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Abstract. We consider the sequences of matrix bi-orthogonal polynomials with
respect to the bilinear forms (-, -)z and (-, -);

(P@1), Q@i = [ P Lz1)dp(z1, 22)Q(22),
P,Q e LP[Z]

(P(1), Q22))p = [ P)Lz1)du(z1,22)0(22)',

where ((z1, z2) is a matrix of bi-variate measures supported on T X T, with T the
unit circle, LP*P[7] is the set of matrix Laurent polynomials of size px p and L(z)
is a special polynomial in LP*?[z] . A connection formula between the sequences
of matrix Laurent bi-orthogonal polynomials with respect to (-, -)z, (resp. ¢, -);)
and the sequence of matrix Laurent bi-orthogonal polynomials with respect to
du(zy,z2) is given.
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1. Introduction

Perturbations of a linear functional supported on an infinite subset of the real line
(see for example [10, 20, 24, 25, 34, 50, 48]) and the unit circle (see for example
[16, 17, 30, 31, 35] and the references therein) have been extensively studied in the
literature, in particular when these linear functionals are positive definite since they
have an integral representation [19, 46]. More precisely, there are three perturba-
tions that have historically highlighted, the so called Christoffel [20], Geronimus
[34] and Uvarov [48, 49] transformations. Later on, in [51] Zhedanov stressed the
importance of the first two to show that every spectral linear transformation of a
linear functional supported on the real line can be written as finite superposition of
Christoffel and Geronimus transformations.
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The Christoffel and Geronimus transformations have been studied from different
points of view. For example in [10] M. Bueno and F. Marcellan analyzed the rela-
tion between the semi-infinite matrices associated with the multiplication operator
by x (Jacobi matrices) of the original and the perturbed (Christoffel or Geronimus)
linear functional finding an important relation between them by using LU and UL
factorization, respectively, as well as QR factorization (see [11, 12]). On the other
hand, in [20, 34, 49, 50] the relation between the original and perturbed monic or-
thogonal polynomials is given in terms of a determinantal formula. In [50] the author
combined these two methods in such a way a relation between perturbation of linear
functionals, factorization of Jacobi matrices and relation between the corresponding
orthogonal polynomials is deduced. Returning to the Jacobi matrix, recall that since
its tridiagonal shape, it plays a crucial role in the study of the zeros of orthogonal
polynomials taking into account they are the eigenvalues of their leading principal
submatrices. However, the situation for linear functionals supported on the unit cir-
cle is rather more complicated that in the real line because the semi-infinite matrix
associated with the multiplication operator by z in terms of a basis of orthogonal
polynomials is not a band matrix but an irreducible Hessenberg one. This is a con-
sequence of the fact that the multiplication operator by z is not symmetric for the
bilinear form associated with the linear functional. The above problem was solved
by Cantero, Moral and Veldzquez in [15], where they obtain a new orthonormal ba-
sis (X;,(2))nen (the Laurent orthogonal polynomial basis or CMV basis) as a result
of the Gram-Schmidt orthonormal process applied to the basis {1, z, 7271, ...} of the
linear space of Laurent polynomials. This new basis satisfies a five term recurrence
relation, or, equivalently, there exists a unitary semi-infinite five diagonal band ma-
trix € such that zX(z) = €X(z), where X(z) = (Xo(2),X1(z) ---)7. € is known in the
literature as CMV matrix. As an application, in [5] the theory of orthogonal Lau-
rent polynomials on the unit circle and the theory of Toda-like integrable systems
using the Gauss—Borel factorization of a CMV moment matrix, constructed from a
complex quasi-definite measure supported on the unit circle, is studied.

Recently, Cantero, Marcellan, Moral and Veldzquez [14] presented an approach to
the Darboux transformations for CMV matrices. In particular, for the Christoffel
transformation they show that given a Hermitian polynomial L(z), a linear func-
tional u (supported on the unit circle) and the perturbed one i = L(z)u, if L(€) has
Cholesky factorization L(€) = AAT, then L(®) = ATA, where € and € are the CMV
matrices associated with ¢ and /1, respectively.

On the other hand, in [38] the authors deal with a measure supported on the unit
circle multiplied by a non-negative trigonometric polynomial g(6). Using the fact
that for g(6) there exists a positive integer number m € N and a polynomial Gy,,(z)
of degree 2m such that g(8) = z7"G,,(2), they give a determinantal expression for
the perturbed monic orthogonal polynomial of degree n multiplied by G,,,(z). In this
expression, the original orthogonal polynomials, from degree n until degree n + m,
their corresponding reversed polynomials (see Eq. (1)) as well as the zeros of the
polynomial G5,,(z), are involved.
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Concerning the theory of matrix orthogonal polynomials and their applications (see
for example [13, 37, 47]), there is an exhaustive bibliography focused on matrix
bilinear forms as well as the existence of the corresponding sequences of matrix
bi-orthogonal polynomials, both in the real line [43, 45, 47] and in the unit cir-
cle [22, 23, 26, 33, 44, 47]. In [4, 27, 28] the authors studied sequences of matrix
orthogonal polynomials which are eigenfunctions of a second order linear matrix
differential operator (right-hand and left-hand side) with polynomial matrices as co-
efficients. Moreover in [18], M. Castro and F. Griinbaum showed that there exist
sequences of matrix orthogonal polynomials satisfying a first order linear matrix
differential equation with polynomial matrices as coefficients, a situation that does
not appear in the scalar case. Concerning spectral transformations, in [24, 25] the
authors show that all multiple Geronimus transformations of a measure supported
on the real line yield a simple Geronimus transformation for a matrix of measures.
More recently, in [1, 2, 3] the authors have done a complete study of spectral trans-
formations for matrix sesquilinear forms supported on an infinite set of the real line,
and the corresponding connection formulas (Christoffel type formulas) between the
bi-orthogonal sequences of original and perturbed bilinear forms. These connection
formulas are given in terms of quasi-determinants [32]. Here, we will use similar
techniques to find formulas for the Christoffel transformations for matrix Laurent
polynomials. Finally, the connection between orthogonal polynomials with respect
to measures supported on lemniscates and harmonic algebraic curves, respectively,
and matrix orthogonal polynomials with respect to a matrix of measures supported
on the unit and the real line has been pointed out in [39] and [40], respectively.

Returning to the scalar case, if we take v € (L[x, y])’ (the algebraic dual of the set of
Laurent polynomials of two variables), then we can consider the following bilinear

form (p(z1), q(z2)) = <v, p(z1) ® q(22)> , where ® is the tensor product. In particular,
if v is associated with a bi-variate complex measure du(zy, z2), then

(P(z1),q(z2)) = (v, P(@1) ® 4(z2)) = f f P0g(2) dp(z1, 22).

Taking into account the above discussion, if u is now a matrix of bi-variate complex
measures supported on T X T
duy(z1,22) -+ dug p(21,22)
du(zy,22) = : : ,
dup1(z1,22) - dupp(z1,22)

then we can define the following matrix bilinear forms (-, )z and (-, -); from their
entries (see also (5) and (6))

)4
(P@), Q@) = D, | PEONA(QE)Im it (21, 22),

mi=1 TXT

P
(P(z1), Q22))1)ij = Z fT T(P(Z1))i,z(Q(Zz))j,mduz,m(Zl,Zz),

m,l=1
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with P(z), Q(z) € LP*P[z].

In this contribution we focus our attention on the study of matrix Christoffel trans-
formations for a matrix of measures supported on the bi-circle, i. e. given a matrix
of measures du(z;,z) supported on T X T and a matrix prepared Laurent polyno-
mial L(z) (see Definition 1), we are interested in dealing with the following bilinear
forms

(P@1), Qg = frr P21 L(z1)dpa(z1, 22)Q(22),
P, Q € LP*P[z],
(P@1), Q@2)); = [ P@1L(21)AU(z1,22) Q)"

Here, T means the conjugate transpose of a matrix.

The structure of the manuscript is as follows. In Section 2 the basic background
about matrix polynomials and matrix Laurent polynomials is presented. Section
3 deals with matrix bi-orthogonal Laurent polynomials and its relation with the
Gauss-Borel factorization. In Section 4, the Christoffel transformation of a matrix
of bi-variate measures is considered. Connection formulas for their corresponding
sequences of matrix bi-orthogonal Laurent polynomials as well as for the matrix
kernel polynomials are obtained.

2. Preliminaries

First of all we will fix some notation. Let C and Z be the set of complex and integer
numbers, respectively, and denote by CP*? the linear space of p X p matrices with
complex entries. T := {z € C : |z| = 1} will denote the unit circle. For an arbitrary
finite or infinite matrix A, AT is the transpose of the matrix A, and A" = AT. When
A = (@i j)ij-o is a (finite or semi-infinite) block square matrix with a;; € CP*?,
A = (@, j)?,;:lo means the principal leading p X p block sub-matrix of A of order n.
Given matrices A € C™" B € CP*" C € C"™P and D € CP*P, we denote the last
quasi-determinant (or Schur complement) of the block matrix (2 5), as

C D

This is a very instrumental approach, as we do not want to go into details to quasi-
determinants, however we stress that the theory goes beyond this introduction (see
[32]). For a deeper discussion of the use of quasi-determinants within orthogonal
polynomials see the recent paper [8].

0. [A B] :=D-CA™'B.

The product AB of two semi-infinite matrices A and B is said to be admissible if any
matrix entry (AB);; = ; AixBy,; involves only a finite number of non-null terms.
As in the finite case, the product of semi-infinite matrices satisfies the distributive
law A(B + C) = AB + BC when the products AB and BC are admissible. Besides,
if AB is admissible, then (AB)" is also admissible and (AB)" = B'AT. However, the
associative law can fail even if all the involved matrix products are admissible [14].

Proposition 1 ([14, 21]). Let A, B and C be semi-infinite matrices. The associative
property (AB)C = A(BC) is valid in any of the following cases
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i) A and B are lower Hessenberg type.
ii) B and C are upper Hessenberg type.
iii) A is lower Hessenberg type and B is upper Hessenberg type.

Corollary 1 ([21]). If A is either a lower or upper triangular block matrix such
that the blocks of its main diagonal are nonsingular matrices, then A has a unique
inverse.

Remark 1. In this manuscript we always deal with Hessenberg block matrices or
matrices that can be factorized in terms of them. Thus, when we need to use the
associative law of the product, and the hypothesis of Proposition 1 will be satisfied,
we will forget the associativity parenthesis.

Recall that for any matrices Ay € CP*?, k =0, ..., n, with A, non-sigular, the matrix
P(2) = Ay?* + A, 12"+ -+ A2+ Ay is said to be a matrix polynomial of degree 7.
In particular, if A, = I, the identity p X p matrix, then the polynomial is said to be
monic. The set of matrix polynomials with coefficients in C”*” will be denoted by
CP*P[z]. yo € C is said to be a zero of P(z) if det [P(yo)] = 0. Clearly, from the above
definition, P(z) has at most np zeros. If deg(P) = n, then the reversed polynomial of
P(z) is defined as

(P(2))" := Z"(P(1/2))". (1)

Definition 1. Given a family of matrices (Ay);_,, with m,n € Z and m < n, the
matrix L(z) = Y _,, Az is said to be a Laurent matrix polynomial. The set of matrix
Laurent polynomials will be denoted by LP*P(z]. In particular, if L(z) € LP*P[z] has
the form

d
L(z) = Z Aka7 A_g,Ag # Opxp,
k=—d

with AZ =A_,k=0,...,d, then it is said to be a matrix prepared Laurent polyno-
mial of "degree" d.

In the context of orthogonal polynomials, the definition of prepared Laurent poly-
nomial was originated in [9], where they received the name of nice polynomials.
In [9] one can find a study of perturbations of complex multivariate measures by
multiplication with multivariate Laurent polynomials in the algebraic torus, and the
corresponding Christoffel formulas were deduced. In [7] a similar study for scalar
Laurent polynomial type perturbations of bi-variate linear functionals was given.
Here the name of prepared polynomial appears at first time. We stress that in other
frameworks as signal preprocessing or control theory, the prepared Laurent polyno-
mials are known as parahermitian (or Para-Hermitian) polynomials [29, 42].
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Given the basis 1(z) := (Ip, 21,z I,,2°1,,271,---)" in the bi-module of matrix
Laurent polynomials IL”*P[z], the semi-infinite matrix

01, |00
00 |0 I
I, 0 [ 00 [0 0

T:=| 0 0 | 00 | 0 I )
0 0 [, 0 [0 O

represents the shift operator 7" > z'*! with respect to the basis 5(z), i.e. Tn(z) =
717(z) where T is a unitary matrix TT" = T'T = I. Here I denote the semi-infinite
identity matrix !.

Since we need some basic tools of the spectral theory of matrix polynomials, we
will define the concept of Canonical Jordan Chain (this generalizes the concept of
Jordan chain for matrix polynomials of degree 1 [36, 41]). For this aim, we translate
here some of the constructions presented in [1, 2].

Given W(z) € CP*P[z], a monic matrix polynomial of degree N, let yi,...,y,, be
its zeros and let «,...,a, be their corresponding multiplicities. Since W(z) is a
monic polynomial, Z?:l a; = Np. If for the zero y; there exists a nonzero vector rg)
(resp. lg)) such that

0
W(yl)r(’) 0,, (resp. lg)W(y,-)zog), where 0, =|: ,
0

Ixp

then rg) (resp. lg)) is said to be a right (resp. left) eigenvector of W(z) associated

with y;. A sequence of vectors {r(()’), (1’) o (’) _,} (resp. {lg), l(li) e lfr?_f] }) is said to

be a right (resp. left) Jordan chain of length m, associated with y; if rg ) (resp.lg)) is
a right (resp. left) eigenvector of W(z) corresponding to y; and

J
1 1 l .
Z k—W(k)(yl)r()k =0, (resp. Z k,z“ WO =00), j=0,....m— 1.
k=0

A right (resp. left) Jordan chain { (()’), 5’)..., ,((') |} (resp. {(') l(’) .. (’) D is said to
be of maximal length ; if there does not an other one with length Ki+ 1 The maximal
length of a Jordan chain corresponding to the zero y; is called the multiplicity of
right (resp. left) eigenvector r(l) (resp. l(')) and is denoted by m(r( ) (resp. m(l(’))) In
the sequel we will only deal W1th Jordan chains of maximal length In general we
can assume that m( (’)) = m(lg)) taking into account the following proposition (see
[36]).

"Notice that for the matrix polynomial basis {,, p>2p, #21,,...} the multiplication operator by z is not
unitary.
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Proposition 2. Given a zero y; of W(z), there exists a right eigenvector rg) as-
sociated with y; and multiplicity k® lf and only if there exists a left eigenvector l(()')
associated with y; and multiplicity k.

Thus, given a basis {rﬁ’;)o, e rg,’:?o} of the linear subspace Ker(W(y;)) and {

a basis of the linear subspace CoKer(W(y;)) with
dim(Ker(W(y;))) = dim(CoKer(W(y;))) = s;,

(i) (@)
DYTRRRRY e

a right (resp. left) canonical Jordan chain associated with the zero y; is defined as a
system of right (resp. left) Jordan chains with maximal length

(OINGI)
il ,rj’K(j,Ll’, (resp.

. ) j=1,....s.

o8 l(i) l(f) . ,l(i)
30 !

j,O’ j,l > ,k}i)fl,

The number m(y;, W(2)) := Z‘;.":] Ki.i) is said to be the Jordan multiplicity of y;. The
following result, that is a direct consequence of Proposition 1.13 of [36] (see also

[41]), will be a main tool in the sequel.
Proposition 3. Let y; be a zero of W(z) with multiplicity «;. If

Goriye o J=lss 3)

O L 0
3021 ) j,Ky)—l l l ,l

(resp. JAUSIALE J#=1

is a right (resp. left) canonical Jordan chain corresponding to y;, then m(y;, W(2)) = a;.

Definition 2. Given a right (left) canonical Jordan chain as in (3) corresponding
to y;, for each j = 1,...,s;, we define the following right (resp. left) root vector
polynomials

K01 D=1
M@= Y =" ) esp. 0@ =) @=y)'E). @)
=0 =0

Proposition 4. Given the monic matrix polynomial W(z), the right (resp. left) root
vector polynomials introduced above (see (4)) satisfy

t

dz

. dt
(i) _
y[(W(z)rj (2)) =0, (resp. a7k

_B@We =07,

7=

wheretzO,...,K;i)—l, j=1...,s;.

Definition 3. Let y; be a zero of W(z) and let r;i)(z) and l(ji)(z), 1 <j<s, beits
associated right and left root vector polynomial defined as above. Given a matrix
function f(z) which is smooth in its domain of definition, we consider its matrix
spectral jets

i «-1)
‘ : (F@r @)y,
000 = for P, ..., I 2 e,
! FoIG = 1!
T = |30 00 T | e e

J} = [J}(yl), cey J}(yq)] e CpXNP’
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D) £y
Dofon o
: . (i) )
JP=] €S T=| 1 feCm,
URGIN JJ’;(S")(y,-)
-1
T o)
Jp=| 1 |echro
J4(vg)
In particular, if f(z) and g(z) are matrix polynomials with f(z) = Y., B;z/, then
m m
19000 = B, 100 =) 1608,
k=0 k=0
I = 15900 + 200, 1200 = 1900 + 1,000,

3. Matrix Orthogonal Laurent polynomials

In this section, for the reader’s commodity, we recall the material we will need in the
sequel from [6]. Given a bi-variate matrix of measures (not necessarily Hermitian)
du(zy, 7o) supported on T X T, we can define the bilinear forms on the bi-module of
matrix Laurent polynomials,

<'9 '>L s <'7 '>R : LPXP[Z] X LPXP[Z] i CIJX[?

as follows
(fz1),8@2))p = j; Tf(Zl)Tdﬂ(Zl,Zz)g(Zz), (5)
(f(z1),8(z2)), = fT Tf(zl)dﬂ(zl, 2)8@)". (6)
They are related by
(Ffen. ' @), = (fGe). 8@ (7)

In [6] the authors constructed a new sequence of matrix bi-orthogonal Laurent poly-
nomials for (6) from the basis
€@) = Uy, 7 ' 1y 2l 72y 221, )T

that constitutes an analog of the one analyzed in [15] (see also [14]) for the scalar

case. In a similar way, under certain hypotheses (see below), we can construct se-

quences of matrix bi-orthogonal Laurent polynomials (X n@ m(zl),)( ,(1@ 21 (22))nen, @ =
R, L, for (6) from the canonical basis,

@ = Uy 2lp, 2 1y, 21y, 772 )T ®)

Such bi-orthogonal Laurent polynomials must satisfy, fori = 1,2, and @ = R, L,

Xn@m(z) c Span{z‘i[,, . ~~z]’:111,} (coeﬁic?ent of z7%Ip = 1,), n=2k, ©)

Span{z*1,--- 211} (coefficient of 211, = 1,), n=2k+1,
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and
(R X () = 6umDf, (@) XE 22)), = GmaDE,  (10)

with Df, D,I; nonsingular matrices. The sequence (¥ ,5@ [i])neN, i=1,2,and @ = R, L,
is said to be a zig-zag basis. One can characterize these zig-zag bases, but first we
give the following definition

Definition 4. The semi-infinite matrices My and Mg

Mg = | (@) duzi, ) nG)" = (n) T, nG)7),,
TxT

M= fT Maduc,z2) n(22)" = 1) 1@2)) -

are said to be the Gram moment matrices with respect to the basis n(z).

For our purposes, we assume that the bilinear form (-, -)p (resp. {-,-);) is quasi-
definite, this is equivalently to det(Mg);,; # 0, ( resp. det(Mp),; # 0) for every
n € N. Under this assumption, there exists a block Gauss-Borel factorization for the
matrix Mg (resp M) [6], i.e.

My = S7'DRs3Y, M, =Z;'D"Z;",
where S1,Z; and S ,, Z, are lower and upper triangular block matrices, respectively,

with blocks 1, in their main diagonal, and D, D* are non-singular diagonal block
matrices. Let us define the block vectors

X%(Z)
K@) = (o) @) ), e =T =12,

as
XA @) =TS, XM = n@)7S,, (11)
X() = Zinz),  XM(2) = Zin().

We will see that they satisfy (9) and (10).

Proposition 5. The sequences (X ,(,Q m(zl),X ,S@ 21 (22))nen are bi-orthogonal with re-
spect to -, )@ , @ = L, R. Moreover

()X @), = Dy
Proof. The proof of the above statement is equivalent to prove that
(RN ), K2 (z)) = D, (¢ (y), ¥ P (zy)) = D"
But, from (11), we get
(), X P (z)) = (@) TS, n(z2)TS2)

- f S (21, 72) 1) 'S
TXT

=S (n)".n()7)S2 = DX,

For (¥ ,L, m(zl ), X ,L, [2](z2))n€N the proof is similar. ]
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Remark 2. The bi-orthogonality of()(f)[l](zl),X,,@[Z](ZQ))neN is equivalent to
@) ) =0y for —k+1<j<k and (5M@).5',), = DS,
(e 5P @), =0y for —k+1<j<k and (', X5 @), = DS,
and

(o), zg'l,,)@ =0pxp for —k<j<k and (xig‘}(zl),z’;wp)@ =D%. .,
(e 58 @) =0y for —k<js<k and (&1, X3%)), = D5,

where D€, D®

i Doy 41 nonsingular matrices. Here @ = R, L.

Definition 5. The sequences of matrix Laurent polynomials (fpﬁ [l](zl ), goﬁm (22))nens
and (tpf“l(zl), wﬁlzl(zz))nEN defined as follows

eil@) =@, e =P @)D
o'z = @) M@, @) =X,
are said to be the CMV bases. Notice that the above sequences are bi-orthonormal.

Definition 6. In the same way as for orthogonal matrix polynomials, given the bi-
orthogonal sequences (;"(z0). X z2)nert, (@) X3 @2)ner, we define the
Kernel Laurent polynomials

KR (21, 22) 1= Y X)) @) = 3 Py,
=0 j=0

Kr(z,2) = ) WP @) (0 M@ = ) (P @) ).
j=0 j=0

Proposition 6. The Kernel Laurent polynomials satisfy a reproducing property,
i.e. for every matrix Laurent polynomial

t=k if n=2k
GS —kI . tl; th bl ’ 12
0(2) € Span{z™"1 - -~ 21y} wi {, =k+1, if n=2k+1, (12

we have

(KK @), 0@)), = 00), (2@, KE (. 22)),, = 0O,

(K (1,2, 0@), = 0@, (2@, (Kiz2)'), = 0R).

Proof. Let O(z) be a matrix Laurent polynomial as in (12), then there exist n + 1

matrix coefficients (a;);_, (some can be the null matrix) such that

0@ = )" ¢ @ar.
=0
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From here

(KF L)', @), = Y. ) fT (M@ duan ) PIAREST
=0 x

1=0
=Y ) fT T(<Pf[l](Z1))Tdﬂ(Z1,zz)sof[z](Zz)a/j = Q).
Jj=0 x

The other identities follow in a similar way. O

4. Christoffel transformation

In this section we give the main result of the paper, the Christoffel formulas for
perturbations associated with the multiplication by a prepared Laurent polynomial.
This constitutes a matrix extension, as we did in [1, 2, 3] in the real case, for the
Laurent polynomial perturbations analyzed in the scalar case in [7].

Let L(z) be a matrix prepared Laurent polynomial of degree d (see Definition 1)

d
L(z) = Z:szj’ Bi=B. j=0,--.d.
j=—d

For simplicity, we will assume that 8; = I,,. Let W(z) := 72L(z). Notice that W(z) is
a monic polynomial in CP*?[7] of degree N := 2d. As a consequence, W(z) has Np
zeros (counting multiplicities). If y, ..., y, are their zeros and «1, . . ., @, the corre-
sponding multiplicities, then Z;]':o «; = Np. Notice also that from the definition of
W(z), det(W(0)) # 0.

Next, we will deal with a new matrix of measures

di(z1, z2) = L(z1)du(z1, 22),

as well as with the corresponding perturbed bilinear forms
(f(z1), 8¢ = fT i f@) Lz)dp(z1, 22)g(22),
(fz1), 8(2))1 = fT Tf(Zl)L(Zl)dll(Zl,Zz)g(zz)%- (13)

Observe that for dji(z;, z»), the property (7) is still preserved because (L(z)) = L(z)
on T. Let Mg := {n(z))",n(z2) ")z and M; := (n(z1),7(z2)); be the block semi-
infinite Gram matrices corresponding to (-,-)z and (-, -); , respectively. Let us as-
sume that they have a Gauss-Borel factorization [6]

Mg =87'DRS', M, =2;'D*Z;)",

where $ 1,7, and $, Z, are lower and upper triangular block matrices, respectively,
with , in their main diagonal entries and DX, D" are non-singular diagonal block
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matrices. With this in mind, we can define the zig-zag basis (¥ n@ g @nen, 1 = 1,2,
@ = R, L, from the following block vectors

WWaoy=2ma, e =2, 1
SRI1] Tt al TS
PG =n@'8l P =078 1

A straightforward consequence of the above definition is
Corollary 2. The following relations hold

/\A/R[l](z) :)A(R[Z](z)SElSAi :XR[”(z)S;TS"[ :)(RIZ](Z)S;.SA‘I,

K@) = 2278 @) = 2020 @) = 202X ),
Proposition 7. If L(z) = Zj{:_ d Bz’ is a matrix prepared Laurent polynomial, then

@' [L@h] = Lam@T
LTnG) = n@LG), (16)

where the semi-infinite matrix T and the block vector n(z) were defined in (2) and
(8), respectively.

Proof. Using the fact that TT = T and
Uy, 2l 2 1y 1 72y )T = (e, 22, 1y, 21 7' ) = 2(2),
Uy, 2y, 2 ' 1, 21y 272, )T = (27 1y, 272 2, 22, ) = 27 ' ()T,

we have that
b

d ) d
n@TILTHI = @) [Z BITHY | =n@7 | )] TIBj| = 1@ L().
j=—d j=—d
Thus the result is proved. The equation (16) is obtained in a similar way. O

Proposition 8. The perturbed block moment matrices Mg and M satisfy
Mg = L(T")Mg, M, = L(T)M,.

Proof. From (13) and Proposition 7 we get

MR - fT T (L(zl)ﬂ(Zl)T)+ dﬂ(Zl,Zz)’I(ZZ)T = L(TT)MR’

M, = L(T) f n(z1)du(z1, 2n(z2)" = L(T)My.
TxT

m}
Proposition 9. Let us introduce the following semi-infinite block matrices
w:=(D"TSISTTDRY, @ :=D'2;'2,(D"".
Then
L") = e, ¥MOLE) = oy, (17)

w and & are called connection matrices.
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Proof. From Proposition 8 we have that My = L(T")Mg. Thus
STIDRSS = LTS DRSS!,
SSTOYS T =851 OY s TILTHI,
ST TSI DY = LTS,
XFU(DRY 151851 (DR = Lot ).

Notice that from Proposition 1, we have ensured the associativity of the product for
the above semi-infinite matrices (see also [14]), besides the matrix (D)~7S1S7 T(DRy
is a lower triangular block matrix. The other relation is obtained in a similar way. O

From (14), (15) and the definition of prepared polynomial of degree d, for @ = R, L,
we get

L(z))(@m Span{z‘(k+d)1 k| ) (coefficient of 7=+ [, = 1,), n =2k,
" Sp n{z®D, .. 4y (coefficient of 29T, = 1), n =2k + 1.

With this in mind and Proposition 9
LRy " (2) € Spanpx M (z) - X @MY (with coefficient of X €11 = 1,), N = 2d.

n+N n+N
(18)
With this in mind, we have the following result
Proposition 10. The connection matrices w and & have the following form
wW0,0 0 0
w w 0
01 L oo @oy -+ @on-1 I, 0
w 0
22 B 0 @y -~ on-1 v I
W= WO,N-1 : . » W= .o I
c@np v oy N 1y
IP W N
0 I,
The above is equivalent to the following connection formulas
CRI1] n+N-1
R[1 R[1
L @ =@+ > Qo N =24, (19)
k=n
n+N-1

L[l]

QL@ =Xih@+ > @)
k=n

Proof. From Proposition 9 and (18) we know that
n+N-1

~R[1]
L% @ =@+ > @wn,
k=0
and, since forO0 <k <n-1,

(et e fe) = ()

R[1] R[1]

@ )XR[I](22)> = 0y
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then w,x = Opx, fork = 0,...,n — 1. The proof for & follows in a similar way. O

The following theorem gives formulas that relate the first families of bi-orthogonal

Laurent polynomials (X ,? m(zl))neN and (¥ f m(zl))neN, which are generated by the
bi-variate matrices of measures du(z;, z2), and L(z;)du(zi, z2), respectively.

Theorem 1. The sequences (X,(I@[I](z)),,EN and ()A(n@[]](z))neN, @ = L,R, are related
as follows (see Definition 3)

rJ U ;
il Ty T o ‘ T
L)X, (2) = dyRI1] LAyl o (20)
Z Xn (Z) e Xn+N I(Z) Zan_E_A]/(Z)
r
Py | Mg
L[l] :
( )L(Z) = r L[]] ) (21)
| oo e
YU
Ty | Xuew@

Proof. We will prove (20). The proof of (21) is similar. Let W(z) := z?L(z). Then
W(z) is a monic matrix polynomial of degree N := 2d. Let yy,...,y,, be its zeros
and let a1, . .., @, be their corresponding multiplicities. Notice that ZZ=1 ay = Np.
From Proposition 10 we have

n+N-1

~RI1]
Wb, @ =A@+ D N @wg.

Since/\A/f m(z) is a matrix Laurent polynomial, then it is an analytic function in C\ {0}
and, in addition, O is not a zero of W(z). Let l(')(z) j=1,...,s; be the left root vector

polynomials of degree K -1 assomated with the zero y; (see Definition 2). Then
from Proposition 4, forr =0, - - - ,Kj — 1, we have
T /0 k1] A" (10 )R]
0 = = ((WW’@ = = (o)
=Yi =Yi
n+N-1 d' )
+ kz e (l;')(z)def[l](z)) Wy
=n =Yi

Using Definition 3, we have the following relation between the spectral jets

Wn.n
_ l(j) _ l(/) (y) l(j) (y))
Lo 00 = ( ’ Lm0
Wnn+N-1
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Proceeding in such a way for each zero y;, i = 1,--- , g, we get

ZdXRlll(Z)(yl) JdXRm()(Yl) Ji“XfJ,l, 1()()’1) Whn
P00 | g0 = Ly 00 Wy !
Wp,n
el = (’if'x':“%v ’idxffm-,<z>)1vpmp ol
W n+N-1
and since
Wp,n
L@Y @ =X @) + (Kl xf ) 0 |
Wpn+N-15
then the result follows. O

. . ~L[2 ~R[2
As in the above case, since (X n[ ](z))neN and (X,,[ ](z))neN are bases of L”*?[z], then
there exist matrix coeflicients (b, x);_, and (b, x);_, such that

pRI2]

B2 () = ZXR”]<z)bn,k, XR2() = ¥ )8,

L[2]

X2 () = Z bt @, X = BE ),

. . . ~R[2 ~ .
where B is the connection matrix between (X' 5[2|(z)),,eN and (X n[ ](z)),,eN and B is the
. . ~L[2
connection matrix between (Xﬁm(z))neN and (X n[ ](z)),,eN.

Proposition 11. Given the connection matrices w and & (see (17)), the following
relations hold

B=23$,'S,, B=77", (22)
w = (D?YTBI (DR, @ = DF*BY(DM)7!. (23)

Proof. To prove (22), let B’ be the upper triangular block matrix, with /,, in its main
diagonal, defined as B’ = §;'S5. Then

$2B =87 — 1 ()28 =0T (@)S, — X )B = xRz,

Since the representation in this basis is unique, we get B* = B. For B the result
follows in a similar way. (23) is a straightforward consequence of Proposition 9
and (22). |

Proposition 12. Let ‘f(@ (z1,22), @ = L, R, be the perturbed Laurent Kernel poly-

@[1] ~@[2]
(z1),X,

nomials associated with (X (z2))nen. Then the perturbed and original
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Laurent kernel polynomials are related by the following connection formulas

KR (21, 22) = KR (21, 22)(LAz21))|
oKz

S CAES (05 o0 RS g 29107 ) PR IR M%)
a2

KLz, 22) = K1, 22)LAz1)

X
n+l
L[2] _ ~L[2] A1) ~ .
— (R e DE ) P ) DD | 1 | @25)
1L
XEZ-EN(ZI)
where
Ip Wp-N+2,n+1 =0 Wpn+l Ip
I On-N+2a+1 1
»
Wp,N] = o) D = : ,
. OJn,TrN—l upe1 lbnm;vq I,
P

are truncations of the connection matrices w and @, respectively.

Proof. Given the connection matrix w (see (17)), consider its block sub-matrix of
ordern + 1
wo,0

_ |Wo,N-1
Wiptl] =

Ip Wp-N+1,n ot Wpp
and define the following expression in two variables
@)
. (pRI2] ARN— R[2]
Lenz) = (0 @0 B oy |
@)
On one hand using the fact that w is a lower triangular block matrix and (23), we

Ry-1
have that w[ " DﬁHI]B[nH](D )jer)- Thus

( Rm(Z )(DR) Lo R[z](Z )DR)- ) W] = (A}[z](zz) /\f[Z](zZ))B[nn]Dﬁm]
= (B e)DE e XD,

and this implies that £(z;,z;) = 7(,15 (z1, 22). On the other hand, notice that for n > N,
the relation (19) yields
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n+m—1
R[] ¥ 3 }
@@ L) = GLED + D 0y, K@) m= 1N,
k=n—N+m
This expression is equivalent to
K@)
t g . _
(a)n—N+m,n—N+m e wn—Ner,n) . -
e @)’
it 0 @)
(Xn—N+m(Zl))T(L(Z1))T - (w:L—N+m,n+1 e wr‘z—N+m,n+m—l Il’) *
LA
With this in mind
AR CY I (LA EA .
O P =] [E@) - ( ;;N"’X"),
ROT RUI n(z1)
e’ \d@en)
where
@)’
RN(ZI) = a)[Tn’N] .
K@)’
Thus
@)’
L(z1,22) = K21, 22)(Lz1) - Wy :
K@)’
and we get (24). To prove (25) we compute
XBI]L(Z])
N Aro_ o L[2] v A1) ~
(g @y @™ - @ @) (DH ™) ey
X (1)
in two different ways and we proceed as above. O

The following theorem gives formulas that relate the second families of bi-orthogonal

Laurent polynomials (¢ (z)),err and (¥, > (z2))err, which are generated by the
bi-variate matrices of measures du(z;, 22), and L(z;)du(z1, 22), respectively.
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@2
Theorem 2. The sequences (X, ,S@ 21 (2)) and (X, : ](z)), @ = L,R, are related as fo-
llows
[ J! R J!
(Df)f"-(Af[zl(Zz))T =0, ZX*C ) 2R @) ‘ (KR 21,22) } ,
OPXP T OPXP Iy ‘ 0pxp
r 0
e p‘><p
S LI2] AL\—1 : )
&, @)D =e. Opep
J _dyLI2]
HXin @) Ip
-
L sz'K,{‘(m,zz) OPXP

Proof. From Proposition 12

(KR (@1, 22)" = Wz)( KR (z1,22)
~R[2]

(ﬁf—NH)_%( wne1 (@)
- (folell(Zl) o Z?/\/f-[:[\]](zl)) Wi N :
A oR2I, s
(DT, " (22)]

Taking into account that for a fixed z, # 0, (7?5 (z1,22))" is a matrix Laurent polyno-
mial in the variable z;, then it is analytic in C\ {0} and since O is not a zero of W(z;),

L() : : :
- 1) = < < S e
we get J (11)(‘7(5(11@2))1'()}’) Op, forl < J =St 1, >4, where the spectral ]ets

JHD(y;) act on the variable z;. From here

A SR
(DR )T N (22)

L(j) N_ [ JD N .. gD )
Jzﬁ’(%¢(zl,zz>)*(y’) - (Jz{)c{fﬁ‘ﬂ(m(y’) Jzt,'xijNl(zl)(y’) Win,N] : X
AR\—+ {121
OB, @)
Summarizing all these equations in a matrix form and taking into account that

0 - 0 L)oum=(0 -+ 0 1),

the statement follows. |

Remark 3. If dv(z) is a univariate matrix of measures supported on T and we define
the following matrix of bi-variate measures

du(z1,22) := dv(z1)0(z2),  suppu(zi,22) = TX T,
where 0,(2) is de Dirac Delta function supported in z = a, then the sequences
&M@ G e and - G @)X @)ar
are bi-orthogonal with respect to (5) and (6), respectively, if and only if
KM@ @ar and - G @, X @)

are bi-orthogonal with respect to

(f(2),8(), = fT f@Tav(2)g2), and (f(2),8()), = fT f@adv(z)g(2)",
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respectively. Thus, the results obtained here can be also used for univariate matrix
of measures supported on T.

In the remainder of the paper we will analyze two examples. We consider a sequence
of monic Bernstein-Szegd polynomials {p,(z)},.>0 (see [46]) defined by

n—1

Z
n =7"- ) 217
pn(2) =72 5

as well as the Laurent polynomials defined by xx(z) = z7¥(pa(2))* (see (1)) and
X24+1(2) = 2% par+1(2), or equivalently,

(@) =751 - (1/2)2), xua(@=72G@-1/2) k=0,1,---. (26)

If we define X,,(2) := x,(2)I», then (X,,(2)).en is the sequence of matrix orthogonal
Laurent polynomials with respect to the bilinear forms [46]

1 de , 27— 1
= — i — ] , =, h h(z) = .
(-8 = 7 | f@ TR 28(2), z=¢€Y, where h(z) 7
Let us define the bilinear form
1 (7 . Lk)do ,
= f - I — it 27
8= 7 | @ TG 28(2), z=¢€", (27)

where L(z) is a matrix prepared Laurent polynomial. We are going to represent the
sequences of bi-orthogonal with respect to (27), for two different Laurent polyno-
mials L(z).

Example 1 (Diagonal example). Let L(z) be the Laurent polynomial of "degree" 1

T S

It is not difficult to check that L(z) = UL(z)U", where

(i L) = l/z+z 0
Sl ) YT 00 1z+44g)
/\A/R[l] ~R[2] . .
Let (X, (2),X, (2)nen) e the sequences of matrix orthogonal Laurent polynomi-

als associated with L(z) Taking into account this fact, we have that for every

0
|h(e®)*
n €N, /\:/Sm(z) = /\A/f[z](z) = /\A’f(z) and they can be written as )A(f(z) = U'X, (U,
where (X,,(2))nen is the sequence of matrix orthogonal Laurent polynomials associ-

ated with L(z)

Xu(@ner-
Let W(2) be the matrix polynomial

W. Using Theorem 1, we are going to find the representation for
e

2
W) = 2i(z) = 1+2z 0 )

0 1+4z+7
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Observe that since det(W(2)) = (1 + 22)(1 + 4z + 22), then W(2) has four simple zeros
(y,-)?zl. Moreover, the right (resp. left) eigenvectors will be any nonzero solution of
the equation W(y;)rio = 0,, (resp. lioW(y;) = 0,)

\ Zeros \ Right eigenvector \ Left eigenvector \
yi=i rio=>0,07 ho=(1,0)
yi=-i ro=(1,07 ho=(1,0)
y3=-2+V3 | o= (0,17 Lo =(0.1)
ya==2—= V3| rp =017 lo = (0,1)

Using Theorem 1, we deduce that the sequences of matrix orthogonal Laurent poly-
nomials (X,(2))en are given by

L(2)Xu(2) =
(L+i)i*
(4=i)-iy*
@ 0
: 0

0
0

(-2
ffoe )2 )

(-1-H) 0 (-1+4)i* 0
(-1+5)=if 0 (-1-2)(=p* 0
0 (VE-3)(vi2)” 0 §(va-4)(v3-2)
0 (-3-V3)(-2-v3)" 0 (44 V3)(-2-v3)™

| 70 - (1/2)2)h

L) Xo41(2) =
(-1-9)#
(144
0
0

0.

0
0

(V3=3)(vs-2) "
(3- V9>

- 1/2)

T Fa-a/29h

(1-4)i* 0 (—3+i)it 0
(1+4)=p* 0 (-3-i)(=if 0
0 -i(vE-4)(vi-2)” 0 ~(V3-3)(vi-2)”
0 L(arV3)(-2-v3)" 0 (3+V3)(-2-V3)"”

!

&z -1/2)I

751 - 1/22)D,

2z -1/2)

Example 2 (Non-diagonal example). Let L(z) be a Laurent polynomial of "de-

gree" 2

L(2)

{10\
_(0 1)Z—

Here, L(z) can be written L(z) = U(2)L(z)U~'(z), where

U@ = (f ‘f), L) =

0 0\ _; 0 1 1 0\,
\/5(1 O)Z —«/5(0 O)Z+(0 1)z.
) 1
Z —\/§+—2 0
é
1 >
0 2+ V2+
Z

and U™ (2) = UY(z) on T. Observe that this is not a diagonal case, because the
matrix U(z) depends on the variable z.
Define the polynomial W(z) as follows

W =210 = g

0
1

o

1

0 o)z_ \5(0

0 0

1\ 5 (1 0\,
0)“(0 l)z.
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Since det(W(2)) = 28+1, then W(2) has eight simple zeros (yi)le. Moreover, the right
(resp. left) eigenvectors will be any nonzero solution of the equation W(y;)r;o = 0,
(resp. ligW(y;) = 0y).

\ Zeros \ Right eigenvector \ Left eigenvector \
yi =i o= =D V)T | L= (—(1+P* V2)
y2 = =i | 1o = (=1 = D), V2)T | b = (1 + D%, V2)
y3 =24 e = (=(L+ D™, V)T | o=@ 1)
ya == o = (L+ DI, V)T | g = (=1 = di"* V2) |
ys =% | rso = (=1 + )P4, V)T | Isg = (P4, 1)
yo = = | reo = (L+ )P, V)T | lgo = (=%, 1)
yr =i | r0= (=1 =D, N2)T | o = (=(1 - )i, V2)
ys = —i"* | rgo = (1= )i, V2)T | Igo = (1 = D)%, V2)

Let (()A(f[l](z),/f/s m(z))neN) be the sequences of matrix orthogonal Laurent polyno-

mials associated with L(Z)|h—

matrix on T, then X,

do

(ele)|2 :
~R[2]

~R[1]
(@) =X,

LY @) =

R TR PGS B A 107 AIRTCATd A PO, Y (L W AL Y Y (9|
2L X (=) V2L X (=) 2L 0 X aa (=12 P21 X s (=il
PRL XY PP X (P PRPLXa ) PP )
PP X (=) PP X (=) PR 10X (=P14) B4 3 (=)
i5/215'0X,,(i5/4) is/zls.(})(n+l(i5/4) i5/215,0X1x+2(i5/4) is/zls,()/\/n+3(i5/4)
321X (=i71%) 216, 0X 1 (=1514) 5216 X oua (=1514) 216, 0X a3 (=54
2L X () TP 10X (1) 72 X (%) 1721 0X o3 (71
"2 13 X (=i"1%) 7215 Xy (=774 213 X ipaa (=i71%) 721 X3 (=714

Since L(z) is a Hermitian Laurent polynomial

(2) ::)A(f(z). Using Theorem 1, we get

V211 X'
21 X (iM%
PRI X ()
PR s (=)
215 0X s (P14
210X s (—P1%)
1217 0X a1
{1213 Xpia(=i"%)

Zxn@h 21 @b Zxni2(h Zxn3(h

Zxpa(@h

Using (26), each element of the above last quasi-determinant can be easily com-

puted.
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