z' (Ag2® + A1z + Ao))  pn_1(2)
(uo, pu(w)a! (Az2” + Ay ) pn(@)1p

(w0, pn—2(x )1,
Iy

T

)

and the corresponding matrix norms or quasi-tau matrices are
(w0, pr—s ()2 (A2a® + A1z + Ao)) (0, pp—2(w)a' (A22” + A1z + Ao))
H, =0, (ug, pn_1(x)z*(Asz? + Ay 1)) (g, pn—1(z)z! (A2 + A1z + Ap))
(w0, pn(2)2* Azz?) (ug, pn(2)z! (A22® + Arz))

(uo, pn—2(z)z™ (A22? + A1z + Ao))
<u0,Pn71($)$”(A2x2 + A1z + Ao))
(ug, pn ()™ (A22? + Ay + Ag))

Here the natural numbers k£ and [ satisfy 0 < k < [ < n — 1 and are among
those (we know that they do exist) that fulfil

(ug, pp_2(x)z¥ (Asz? + A1z + Ag))  (ug, pp_o(x)2! (Asx?® + A1z + Ap))

det
{(ug, pp_1(z)z* (A2 + Ay x)) (ug, pr—1(z)zt (Asz? + Ajz + Ap))

£ 0.

Observe that the case of size p = 2 unimodular matrix polynomials is par-
ticularly simple, because the degree of the perturbation and its inverse coincide.
However, for bigger sizes this is not the case. For a better understanding, let us
recall that unimodular matrices always factorize in terms of elementary matrix
polynomials and elementary matrices, which are of the following form:

(i) Elementary matrix polynomials: e; ;(x) = I, + E; jp(x) with ¢ # j and E; ; the
matrix with a 1 at the (4, j) entry and zero elsewhere, and p(z) € Clz].
(ii) Elementary matrices:

(a) Ip + (C — 1)E1,1 with ¢ € C.
(b) n) =1, — E;; — Ejj + E; j + E;;: the identity matrix with the ith and
jth rows interchanged.

The inverses of these matrices are elementary again
(eij(@)~" =1, = p(x)Ei,
(Ip + (C — ]-)Ei,i)il = Ip + (071 - ]-)Ei,i7
(n(i’j))71 — n(i’j)7
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and the inverse of a general unimodular matrix polynomial can be computed imme-
diately once its factorization in terms of elementary matrices is given. However, the
degree of the matrix polynomial and its inverse requires a separate analysis.

If our perturbation W(x) = I, + p(x)E; ; is an elementary matrix polynomial,
with deg p(xz) = N, then we have that (W (z))~! = I, — p(z)E; ; and deg W (z) =
deg((W(z))~!) = N. If we assume a departing matrix of generalized kernels u ,,
for n > N, the first family of perturbed polynomials will be

(PM (@), 9% (I, + p(y) Eij)),,
Bl(z) = . :
(P (@), g% (I, + p(y) Eig)),,

(PM (@), 4" (L, + p(y)Eiy)), PN ()

(PH(@), g (L +pW)Eiy)),  P(@)
Here, the sequence of different integers {k1,...,kn} C {1,...,n — 1} is such that
(P (@), g (L + p(y)Eiy)), - (P (@), 9" (I, + p(y)Ery)),
det : : # 0.
(P @),y (L + pW)E)), o (Paly(@) g™ (5 + p() i),

A bit more complex situation appears when we have the product of different
elementary matrix polynomials, for example

1 2
W) = (I, + o @) By g,) (I + 92, (2) By ).
which has two possible forms depending on whether j; # is or j; = iy
1 2 . .
W(z) = {IP +pz(‘1,)j1 (z)Ei, 21 +p£2)]2( )Eiz,jgv J1 # i2,
- 1 1 2 . .
L+ (@) Eiy gy + 05 (@) Ejy gy + 98 @) (@) By Gy, 1 =
so that
(1~ 8iy.i2 05, o) max (deg(pl)), (2)), deg(p}?,, (2)))
11,227 71,72 11,J1 ’ 12,72
deg(W (z)) = 61,00 g deg(pL), (2) + D52, j1 # s,
deg(p}, ), (x)) + deg(pf)), (x)), jr =i

For the inverse, we find

2 . .
L =) ()i gy — 00 () Eiy gy, G2 # i,

_ 1 2
(W ()™ =S I — 98, (@) Eiy gy — 052, (2) By i
1 2 . .
i (@)l (@) By gy, jo =i,
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and

(1= 8 a0y ) max (deg(pl)), (), deg(p(2), (@) )
deg ((W(x))il) = + §i1,i2§j1,j2 deg (pgll)jl ({IJ) + PS?J2>» J2 7é i1,
deg(p!)),, (2)) + deg (p2), (@), jo =i

Thus, if either j; # iy and jo # i1, or when j; = iy and jo = i1, the degrees W (x)
and (W (x))~?! coincide, for j; = iz and jo # i; we find deg W (z) > deg((W (z))~1)
and when j; # iz and ja = i; we have deg W (z) < deg((W(x))~!). Consequently,
the degrees of unimodular matrix polynomials can be bigger than, equal to or
smaller than the degrees of its inverses.

We will be interested in unimodular perturbations W (x) that factorize in
terms of K elementary polynomial factors {e;, ; (2)}X_; and L exchange fac-
tors {n{m@)1L_  We will use the following notation for elementary polynomials
and elementary matrices:

(ivj)pi7j(m) = E’L,]pz,](x) [l»(ﬂ = Mi,qs

suited to take products among them, according to the product table
(815 901y gy (22, 52)pig 5y = Ojusia (01, 52)piy 5y pig n s
[, q)(i 3)pi; = (1= 616) (1 = 6q,) (4 )iy + 00305 )iy + 0q.i (L F)ps
(i, 9)pes o al = (1= 015)(1 = 04,5) (6 3)pi s + 00,5545 )pi s + g5 (0, D), ;-

Bearing this in mind, we denote all the possible permutations of a vector with
K entries, having i out of these equal to 1 and the rest equal to zero, by oX =

K
{17 with ol = (051, (05)k) € (Z2)" where (o)), € Zy = {1,0}

i.J
and || = (5)7 we can rewrite a given unimodular perturbation as a sum. Actually,
any unimodular polynomial that factorizes in terms of K elementary polynomials
e;,j(x) and L elementary matrices nh9 in a given order, can be expanded into a
sum of 2% terms

W(Jj) —_ eil,jl (Jj) e eimjr (x)n(ll »ql) e n(lt ,qt)e’ir-pl,jr-%—l (x) e 'r](lLv‘IL) . eiK,jK (1‘)

S (o)
= Z Z 7/17,71 ;Dil ]1 : (Zrajr)pzr i [ll7q1}
=0 j=1
. . (05)r (o)
o [lta qt}(lﬂrl’jﬂrl)l’ir:lv;il s [lln CIL] (ZK7]K)pLK ”I:7

where (4, j )21,,], = I,,. Notice that although in the factorization of W we have assumed
that it starts and ends with elementary polynomials, the result would still be valid if
it started and/or ended with an interchange elementary matrix 7. We notationally
simplify these types of expressions by considering the sequences of couples of natural
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numbers {i1, j1}, {i2, jo}, ..., {ir, jr }, where {n,m} stands either for (n,m),,, , or
[m, n], and identifying paths. We say that two couples of naturals {k, [} and {n,m}
are linked if I = n. When we deal with a couple [n, m] the order is not of the natural
numbers which is not relevant, for example (k,1) and [, m] are linked as well as
(k,1) and [m, 1] are linked. A path of length [ is a subset of I of the form

{{a1,a2},{az,as}, {as,as}, ..., {ai—1, @}, {ai, a41} }1-

The order of the sequence is respected for the construction of each path. Thus,
the element (a;,a;4+1), as an element of the sequence I, is previous to the element
(aj+1,ai+2) in the sequence. A path is proper if it does not belong to a longer path.
Out of the 2% terms that appear only paths remain. In order to know the degree
of the unimodular polynomial one must check the factors of the proper paths, and
look for the maximum degree involved in those factors . For a better understanding
let us work out a couple of significant examples. These examples deal with non-
symmetric matrices and, therefore, we have complete Christoffel-type expressions
for P! (z) and H,,, but also the mentioned penalty for p? (z). First, let us consider
a polynomial with K =5, L =0 and p = 6,

W(x) = e12(x)eas(x)ess(x)eqs(x)es s ()

in terms of sequences of couples the paths for this unimodular polynomial has the
following structure:

{@}i=s,

{@}iza,
{(1,2),(2,3),(3,6)}i=3,{(1,2),(2,3), (3,5) }i=s,
{(4,3),(3,5)}i=2,{(2,3),(3,5) }i=2,{(2,3), (3,6) }i=2, {(1,2)(2,3) }i=2,
{(1,2)}i=1,{(2,3) }i=1, {(3,6) }i=1, {(4,3) }i=1, {(3,5) }i=1,
{Z6}i=0,

where {Is};—0 indicates that the product not involving couples produces the iden-
tity matrix (in general will be a product of interchanging matrices) and we have
underlined the proper paths. Thus

W(x) = e12(x)es3(x)es ¢(z)ess(x)ess(x)
= (1, 6)p1,2p2,3p3,e + (1, 5)p1,2p2,3p3,5 + (4, 5)p4,3p3,5 + (2, 5)p2,3p3,5
+(2,6)p2spsc + (1,3)p1apas
+(1,2)p10 +(2,3)pas +(3,6)p56 + (4,3)pss +(3,5)ps5 + 15
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1 p1,2(%) p12(2)p2,3(x) 0 p12(x)p2,3(w)pss(x) P1,2($)p2,3($)]93,6(58)_

0 1 p2,3(x) 0 p23(x)pss(x) p2,3(2)p3,6(7)
|00 1 0 p35(z) p3.6(2)
oo pas() 1 pas(@)pss(e) 0

0 0 0 0 1 0

0o 0 0 0 0 1 i

Its inverse is

(W (2))™" = (e3.5(2)) " (eas(@) ™ (es.6(x)) ™" (2) (e2,3(x)) " (er,2(2)) ",

and the paths are

{@}i=s,
{@}i=a,
{@}i=s,
{(4,3), (3,6)}i=,
{3.5) i1 {(4,3) Fi=1, {(3,6) }i=1, {(2,3) }i=1, {(1, 2) }i=1,
{Z6}i=0-

Thus,
(W(Jj))_l = (47 6)?4,3?3,6 + (37 5)-?3,5 + (47 3)-?4,3
+ (3v 6)—;03.,6 =+ (2v 3)—;02.,3 =+ (L 2)—;01,2 + 16

1 —pia(x) 0 0 0 0

0 1 —pas(z) O 0 0
|0 0 1 0 —pss(x)  —pse(®)
o 0 —pas(z) 1 0 Pa3(2)p3,6(7)

0 0 0 0 1 0

0 0 0 0 0 1 |

Then, looking at the proper paths, we find
deg W (z) = max(deg p1,2(x) + deg pa3(x) + deg p3 (), deg p1 2(x)
+degpz3(x) + degps 5(x), deg pas(x) + degps 5(x)),
deg((W(x))™") = max(deg p1 2(x), deg p2.3(x), deg p3. ()
+ deg pa,3(x), deg ps,5(x)).
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For example, if we assume that

degpio(z) =2, degpas(z) =1, degpss(z)=2,

degpss(z) =1, degpss(z) =3,
we get for the corresponding unimodular matrix polynomial and its inverse
deg(W(z)) =6, deg((W(z))™') =3,

so that, for example, the first family of perturbed biorthogonal polynomials, for
n >3, is

(Pa@. W), (Pla@.a=ww), (Pli@.v=ww), P,@)
(P, @, ww), (P, @),y 2w ), (Pla@).ysw), Pl

Pl (z) = . w in .
(P @),y w (), (P @),y W), (P @),y W), P, @)

(Pl@. ), (Pl@.y=ww), Ele.yswe), Ple

(50)

u

Here, the sequence of different integers {k1, ko, k3} C {1,...,n — 1} is such that

(PM @),y W (y)), (PML @), W(y)), (PY(@), o W(y),
det [(PM,(2), W (), (PMy), s W(y), (PMy@),yw(y), | #0.
(PM (@), W (), (PM (), W(y)), (P (), W(y)),

Let us now work out a polynomial with K = L =4 and p = 5. The unimodular
matrix polynomial we consider is

W(z) = e2,1(x)n"nCes 1 ()75 eg 3(x)n Ve 5().
The paths are

{@}iza,
{@}i=s,

{(2,1),[1,4],5,4], (5, 1), 3,2}, [3, 1 }i=2, {[1, 4], [5,4], (3, 2], (2,3), [3, 1], (1, 5) }i=2,
{(2,1),[1,4],5,4], (3, 21, [3, U}i=1, {[1, 4], [5,4], (5, 1), [3, 2], [3, U}i=1,
{[1,4],5,4),[3,2], (2,3), [3, U}i=1, {[1, 4], [5,4], [3, 2], [3, 1], (1, 5) }i=1,

{[1,4], 5,4, [3,2], [3, }i=o,
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so that

W(x) = (273)102,1;05,1 + (37 5)102,3;01,5 + (27 5)102,1
+(L3)psy + 3, Vpas +(2,5)p,5 + [1,4][5,4][3,2][3, 1] (51)

0 0 p5,1(x) 0 1
1 0 pea(x)psa(z) 0 p21(x)+pis()
= |p2s(z) 1 0 0 pas(@)prs(z) | (52)
0 0 1 0 0
0 0 0 1 0 ]

The inverse matrix is

(W(2))™" = (er5(2) 0BV (e2,3(2)) 10 (es,1(2) >Vt (eg1 ()2,

with paths given by

{@}i=s,
{@}i=s,

{(1,5),[3,1],[3,2], (5,1), [5, 4], [1, 4]}i=2, {[3,1], (2, 3), [3, 2], [5, 4], [1, 4], (2, 1) }i—o,
{13,1],13,2], [5,4], [1,4], (2, 1) }i=1, {[3, 1], 3,2}, (5,1), [5, 4], [1, 4] }i=1,
{13,1],(2,3),13,2],5,4], [1,4]) }i=1, {(1,5), [3, 1], [3, 2], [5,4], [1, 4] }i=1,

{13,1],13,2],5,4], [1,4]}i=o,

and consequently,

(W(x))_l = (1’4>P1,5P5,1 =+ (2’ 1);02,3132,1 =+ (1’ 1)—;02,1
+ (574)—105,1 =+ (2v 2)—;02.,3 =+ (L 1)—;01.,5 =+ [37 1} [3v 2][574} [1’4]

[—p2.1(2) — p15() 1 0 pis(z)psa(z) O]
p2.3(2)p2,1 () —p23(z) 1 0 0

= 0 0 0 1 0].
0 0 0 1
i 1 0 0 —ps.1(x) 0]

Proper paths, which we have underlined, give the degrees of the polynomials

deg W (z) = max(deg p2,1(x) + deg ps,1(x), deg p1,5(x) + deg p2.3(x)),

deg((W(z))™h) = max(deg p1,5(z) + deg ps,1(z), deg p2 3(x) + degpa1(x)).
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For example, if we assume that
degpaa(z) =2, degpsi(z) =1, degpis(x) =2, degpas(z) =1,
we find deg W (z) = deg((W(z))~!) = 3 and formula (1) is applicable for W (z) as

given in (BI)).

If we seek for symmetric unimodular polynomials of the form

where V(z) is a unimodular matrix polynomial. For example, we put p = 4, and

consider
1 pra(@)psz(x) pra(z) O
0 x 1 0
Vie) = p3,2(x) ,
0 1 0 0
O O p473(x) 1

in such a way the perturbing symmetric unimodular matrix polynomial is

L+ (pr2(®)*(pa2(2)?®  pra(@)(ps2(x))® + pra(z)
W () = p1.2(x)(p3,2(2))? + p12(z) 1+ (p32(x))?
p1,2($)p3,2(33) p3,2()
P1,2(x)p4,3($) p4,3(96)

pl,z(ﬂﬁ)m,z(w) P1,2($)P4,3($)

P3,2(96) P4,3($)
1 0
0 1+ (pas(x))?

Let us assume that
degpi2(z) =3, degpso(z) =1, degpss(z)=1,
then
degW(z) =8, deg((W(x))™')=4.

Now, we take a scalar matrix of linear functionals u = ugl,, with ug € (R[z])’
positive definite, and assume that the polynomials p1 2(z), p2,3(z), psa(z) € Rlz].
Then, we obtain matrix orthogonal polynomials { P,,(x)}5%, for the matrix of linear
functionals W (x)ug, which in terms of the sequence of scalar orthogonal polynomials
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{pn(z)}22, of the linear functional ug are, for n > 4,
g, pr—a @)z W (
uo,pn_3(ac)xk (
anpn72(x)xk (.’E)

(@)™ W(

k
g, Pr—1 ()" W (2)

(
(
(
(

[ (w0, pu(@)2M W (@) (uo, pn(x)a® W () (uo, pn(z)z™ W (2))

(w0, pr—a(@)z W (2)) pn—a(@)L,
(w0, pr—s(@)a™ W () pn—s(@)L,
(w0, pn—2(2)2™ W (2)) pn2(z)ly|-
(w0, pr—r(2)z W (2)) pn1(2)L,
(uo, pn(2)2™ W ()  pn(2)I, |

The set {k1, ko, ks, ka} C {1,...,n — 1} is such that

(1o, pr—a(x)z¥ W ()  (uo, pn—a(z)a™ W (z))
det (g, pn_s3(x)"* W (x))  (ug, pp_3(x)z*2W(x))
(g, pr—2(x)z* W ()  (uo, pn—o(z)a™ W (z))
(1o, pr—1(x)x* W () (ug, pn1(2)a™ W (z))

(w0, pr—a(@)2™ W (x)) (o, pn_a(@)z™ W (z))
(o, pn—s(@)2* W (x))  (uo, pn—s(x)a™ W (z)) 20
(uo, pr—2 ()2 W (x)) (o, pn—z(@)z™ W (z))
(o, pr—1(z)z* W (x))  (uo, pn—1 ()™ W (z))

2.7.2. Degree one matriz Geronimus transformations
We consider a degree one perturbing polynomial of the form
W(x) =al, — A,

and assume, for the sake of simplicity, that all £ are taken zero, i.e. there are no
masses. Observe that in this case a Jordan pair (X, J) is such that A = XJX 1,
and Lemma [T implies that the root spectral jet of a polynomial P(z) =Y, Pya* €
Cr*P[x] is Jp = P(A)X, where we understand a right evaluation, i.e. P(4) :=
> PeA¥. An similar argument, for o(A4) N supp, (u) = @, yields

‘709] - <P[1] (x)v (A - Ipy)_1X>U7
expressed in terms of the resolvent (4 — I,y) ™! of A. Formally, it can be written as

T o = CH(A)X,

n
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where we again understand a right evaluation in the Taylor series of the Cauchy
transform. Moreover, we also need the root spectral jet of the mixed Christoffel-
Darboux kernel

n—1
T v ) = > (W) " (Hr) " A)X = K (A,9)X,
k=0

that for a Hankel generalized kernel u, ,, using the Christoffel-Darboux formula
for mixed kernels, reads

jK,(f_C} (y) = ((Pr[?—]l(y))T(Hn_l)_lCT[Ll} (A)

— (P(y) " (Ho-1)

We also have V(x,y) = I, so that Jy = X.
Thus, for n > 1 we have

el (A + L)(A- Ly X

Cy[zlll (A)X P’I’[Llf]l ()

(@) =e.
cllyx  PY@)

= P () — ey (el (a) T P (),

n—

i -6 (oM (A)X  H.y
Lclx o,
— —cly (M (4)  H, .y,
[1]
(P (y))T 6. C-1(A)X Hn—l]
Ly — A) (KT (Ay) + L)X 0,

c —1
= ((Lyy — AKP) (A y) + L) (CHL () " H,o .
For a Hankel matrix of bivariate generalized functionals, i.e. with a Hankel Gram
matrix so that the Christoffel-Darboux formula holds, we have

(p’[?] (y))T =~y - A)((Pr[i]ﬂy))T(Hnﬂ)ilCE} (4)

- (Pr[zQ](y))T(anl)ilcr[zlll(A))(Ipy - A)_lanl-

Appendix A. Schur Complements and Quasideterminants

We first notice that the Schur complement was not introduced by Schur but by
Haynsworth in 1968 in [44], 45]. Haynsworth coined that named because the Schur
determinant formula given in what today is known as Schur lemma in [65]. For an
ample overview on Schur complement and many of its applications see [72]. The
most easy examples of quasideterminants are Schur complements. Gel’fand and
collaborators have made many essential contributions to the subject, see [27] for
an excellent survey on the subject. Olver’s on a paper on multivariate interpola-
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tion, see [58], discusses an alternative interesting approach to the subject. In the
late 1920 Richardson [61] 62], and Heyting [46] studied possible extensions of the
determinant notion to division rings. Heyting defined the designant of a matrix
with noncommutative entries, which for 2 x 2 matrices was the Schur complement,
and generalized to larger dimensions by induction. Let us stress that both Richard-
son’s and Heyting’s quasideterminants were generically rational functions of the
matrix coefficients. In 1931, Ore [59] gave a polynomial proposal, the Ore’s deter-
minant. A definitive impulse to the modern theory was given by the Gel'fand’s
school [22] 23] 28-3T]. Quasideterminants defined over free division rings were early
noticed that are not an analog of the commutative determinant but rather of ratio
determinants. An essential aspect for quasideterminants is the heredity principle,
quasideterminants of quasideterminants are quasideterminants; there is no analog
of such a principle for determinants. Many of the properties of determinants extend
to this case, see the cited papers and also [49] for quasi-minors expansions. Already
in the early 1990 the Gelf’and school [29] noticed the role quasideterminants for
some integrable systems, see also [60] for some recent work in this direction regard-
ing non-Abelian Toda and Painlevé I equations. Nimmo and his collaborators, the
Glasgow school, have studied the relation of quasideterminants and integrable sys-
tems, in particular we can mention the papers [36-38, 50]. All this paved the route,
using the connection with orthogonal polynomials a la Cholesky, to the appearance
of quasideterminants in the multivariate orthogonality context. Later, in 2006 Olver
applied quasideterminants to multivariate interpolation [58].

A.1. Schur complements

Given M = (é g) in block form the Schur complement with respect to A (if

det A#0) is
A|lB
SC (+) =M/A:=D-CA'B.
C|D

The Schur complement with respect to D (if det D # 0) is

A|BY _ R
SCD<C D):M/D._A BD'C.

Observe that we have the block Gauss factorization

A B I 0 A 0 I A'B
(e 0) e 0 a0 %)
I BDY\ /M/D 0 I 0
:<0 I )( 0 D)(DlC 11)
implies the Schur determinant formula det M = det(A) det(M/A). This is in fact
the Schur lemma in a disguise form, in fact Schur lemma in [65] assumes that
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[A,C] = 0 so that det M = det(AD — BC). In terms of the Schur complements we
have the following well-known expressions for the inverse matrices

et (! —A71B\ [A~! 0 I 0
o 1 0 (M/A)) \—ca™! 1

_(ATNHATIB(M/A)TICATY —ATIB(M/A)
- —(M/A)CAT (M/A)!

I o\ [(M/D)yt 0\ (1 —BD!
:<—D10 H) 0 p-1)\o i

(M/D)~! —(M/D)~'BD~* (53)
- \=D'B(M/D)"* D'+ D '(M/D)"'BD')
A.2. Quasideterminants and the heredity principle
Given any partitioned matrix where A;; € R™>*™i for i, € {1,...,k — 1},

and App € R#X720 A € R™** and Ap; € R™X™ we are going to
define its quasideterminant a la Olver recursively. We start with k& = 2, so that
A= (ﬁ;i ﬁ;’z), in this case the first quasideterminant is different to that of the

Gel'fand school where 01(A) = |Als2 = ﬁ;i -I‘:éj
Hlinant GQ(A) = A/A22 — |14|1 1= A1,2
’ A1 Az

we need As 5 to be an invertible square matrix. Other quasideterminants that can

. There is another quasideter-

, the other Schur complement, and

. A1 Az A A
be considered for regular square blocks are Ay, and Al’l .
’ ’ 2,1 2,2

Following [68] we remark that quasideterminantal reduction is a commutative
operation. This is the heredity principle formulated by Gel’fand and Retakh [27} 31]:
quasideterminants of quasideterminants are quasideterminants. Let us illustrate this
by reproducing a nice example discussed in [568]. We consider the matrix and take
the quasideterminant with respect to the first diagonal block, which we define as the
Schur complement indicated by the non-dashed lines, to get a matrix with blocks
with subindexes involving 2 and 3 but not 1. Notice also that we are allowed to
take blocks of different sizes we have taken the quasideterminant with respect to a
bigger block, composed of two rows and columns of basic blocks. This is the Olver’s
generalization of Gel'fand’s et al. construction. Now, we take the quasideterminant
given by the Schur complement as indicated by the dashed lines, to get

—1 —1
Ago — As1 AT 1 A1 Az —As1AT A3

02(01(A)) = - - (54)
Agy— A3 AT A1s | Ass — As AT Ass
= A3 — A3,1Ai}A1,3 — (A3 — A3,1Ai}A1,2)(A2,2
— A1 AT A1) N (Ags — Ap 1 AT Arg). (55)
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We are ready to compute, for the very same matrix
Aig Arp | Ais
A=|A21 Asp| Ass |, (56)
Azq1 Az | Ass

the quasideterminant associated to the first two diagonal blocks, that we label as
{1,2}; i.e. the Schur complement indicated by the non-dashed lines in (B8, to get

A Ap Ais
Op,23(A) = Asn Azp Asg

-1
A Aip Az
=Az3— (Asy Asp) <A2 o4 2) <A2 3)-

But recalling (£3)

-1
A1n Al
A1 Az

<A1_% + Al_&Al,Q(AQ,Q - A2,1A1_,1A1,2)_1A2,1A1_& —Al_&Al,Q(AQ,Q - A2,1A1_&z41,2)>

—(A22 — A2,1Ai1A1,2)71A2,1AH (A2,2 — A2,1Ai1A1,2)71
we get
O1,2}(A) = Az 3 — A3t AT A1 s + Az 1 AT [ Ar o
X (A2,2 - A2,1A1_,1A1,2)_1142,1141_&141,3
— Az (A — A2,1Ai}A1,2) 71A2,1A17,}A1,3
- A3,1A1%A1,2 (Az,z - Az,lAfjAu) _1A2,3
+ Az (A2,2 — A2,1A1_&A1,2) _1A2,3
which is identical to (B4), so that

@2(@1 (A)) = @{1,2} (A)

Given any set I = {i1,...,im} C {1,...,k} the heredity principle allows us to
define the quasideterminantP

©:1(4) = 04, (04, (--- 85, (4) )

bIn [58], it is defined as the Schur complement with respect to a big block built up by the blocks
determined by the indices I.
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and the /th quasideterminant is

Al,l ALQ c. ALg . Al,k’
Ag,l AQ,Q Ce Ag’g e Ag,k
OW(A) =01, 141,03 (A) = |Alee = . .
l A&l Ag,g - A&g . Ag,k.
Ak71 Ak-,g - Ak-,g A Ak,k
The last quasideterminant is denoted by
Al,l Al,g e Al,k
A271 A2,2 . A27k
0.(4) =W (4) = |Al, =
Apn Ako oo | Agk
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