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ABSTRACT

In this paper, we consider an appropriate ordering of the Laurent monomials x'y/, i, j € Z that allows us to study sequences of

orthogonal Laurent polynomials of the real variables x and y with respect to a positive Borel measure u defined on R? such that

{x =0} u {y = 0}) N supp(w) = @. This ordering is suitable for considering the multiplication plus inverse multiplication operator

on each variable (x + Land y+ l), and as a result we obtain five-term recurrence relations, Christoffel-Darboux and confluent
X

formulas for the reproducing kernel and a related Favard’s theorem. A connection with the one-variable case is also presented,

along with some applications for future research.

1 | Introduction

Orthogonal Laurent polynomials with respect to a positive Borel
measure supported on the real line were introduced for the first
time in [1], and also implicitly in [2] in relation to continued
fractions and the solution of the strong Stieltjes moment problem
(see also chronologically [3-7]). However, it is useful to note
that they can be viewed as orthogonal polynomials with respect
to varying weights, which have been extensively used in the
theory of constructive approximation (see, e.g., [8] where they
appear in the context of continuous T-fractions). The case when
the measure is supported on the unit circle is greatly simplified
(see, e.g., [9]). An extensive bibliography has been produced
after these works, giving rise to a theory close to the well-
known theory of orthogonal polynomials on the real line (see,
e.g., [10-15]), with applications in moment problems, recurrence
relations, reproducing kernels, Favard’s theorem, interpolation
and quadrature formulas along with denseness and convergence,
linear algebra and inverse eigenvalue problems, Krylov methods,
model reduction, linear prediction, system identification, and so

forth. This theory has been also considered for positive Borel
measures supported on the unit circle (for the first time [16]),
giving rise in particular to the well-known CMV theory ([17],
see also, e.g., [9, 18]) that has produced an important impulse
in the theory of orthogonal polynomials on the unit circle (see
[19]). In particular, in the context of quadrature formulas on
the real line, the advantages of considering rules based on
Laurent polynomials instead of ordinary polynomials have been
shown deeply in the literature, theoretically and numerically.
For example, from a theoretical point of view, the theory of
Orthogonal Laurent Polynomials has allowed the development
of the Theory of Strong Moment Problems (see Subsection
5.2). From a numerical point of view, a comparison between
quadrature formulas on the real half-line based on orthogonal
polynomials and orthogonal Laurent polynomials is carried out
in [13], and it is shown there that when the integrand presents
singularities near the subset of integration, the results of the
classical Gaussian quadrature rules are significantly improved
when quadrature formulas based on Laurent polynomials are
used.
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In the one-variable case, there are few weight functions on the
real line that give rise to explicit expressions for the corresponding
orthogonal Laurent polynomials. In practice, these orthogonal
Laurent polynomials are computed recursively from a three-
term recurrence relation that holds for an arbitrarily ordered
sequence of monomials {x'};c, (induced from what is known in
the literature as “generating sequence”). In the particular case of
the “balanced” ordering,

3 1,1
Sf_span{l,x,x,x,xz,...}, (€]
this recurrence is given by the following (see [12, 14]).

Theorem 1. Let w be a positive Borel measure on R* and
let {i}i>0 be the sequence of orthonormal Laurent polynomials
induced by the inner product (f,g), = foco f(0)g(x)dw(x) and
the balanced ordering (1). Then, setting Y_, =0, there exist two
sequences of positive real numbers {Q,},-, and {C,},s, such that
foralln > 0,

Cnlianrl(x) = (an - 1)ltbn(x) - Cnfll,bn,l(X) lfl’l is even,

o) = (1= 52 ) = Cooths () ipmisod

/ 2
1 my mamo—m
QO ==, and CO =X 1

\/Vl’l[)’ Wll’ my

(x*, 1) being corresponding moments for w, k € Z.

Furthermore, ¥, = , my =

On the other hand, the general theory of multivariate orthogonal
polynomials is still far from being considered an established
field and has experienced delayed development, especially in
fundamental aspects. In 1865, Hermite [20] explored a two-
variable generalization of Legendre polynomials, marking the
initial appearance of orthogonal polynomial families in multiple
variables in the literature. However, it was not until 1926 that a
study on families of orthogonal polynomials in two variables on
the unit disk and the triangle appeared in the classic monograph
by Appell and Kampé de Fériet [21]. Since that moment, various
authors have contributed to the development of the general
theory of polynomials in several variables; see, for example,
[22-24].

Based on a vectorial representation, Kowalski [25, 26] proposed a
novel approach in the study of polynomials in multiple variables.
This perspective has allowed the development of a basic algebraic
theory, which can be found in the monograph by Dunkl and
Xu [27]. In particular, it has been possible to extend funda-
mental properties to multiple variables, such as the three-term
relation, Favard’s theorem or the Christoffel-Darboux formula.
The monograph [27] comes highly recommended as reference for
gaining insight into the current state of the art in multivariate
orthogonal polynomials.

Orthogonal polynomials in several variables find diverse appli-
cations across fields like physics, quantum mechanics, and
signal processing. One prominent application lies in optics and
ophthalmology. Zernike polynomials are orthogonal polynomials
on the unit disk [28] and were introduced by Fritz Zernike (Nobel
prize for physics in 1953) in 1934 to address optical challenges

related to telescopes and microscopes. In the year 2000, the
Optical Society of America adopted them as the standard pattern
in ophthalmic optics.

The purpose of this paper is to consider for the first time in
the literature (as far as we know) the theory of sequences of
orthogonal Laurent polynomials in several real variables. The
advantages of considering orthogonal Laurent polynomials (or
more generally, orthogonal rational functions) instead of ordinary
orthogonal polynomials have been shown in a wide variety of
contexts in the literature of the one-variable case. The growing
interest in the study of orthogonal polynomials in several vari-
ables undoubtedly motivates to consider generalizations to more
general kind of functions than ordinary polynomials, mainly due
to their possible applications in many problems like cubature
rules, Fourier orthogonal series and summability of orthogonal
expansions, moment problems, and so forth.

In [29], multivariate orthogonal Laurent polynomials in the
unit torus are studied. The authors provide an ordering for the
monomials, focusing specifically on the moment matrix, Fourier
series, Christoffel-Darboux formulas, and related concepts. They
work with complex variables and prove three-term relations but
they do not find a Favard-type theorem. The study explores also
Christoffel-type perturbations of the measure through multipli-
cation by Laurent polynomials. Both discrete and continuous
deformations of the measure result in a Toda-type integrable
hierarchy. In contrast, the variables in this paper are real and the
ordering considered is not the same as the one used in [29] so the
results obtained here are not included in it.

For simplicity, we will restrict to the case of two real variables,
but all the results can be extended to more variables by using
a somewhat more involved notation. Here, the basic key is to
start from an appropriate ordering for the Laurent monomials
x'yJ, i, j € Z that is inspired on the “balanced case” (i.e., usually
considered in the literature), but now for both real variables
simultaneously. The vectorial representation of the Laurent
polynomials is necessary for the proof of the main results.

The paper has been organized as follows. An appropriate ordering
of the Laurent monomials x'y/, i, j € Z for the construction of
Laurent polynomials sequences of two real variables with respect
to a linear functional is considered in Section 2. We concentrate
in the positive-definite case, dealing with orthogonality with
respect to a positive Borel measure u defined on R? such that
({x =0} U {y = 0}) N supp(u) = @. Five-term recurrence relations
are obtained involving multiplication by x +2 and y +1.In

Section 3, we deduce a Favard’s theorem and Chrlstoffel Darboux
and confluent formulas for the reproducing kernel, whereas in
Section 4 we present a connection with the one-variable case
when u is supported in a rectangle and it is of the form du(x,y) =
du,(x)du,(y). Some conclusions are finally carried out.

We end this introduction with some remaining notation through-
out the paper. We denote by E[-] the integer part function, by &,
the Kronecker delta symbol, by M,, ,, the space of (real) matrices
of dimension n X m, M,, being the space of square (real) matrices
of dimension n, by 7, the identity matrix of dimension n, by O, ,
and O, the zero matrices in M, ,, and M, respectively, and by

20f16

Studies in Applied Mathematics, 2024

85U8017 SUOWIWIOD 31RO 3|t jdde au) Aq peusench a1e 3o e O ‘S J0 S8InJ 10} A%eiq1 78U IUO AB|1A UO (SUORIPLOD-PUR-SLLBY WD A3 1M AReIq Ul [UO//SA)Y) SUOBIPUOD pUe LB L 3U} 835 *[7202/TT/6T] Uo A%iqiauluo 43| Bepeueio 8@ pepsieniun Aq €821 Wdes/TTTT OT/I0p/w00 &3] 1M Axeiq1jeul|uo//Sdiy woy papeojumoq ‘0 ‘0636.97T



diag(a,, ..., a,) € M,, the diagonal matrix with ordered entries in
the main diagonal a,, ..., a,.

2 | Orthogonal Laurent Polynomials of Two Real
Variables: Five-Term Relations

In the one-variable situation, it is usual to consider a nested
sequence of subspaces of Laurent polynomials {<,} such that
£y =span{l}, &, C £, dim(Z£,)=n+1 for all n > 0, and
U, Zn = Z (see, e.g., [12, 30]).

Having in mind the “balanced” ordering (1) in the one-variable
situation

%, =span{l}, <, =span { %, e, XK },
Lo = Lok, ®span{x'}, Vk>1

(see, e.g., [4, 6,13,14] for the real line case, and [16-19] for the unit
circle case), we can proceed by defining the sequence

and define

L, = span{pi’j i j Srz}, foralln >0,

. n+1Dn+2)
dim(£,) = — L= U L, 5)
n>0
Consider
pk,()(xa y)
pk—l,l(xay)
(x,y) = € M1, Yk20, (6)
Pox(x,¥)

that is, the components of the vector ¢, are the k + 1 linearly inde-
pendent Laurent monomials of £,\L,_,, ordered as they appear
in the expansion (4). So, we can interpret £, = span{¢,, ..., $,.},
foralln > Osothatify, € L, forsomek > 0,then, = ZZO Ci¢,
where C; € M, ,, are constant matrices (C, being the leading
coefficient matrix).

Observe that ¢, =1 and forall I > 1,

el xlyo xly0
¢, =" .E[——]|, Vn>0 ) x’y x_(l_l)y
x—(l—l)y—l xl—ly—l
and considering the Laurent monomials Pau(x,y) = . ’ P (x,y) =
] —(1-1)
Xy Xy
pm,n(x’ y) = xc’”yc”, Vm,n>0
X0y~ x0y!
and the infinite matrix
Do = x0y° =1 Dio =Xy =x Dao = X2y = - D30 = X3y = x?
X
Dog =XOy1 =y  p;; =x1yT=xy Doy = x2y7 = X P31 = X9y =x%y
2 ©)
Doy = X0y = - D1y = Xy? = = D2y = X2y©2 = = D3y = X8y = =
y y xy y
Setting £ = span{x'y’ : i, j € Z}, the space of Laurent polynomi-
als of real variables x and y, we can order these elements p,, ,, by
antidiagonals in (3) as
L =spany Poo s P1,0> Po.1s P2,0> P1,15 Po2s> P3,0s P21 P1.25 Po3s Paos P31 P22s P13s Doas - 4)
N——
n+m=0 n+m=1 n+m=2 n+m=3 n+m=4
30f16
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Thus,

x¢py(x,y) =

~hu(ry) =

Xpy_1(x,y) =

%gbzl—l(xJ’) =

y¢21(x’ Y) =

%%mw=

Pai—20 € Loy o\Loyis
P € Loo\Lan
Dai—ap € Lo 5\Ly3

Poji—2 € L£25\Ly_3
D3oi-1 € Lopo\Lo
Do € Lo \Ly

Pai2o € Loo\ Lo
Pz € Loy o\Loyis
Dz € Loo\Lo

Pazi—> € Lopo\Loin
Poai-1 € Lo \Loy>

P21 € Lopo\Lo

Dario € Lo\ Ly
Dai—a1 € L£2-3\Lo4
P12 € Ly \Ly

Poni-3 € L£3\Ly_4
Doz € Lo \Ly
Pioi-1 € Ly \Loyiy

D30 € Lo3\Lo4
P € Lo \Ly
Dai—sp € Los\Lopy

Dai—s € Lo \Ly
Poni—2 € Loyr\Loys
Daoi-1 € Lo \Ly

Pt € Loy \Ly
Pa-13 € Lopo\ Lot
Dai20 € Lo5\Lo3

DPaoi-a € Ly o\Loyis
Pt € Loo\Lon
Poji—2 € Lo 5\Lo3

Pap € Ly \Lop
Daic10 € Lo \Ly
P24 € Loo\Lon

Daat € Lo\ Lo
Prai-3 € L£o5\Ly3

Pogi+2 € Lopo\Lop

@)

®

©)

and

P11 € La\Lo
Pai-23 € Lo\ Loy
Dai-30 € Lo3\Lo4
YPu(x,y) = : )
D221 € Lo\ Ly
Pra-a € Lo\ Loy
Poar1 € Lo\ Lo

Pai12 € Lo \Ly
Pai20 € Lo o\Lop3
) Pai-34 € Lo \Ly
;¢2l—1(x,J’) = : . (10)
Paoi-s € Lo\ Loy

Piat € Lo \Ly
Poai-3 € Los\Loy

It follows from (7)-(8) and (9)-(10) that if 1,bk € L \L)_,, then
XYy € Ly, ¢’k € Ly, and yiPy € Ly, Ebk € Ly, respec-
tively. However, the key fact in what follows is that all the
components of the vectors (x + )l—c)z,bk and (y + i)zpk are in

£k+2\£k+1'

A Laurent system in two variables {¢,},-, is a sequence of vectors
of increasing size

qon € Mn+1,17 ¢n € £n\[/n—l? V n Z O

such that the components in the vector ¢, are linearly indepen-
dent. It is clear that in this case

n
o, = ZAE”)qbi, with AE") € M, constant matrices,
i=0
A" being regular. aan
Let us consider a linear functional L defined in £ by L(x'y/) =
u;,; for i, j € Z and extended by linearity. It can be defined over
product of vectors in the following way:

L(F 8" = (L(fi18)) Ly s o
f=1fr,, fi]" and g =g, .. 8nl" 12)

€ Mims where

Definition 1. A Laurentsystem {g,},», is a system of orthogonal
Laurent polynomials with respect to the linear functional L if for
alln >0

L(@n‘pz) = 0n+1,k+1, k= 0,..,n—1 ( )
13
L(p,¢X) = H, € M,,; with H, an invertible matrix.

In the case when H,, = 1,,,, foralln > 0, {p,},-, is called a system
of orthonormal Laurent polynomials.

40f16
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Observe that the orthogonality conditions are equivalent to

L@@!) = Oprpps k=0,in—1

L(¢,9L) = S, € M,,,; with S, an invertible matrix.

(14)

Forn > 0, k,1 > 0, we define the matrices
My, = L(¢i ¢))
and the matrix

M, = (Mkl) with A, = detM,,.

k,1=0

We call M,, a moment matrix. Observe that

Hoo|M10 Mo
Ay =
Hoo | Mo Moa | M-10 H11 Mo—1
Hio | M20 Mig | Hoo H2n M1
A, = Hoi | Mg Moz | M—11 M1z Moo ’

M_10| Moo M-11| M—20 Mo1 M-1-1
Mg | Ma1 Mz | Hoa M2z Mio
Mo—1|M1,-1 Moo |M-1,-1 M10 Mo—2

Proposition 1. A system of orthogonal Laurent polynomials with
respect to the linear functional L exists, if and only if, A, # 0 for all
n=>0.

Proof. Using that ¢, = 2?:0 A;¢;, we have

Ligipl) = D\ LigdD)AT = Y My AT
k=0 k=0

The orthogonality conditions (14) are equivalent to the following
linear system of equations:

Al 0
M, AT [Tlo
AL S,

The system has a unique solution if the matrix M,, is invertible,
that is, if A, # 0. O

Definition 2. A linear functional L defined in £ given by (4) is
called quasi-definite if there exists a system of orthogonal Laurent
polynomials with respect to L. L is positive-definite if it is quasi-
definite and L(y?) > 0,V € L, # 0.

Proposition 2. If L is a positive-definite moment functional
then there exists a system of orthonormal Laurent polynomials with
respect to L.

Proof. Suppose that L is positive-definite. Let a = (qy, ..., @),

with a; € M, ;,,, be an eigenvector of the matrix M,, correspond-

ing to eigenvalue 4. Then, on the one hand, a’ M, a = 1||a||?.
n

On the other hand, a” M, a = L(3?) > 0, where 3 = 2,‘:0 ajrgbj.

It follows that 4 > 0. Since all the eigenvalues are positive, A, =
det(M,)) > 0.

As a consequence, there exists a system {p,}, of orthogonal
Laurent polynomials with respect to L with H, = L(p, ¢L).
For any nonzero vector v, ¥ =vg, is a nonzero element
of £, Then, vH,v" =L(%?) >0, so H, is a positive-
definite matrix. If we define @, =(H,1,/ *)lp,, then
L@, ¢1) = (M) L(p, p1)(H,/) " = L,,,. This proves that
{®,}, is a system of orthonormal Laurent polynomials with
respect to L. O

From now on, we will deal with a positive Borel measure u(x,y)
on R?, D :=supp(u) such that ({x =0}u{y =0})NnD =@. We
consider the induced inner product

(Fog) = / Fa gt y)dux,y). fogeLr
D

={h:R2>R : h2(x, y)du(x, , (15
{ //D (xy)u(xy)<oo} 1s)

and we assume the existence of the moments
= (x', 1) Vi,jeZ. (16)
Consider the inner product

<f’gT> = (<fi’gj>”)i:1 AAAAA k; j=1,...
f=1f1s fil" and g=l[gy,...gul" an

€ Mg, where

From orthogonalization to £, = span{¢,,...,¢,} with respect
to the inner product (17), for all n > 0, we can obtain an
equivalent system £, = span{g,, ..., ,} verifying ¢, € L,, ¢, €
LA\L ., ¢ LL, foralll=1,..,n, and (p, ¢, ) = I, for all
k=0,...,n. If this procedure is repeated for all n > 0, we get
{@1 k0, @ family of orthonormal Laurent polynomials of two real
variables with respect to the measure u.

Remark 1. Observe that ¢,, is uniquely determined up to left
multiplication by orthogonal matrices. Indeed, if Q,.,, € M,,,; is
an orthogonal matrix and ¢, = Q,..,¢, then @, L L£,_, and

<¢n’ gbz;) = <Qn+1q0n7 Qn+1 Qn+1<¢n7 ¢n>Qn+1 = n+1'

From (7)-(8), we get
1
(x + ;)q&n B(n)z 1¢n+2 + B(+1 1¢n+1 + B(n)1 1¢n 1 + B(n)z 1¢n 23

where by introducing z; = (0
follows for all n > 2 that

010)eM,foralls>3,it

I,
B(n) = [n_ € Mn+1,n—1, B;")U [0n+1,n—1lzg+1] € Mn+1,n,

n-2,1 " (921"71

B(n) _ [On,n+2

)  _
n+l,1 Znsz ] € Mn+l,n+2a Bn+2,1 - [In+1|(9n+1,2] € Mn+1,n+3-

(18)
These formulas are also valid to define B(O) and BED fori=1,2

and j =0, 2,3 if weinterpret Oy, = O, = ﬂ and z, = (1 0). Here,
the second subindex in the B;"l) € M, 4 matriceswiths € {n —

50f16
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2,n—1,n+ 1,n + 2} is used to separate the case of multiplication
by (v + l), see further. So, it is clear from (11) that
y

A(n) I:BS:.)Z 1¢n+2 + B;rfl,l ¢n+1 + Bin_)l,lqbn—l + Bf/,n_)z,1¢n—2:|
+lower terms, 19)

where by “lower terms” we understand linear combinations of

{¢0’ s ¢n+1}~

The main reason why multiplication by x + i should be con-
sidered is the fact that B(?ZI is full rank. This also holds for
multiplication by y + -, as we will see further, but it is easy
to check from (7)- (10)ythat this property is not satisfied when
considering multiplication by x +; ory + -. So, for certain

constant matrices C,(("”) € My 3x41, it holds that ¢,.,(x,y) =

ZZ: C,(C"J’Z)gok(x, y) with Cfl'f:;z) (A("”)) ! and then

1
(x + ;) Pn(x,y) = A(")Bgfz 1Pn2(x,y) + lower terms

2
A<")Bf1"+)21 (ZZJrO C,(CHZ)@k(x,y)) + lower terms
A<H)B§ﬁr)z 1CE:$2)¢n+2(X,y) + lower terms.
The matrix
(n) (M) ) ~(n+2) (n) p(n) (n+2)
Dn+21 = Ay Bn+21Cn+2 = A, Bn+21<An+2 ) € Mysin43

has (full) rank n + 1.

In short, we have proved that
n+2
( )qan(x y)= ZD,‘:fcpk(x y) where D{" € My

and D™

n+2,1

being of (full) rank n + 1. Now, using the orthogonality
conditions and the property (x + l)qa,c(x, y) € Ly, it follows
that

oy = ( (v
= <<on(x,y), (x +

This implies the following five-term recurrence relation that
holds for n > 2:

§>¢n(x,y>,qoz<x,y)>

1 .
;)gog(x,y)> =0 if k<n-2.

1
(x * }>¢n(x’y) - Dirjf)llga"*z(x’y) + Di?1,1¢n+1(X,J’)

Df,}:ll)gan(x y)+D( )1 1¢n l(x y)+D(n)21¢n 2(x y) (20)

and leading coefficient matrix D™ of (full) rank »n + 1. More-

n+2,1
over, fors € {n —2,..n+2}

D = <<x
(aaten. (x
(o

- (o)

so we have proved that

+ i)qon(x, Vel (x, y)>

1
;)%T(x, y)>
(s) ()

T
Pn> \+z 1¢A+2 + D\+1 1¢A+1 +D\ 1¢A + D\ 1, 1¢A—1 + Dii)zquas—Z) >

T
D) =(p%) . sein-2.n+2 (22)

This implies, in particular, that D(") is symmetric and that the

tailed coefficient matrix D', , € M, 41021 10 (20) is also of full

n-2,1
rank, equalton — 1.

Concerning the initial conditions, we may observe that the
recurrence (20) is also valid for n = 0, 1 by setting ¢_, = ¢_, = 0.
Indeed, recall first that

1/x
x
¢0(x’y)51’ ¢1(x’y)=< )? ¢2(x,Y)= Xy |
y
1/y
x2
e ="
x/y
y2

For n = 0, we can find matrices Dfﬂ) € M, ;1,1 =0,1,2such that
(20) holds. From (11), we can write

1 (0) (0) ) (0) @ 0) 4(2)
<x+;>A0 = [D42] ¢, + [P + DA,
(0) 4(0) 0) 4(D) 0) 4(2)
+[DAY + DAY + DA |0,
where Agi) are regular, for i = 0, 1, 2. Hence, since
1
(x N ;> A® = B4, + B0,

it follows that

with -1
D;ol) _ B(o) A(o) ( A(z))

-1

DY = <( )qon(x »), e (x, y)> € Myirsars DO = (B“’)A(‘” foAi”)(A?)) (23)
-1
(0) 0) 40 0) 42 (0)

se{n—-2,..,n+2} (21) Dy, = _<D§,1Ao '+ D, 4, )(Ao )

6 of 16 Studies in Applied Mathematics, 2024

95U8017 SUOWILLOD BA11E81D) 3|qeot[dde au) Aq peupob 8fe S9oie YO ‘8sh JO s8N 10} ARIqIT8UIIUO AB|IM UO (SUOTIPUOD-PUB-SWSH 00" A8 | M ARe.q 18U [U0//SANY) SUORIPUOD pue SWie | 8U18esS " [720Z/TT/6T] Uo ARiqiTauliuo A1 epeues aa peps AN AQ £8/2T Wdes/TTTT OT/I0p/woo" A3 |1m A g1 pul|uoy/sdny woij papeojumod ‘0 ‘0656.9vT



Similarly when n =1, we can find matrices DS) E My, I =
0,1, 2,3 such that (20) holds. By one hand, we can write from (11)

1 1 1 0,6 1,63 1D,
(x ¥ ;) [4080 + 40¢,] = [DDAD s + [D0AD + DD AR,
@) 43 @) 4@ @) 4@
+ P)&FAI +D8AP + D) A ]¢1
1) 4(3) 1) 42 @) 4@ (1) 4(0)
+PMAO+DMAO+DHAO+DMAOPO
with Al@ regular matrices for i = 0, ..., 3. By other hand,
1 1 1 D1 1) (0 1) (1
<x n ;) (4080 + 400, = AVBg, + [A0BY + AVE ¢,
1) p0) @) p1)
+A, B 1¢1 + A} "B, o
Hence,
o) @ pM @\
Dy =A"B;; - (As )
-1
@O _ @) R0 @) R @) 43) (2
D2,1 = (Ao Bz,l +A1 Bz,l _D3,1A2 ) ’ (Az )
-1
@ _ 1) p(0) 1) 4,(3) 1) 42 @
D1,1 - (Ao Bl,l _D3,1A1 _D2,1A1 ) ' (Al )
-1
@ _ @ R @) 43) 1) 42 @) 4 @) (0)
DO,I - (Al Bo,l _D3,1A0 _Dz,le _D1,1Ao ) : (Ao ) .
(24)
As a consequence, we can give from (22) a matrix represen-

tation with respect to {p,};>, of the multiplication plus inverse
multiplication operator:

1 T
<x+;> (o P1 P2 B3 Ps Ps -o0)

=F1-(®0 ¢1 P2 93 P4 Ps "')T, (25)

where 7, is the block symmetric matrix given by

0 0 0
D(()l) Dil) Déf O1a O15 O15 O17 Oss
T
0 1 1 1
(Dgl)) Dgl) D;; Dgf Ozs 025 Oz7 O
T T
(0) (1) (2) (2) (2)
P o= (Dz,l) (Dz,l) Dz,l Ds,l D4,1 (93,6 (93,7 (93,8
| =

T T
1 2, 3 3 3
on (%) (ng) & DY DY 0,, 0.

T T
2 3 4 4 4
on  ou (02) (02) oY 0 DY os

51

(26)
A very similar analysis can be done from (9)-(10) when consid-
ering multiplication by y + 2, we omit most of the details. It is

y

important to point out that the corresponding BE"Z) matrices in the
relation

1 ( )
(y + ; > ¢n = Bgrf2,2¢n+2 + Bn?142¢n+1 + Biri)l’z¢n—1 + Bin,z,2¢n—2

are given in this case (compare with (18)) for all n > 2 by

Oz,n—l o
f,ln_)z’z = [ 1, € Mn+1,n—1’ BE,n_)l’z = [ZZ_,_llorHl,n—l] € Mn+1,n’
n—

B(n) — [ 2n+2

(n)
n+1.2 € Mysint2, B = [0n+1,2|1n+1] € Myi1n43s
’ 0n,n+2

n+22

where Z,=(0 1 0 0) e M, for all s >3 and Z, =(01).
These formulas are again valid for n =0, s €{1,2} and n =1,
s € {0, 2, 3}. Thus,

= [Ouaala?] -l = AP B, - (A7) € Muanes,

(n)
D n+2,2 n+2

n+2,2 °

also has (full) rank n + 1. The analog of (19) is
1 n n n n n
(343 ) 2atxu9) = A (B2 + B + B s + B
+ lower terms. 27

The corresponding five-term recurrence is now, for n > 2:
1 — p® Q)
y + y gon(x’ )’) - n+2,2¢n+2(x7 J’) + n+1’2¢n+l(x’ Y)
+D9,(x,3) + D", 0, 1(x,) + D™, 0, 2(x,y), (28)
with
(n) 1 T
Ds,z = < (y + ;)%(X, ), @s (x,y)> € Mn+l,s+1?
se{n—-2,..,n+2}L (29)
Equation (28) is again valid for n = 0, 1. The analog of (23) is
© _ p© 40 ;@\
D;, =By54, (Az )
-1
0 _ (0) 4(0) 0 4@ @
D1,2 - (BI,ZAO _D2,2A1 )(Al ) (30)
-1
0 _ 0) 4 ©0) 42 (0)
Do,z - _<D1,2Ao +D2,2Ao )(Ao > :
As in (22), it holds
T
D = (ij’z) for SEM—2,.,n+2} 31)

n)

and hence, Dﬁ;,z

Dfl"_)z’z € M,11,,-1 in(28) is also of full rank, equal ton — 1.

is symmetric and the tailing coefficient matrix

The matrix representation with respect to {g; };>, of the multipli-
cation plus inverse multiplication operator in the variable y is

<y + %) (@0 ¥1 P2 93 P4 Ps "‘)T =F2- (@0 @1 $2 P3 Pa Ps ‘“)Tv

(32)
where F, is a block symmetric matrix like 7, in (26) but replacing
the second subindexes 1 in the D;"l) matrices by 2.

The results of this section can be summarized in the following.

Theorem 2. Let {¢,}s, be a family of orthonormal Laurent
polynomials with respect to the measure u. Then, for all n > 0 there
exist constant matrices DEZ) EM, SEIN=2,..,n+2} i€
{1, 2} given by (21) and (29) when n > 2, s € {0,1,2} if n = 0 and
s €{0,1,2,3} if n = 1, such that the following five-term relations
hold:

1 n n
<X + ;)‘pn(x’ y) = Di_‘_)z,lcpn+2(x7 )’) +D£,+>1,1g0n+1(x’ }’)

+D£:ll)(pn(x’ y) + Dfln_)l,lqon—l(x’y) + Dilri)z,lqon—z(x’ y),
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1 . .
<y + ;)@n(x,Y) = Dfl:ugon“(x,y) + DE:+>1,2¢n+1(X,J’)

+D"0,(x,9) + D, 0 1(x,3) + D, 0, 2(x,¥) (33)

with ¢_; = ¢_, = 0. Moreover, fori € {1,2}, D;’;) = (DS?)T, for all
n>2se{n-2,n-1,n}, DY = (Dﬁ))T and the matrices D™

0,i n+2,i
and Dfl"_)zj are full rank.

We conclude this section with the following elementary result
that will be used in the next section.

Lemma 1. Foralln > 1, the matrices

D(n) B(n)
n+2,1 . n+2,1
DZTZ = { ) ] € Moyninnss and Bf,i)z = [ o) ] € Moyninnss

n+2,2 n+2,2

have full rank, equal to n + 3. This full rank properties are also valid
forn =0, but in this case they are equal to 2, instead of 3.

Proof. The result trivially follows for the matrix B(n'fz since we
have already seen that
BLT;] = [Zn+1 |0n+1,2] € Mn+l,n+3v BSZTZ,Z = [0n+1,2|1n+1] € Mn+l,n+3'

‘We can write

(n) -
P <An (9n+1,2> . (A(n+2)> 1
n+2 = n+2 4
0n+1,2 A(n)

so the result follows directly by using Sylvester inequality (see,
e.g., [31, p. 13]). Finally, the result for n = 0 holds since

©) _ p© @\
pY =B (A7) . O
3 | Favard’s Theorem and Christoffel-Darboux

Formula

From the results of Section 2, we have all the necessary technical
modifications to adapt the proofs of Favard’s theorem and
Christoffel-Darboux formula presented in [27, Section 3.3] for the

ordinary polynomials in several variables to the Laurent case.

Our first observation is that since for all n > 1, the matrix Dfl'fz €

Myni1ynss defined in Lemma 1 is of full rank n + 3, it has a left
inverse

—mw\" —w \'|/=m \"
Dpir | = (Dn+2,1> <Dn+2,2> € M3 o041
T
—(n) X
D) €Mz, =12,

that is, not unique. This means

T T T
—(n) —(n) —(n)
(Dn+2> : DE::.)Z = <Dn+2,1> : D;(':,)qu + <Dn+2,2> : Dg:.)z,z = Zn+3'

We need also the following auxiliary result.

o e —(n) . —(n)
Proposition 3. Let (D,,,)T be a left inverse of D,,.,. Then, there
exists constant matrices B} € M3 43—, | = 1,2,3,4 such that

1 —(n) ' 1 —(n) ’
Pni2 = || X+ % Dpan ) +{(y+ = )(Dniaz Pn
y
+ Erllgan-f—l + Eﬁ@n + E2¢n—1 + Ei¢n—2'

—(n)
Proof. If we add (20) multiplied on the left by (D,,,,;)" and (28)
—(n)
multiplied on the left by (D,:Z,Z)T, we get

1\ /= \" 1\ /= \"
X+ X Dppay ) +(y+ ; Dz Pn
(n) ' (n) ’
= [(DMZ,I) Dflr-li—)z,l + <Dn+2,2> Df:i)z,z

Pn+2

i T T
—(n) —(n)

+ (Dn+2,1> Dsj_)l’l + <Dn+2,2> D;(',rf1,2:| g0n+1
[ (n) ! (n) ’

+ (Dn+2,1> Di,nl) + <Dn+2,2) Df,nz):| Pn
[~ \" ™ \"

+ (Dn+2,1> Df,n,)l,l + (Dn+2,2> Di,n)lqz] Pn-1
[ (n) ’ (n) '

+ <Dn+2,1> Di,n_)z,l + <Dn+2,2> Din_)z,zj| ¢n—2'

So, the result follows by considering

T T
) —(n) —(n)
(n) (n)
Ell’l == [(Dn+2,l> Dnrjfz—i,1 + <Dn+2,2> Dnr-l+-2—i,2:|

€ Mysspesss  i=1,2,3,4.

O

Now we are in position to prove a Favard-type theorem by
following the ideas presented in [27, Section 3.3]. We concentrate
in the positive-definite case.

Theorem 3 (Favard). Let £ and L, be given by (3)-(5), {¢,}>, be
an arbitrary sequence in L written in the form (11) with ¢, defined
in(6) forallk >0, ¢, € L,\L,_,, forall n > 1 where ¢, =1 and
setp_,=¢p_1 =0.

Suppose that for all n > 0, there exist matrices D,(("i) € M1k L=
1,2,ke{n-2,..,n+2}whenn > 2,k € {0,1,2} whenn = 0 and
k €{0,1,2,3} when n = 1, such that

1. the L-polynomials ¢, satisfy the recurrences (33) with DE? =
(Dfi?)T, foralln>2 se{n-2,n-1,n}, D((fi) = (Dfi))T and
ie{l,2}
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2. the matrices in the relation satisfy the rank conditions:

rank D" = rankDfl";'z) =n+1, n>0 i=1,2,

n+2,i

(n) _
rankD, . =n+3, n>1

rank Dio) =2

with D;’fz € My(ni1)nss introduced in Lemma 1 and Dio) S
M, given by

(0)

1,1

Di()) = |:w:| (S Mz. (34)
DI,Z

Then, there exist a linear functional L which defines a positive-
definite functional on L and which makes {¢,,}"_, an orthonormal
basisin L.

Proof. We first prove that {p,}>, forms a basis of £. Using the
expression (11), it suffices to prove that the leading coefficient
AEZ") is regular, for all n > 0. For n > 2, we see that comparing the
coefficient matrices of ¢,,,, in (19), (27) and (20), (28) we get

diag(A(") A(”)> B . 40D
n n

n+2 n+2 n+2

where Bgfz’DiTz are the matrices of rank n + 3 that have been
introduced in Lemma 1. To prove that rank AEI”) =n+ 1 we pro-
ceed by induction by showing that from the two initial conditions
n=0,1 (that holds by hypothesis) we get that if rankAEl") =
n + 1, then rankA(n'fzz) =n + 3. Indeed, if A™ is invertible, then
diag(Agl") , A™) is also invertible,

rank <diag<A§l”) , AEIVO) -B™

_ (n) _
n+2> =rankB, , =n+3,

n | A(n+2)

wis " Ann ) =n+3. By using Sylvester

and hence, rank(D
inequality, we get

(n+2) (n) (n+2) (n)
rank A, ° > rank (Dn+2 CALL ) >rankD,

+rank A" — (n + 3) = rank A",

n+2 n+2

So, we conclude rank AS:;Z) = rank (Dﬁl'jf)2 'A;Tzz)) =n+3 and
the induction is complete.

Since {p,}>, is a basis of L, the linear functional L defined on £
by L(1) =1 and L(p,) = 0, for all n > 1 is well-defined. We now
use induction to prove that

L(pep]) =0,  forall k#j. (35)

For n >0, assume that (35) hold V k,j such that 0<k <n
and j > k. The induction process is directly obtained from
Proposition 3 since we have for all | > n + 1 that

T
—(n-1) 1
L(¢n+1¢lT) =L |:<Dn+l,1> Pn-1 (x + )_C>§DIT:|
T
—(n-1) 1 T
+L Dn+1,2 P\ Y + ‘; go[ =0.

Let us see finally that M, := L(¢,¢L) = 1,,;. Notice from (20)

that
1 1 !
<x+ ;>¢n¢£+2:| =L|:¢n(<x+ ;>¢n+2> :|

T
= 1,(p0”) =D}

DY, My =L

n+2,1

Vn>0.

n,1 n+2,1°

We get a similar result from (28) when multiplying by (y + -), and
¥y
both relations can be written together as

D", - H,,, = diag(H, , H,) D", (36)
We proceed again by induction over n. It is clear from construc-
tion that it holds for n = 0 and the proof is concluded if we prove
it for n = 1. Indeed, in such case if we suppose that the property
holds for all 0 < k < n + 1, it follows from (36) that Dgfz “H,yy =
D(")

. n) . .
io-Since D, 7 is of full rank it has a left inverse, so H,,,, = 7,,,,.

Taking n = 0,1 in (20) we see that

L

1
<x + ;)%cpf] = DV'L[p,¢"1+ D" Lip, 971+ D{)LIpyp"]
=DL[p,¢!]

and
L [(x + )_1C>¢0¢1T] — L) (02) +Liga) (D) + Llpn)(D))
eilel(P53) = (0f2) =0l

The same argument can be used to prove L[(y + l)ch(plT =
y

Di(EL[golgo{] = DE’Z), so we get DiO)L[qolqo{] = Dio) with Dio) intro-

duced in (34). Thus, the proof follows since Dio) is regular. O

Let us introduce now the reproducing kernel

K, (X1, Y15 %2, ¥2) = Z%Z(xl,)’l)qok(xzy}’z)- (37

k=0

This definition is clearly independent on the election of the
orthonormal family {p,},., (recall it is uniquely determined up
to left multiplication by orthogonal matrices). The name repro-
ducing kernel is justified as in the ordinary polynomial situation
because it is easy to verify the reproducing property ¥(x,y) =
(¥(u,v), KT (x,y,u,v)), Vi € L,. The extension of the well-
known Christoffel-Darboux formula for the ordinary polynomial
situation (see [27, Section 3.6.1]) is given by the following.

Theorem 4 (Christoffel-Darboux). Under the above condi-
tions, it holds

Qu1+Ap1+ A1 Qo+ Ay +Apoap

K (x1,y1, %2, ¥2) = 1 N 1 N
o )-(ae2) 0 d)-(e )
(1 5 2t - N " Y2 "
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whenever X, +— 79 X, + — in the first equality, y, + - ?9 Y2 + —

in the second one and whereforl =1,2and k >0,

T
k k
Api = qo£+2(x1,y1)(D]((:2,i) Pre(xX2,¥2) — @?(xlgJ’1)D;((+)2,i§0k+2(x25y2),

Qs = o, (D) 2029 - 71, 30DE, P v
ki = Py X101 ki1i ) PrlX2:Y2) = @ (X1, YD) i Pr1 (X2, V2)-
(38)

Proof From (20) and (22), we can write for all k > 2 and x; +
_ ;ﬁ X, + =

2

1 1
(xl + x_1> (xz + _>] Py Ly, Y@ (%2, ¥,)
= Ak,l + Qk,l - Ak—z,l - Qk—l,l'

Taking n = 0,1 in (20) it follows that the relation also holds for
k =0 and k = 1, respectively (recall ¢_, = ¢_, = 0), if we define
A, =A,=Q,,=0.S0,

n

1
Z [(xl + x_1> <x2 + —>]§0k(x1 YD (X2,¥2) = Qg+ Ay + Ny
k=0

and the first equality of the statement is deduced. The second
equality follows in a similar way from (28) and (31). O

Corollary 1 (Confluent formula). Under the above conditions
it holds

K,(x,y,%,y) = [Qn1+An1+An 11]— [an+Anz+An 12]

x2
2]
whenever x* # 1 in the first equality, y* # 1 in the second one, and

" 3
A1 = op,,(69) k(6 y) — ¢l (e, YD), = 3 P2 (6 ),

vy 0
Pi(x,y) — ol (x, )P, = 3y P8 )

(k
k
, T (k) 3

Qep = 9 6D, Pi(x, ) — o (x, y)DkHla Prs1(X, ),

(k)
Dk+1 2

(P)
Apa = ¢’Z+2(X,Y)<D )22>
(Pi)
( ) Pe(x,y) — o (x, y)Dk+12 aa Pr1(x, ).

Qk,Z = gog_'_l(x’ Y)

Proof. Since 9T (x;, yl)(DE?)Tgok(xl, y,)isascalar function for s €
{k+1,k +2}and i € {1, 2}, we can write (compare with (38))

= @) (D8, ) [ ) = 90Ce130)

= @l (X1, YD, [@ri2(0 ¥2) = Preaa (61 1)1,

Qi = ¢£+1(x1,y1)( ,ml) (@125 ¥2) = @i (x1, 1)1
=@l (e, YD, (@101 (62, ¥2) = @i (%1, 1)

Also, (x, + i) —(x, + i) =(x, — xz)w, so if
X1 X2

X1X2

1 1
X +—#Fx+—,
X1 X2

Q’1+A!1+A_1,1 XX
Kn(xlsylstsyZ)z - - - = —

(oo D)~ (med) o
X1 X3

T . %(xz, yZ) - ¢n('xl’y1)
X1 — X

X¢:+1(x1’y1)<Diyfl 1)

X5, ¥2) = Ppir (X1,
_GDZ(XUJH)DS,?M . 1 (X, J’;) _z (X ¥1)
1 2

T . ¢n(x2’y2) B ¢n(x1ay1)
X — X

+ ¢£+z(x1’yl)<D;?z 1)

X5, Y,) — X,
_¢£(x1’Y1)D§;T2,1 ’ Praals y;) — inﬂ( 2Y
1 2

©n1(X25¥2) = @1 (X1, 1)
X1 — Xz

+@,, (Y 1)(sz:111))

- ¢£—1(X1,Y1)D:(4T1,11) : ¢n+1(x2’y;) : zHI(XI’yl)
1 2

The first equality follows letting (x,,y,) = (x;,¥,) = (x,¥) and
the second one is obtained in a similar way. [

4 | A Connection With the One-Variable Case

Consider the rectangle R =[a,b] X [c,d], 0 <a<b <o, 0<
¢ <d< o, and a positive Borel measure on R that can be
factorized in the form du(x, y) = du,(x)du,(y). Let (-, -), be the
inner product given by (15) and (,-),, the corresponding inner
products for the measures dy;, i = 1, 2:

b
(fog) = / FRg@dm (), f.g € L

={h:[a,b]—>R : /

d

o8 = / FOROAmG). fog € LE

d
= {h te,d] >R / hz(y)dpcz(y)<oo}.

Notice that the corresponding moments m(l) are strictly positive,
for all k € Z and i € {1, 2}. Let us denote by {3, )}n>0 fori=1,2
the families of orthogonal Laurent polynomials in one variable
with respect to measures y; and the “balanced” ordering (1). Thus,
we can prove how from these two families we can construct an
orthonormal basis of Laurent polynomials in two variables.

b

() dp (x) < o0 }

Proposition 4. Under the above conditions, let ¢, be given by
Pnk(x,y) = ;bm (x)z,b(z)(y), forall n>0 and ke€{0,1,---,n}

Then the set {gon,k n>0,k=0,..,
L.

n} is an orthonormal basis of

Proof. Recall £, = span {¢,, ..., ¢ }. It is clear from the construc-
tion of the ordering (3) and (4)-(6) that z/)(l)k(x) €L, \Lr1,

¢(2)(y) € L, \Ly_, and 1,0(1) (x)l,bff)(y) € L,\L,_,. Thus, for fixed
n > 0andk,! € {0, ..., n}, it is clear from Fubini’s theorem that

@, 2030 P 0, = B, .90, - BP0 P, = i
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Alsoforn #m,n,m > 0,k € {0...
the same reason

,n},and!l € {0..., m}, we get by

e D R A eIl D) P A €9 R A €9 ) IR ARl R ) W

This concludes the proof. O

The aim of this section is to make use of Theorem 1 and Propo-
sition 4 to obtain explicitly the relations (33) in this particular
situation. We start with the following.

Lemma 2. Let {Qf)}nzo and {Cflz)},,ZO be the sequences of positive
real numbers appearing in Theorem 1, associated with the measure
du,. Then, under the above conditions the family {p,},, satisfies
the recurrence relations

Cif,)l%,zmﬂ(x,y) = ( o —1>¢n 12m(X, )
C(m 1Pr—22m-1(X,¥), for 0<2m—-1<n-2,

04
C§m+1¢n+l,2m+2(x’y) = <1 - 2;” >§0n om1(X,Y)
—C( 1 @Pno12m(X,Y), for 0<2m<n-1,

Py, (x,y) = (fo’y - l)qoo,o(x,y)-

(39)

Proof. From Theorem 1, we have

COY0 ) = (90 =1 )9 - c¥0 o),

e s . . . @)
and multiplying in both sides of this equality by szZm H)(x) we
get from Proposition 4 the first relation in (39). We can prove the
second and third relations in (39) proceeding in a similar way. []

Remark 2. A similar result can be proved involving only the
coefficients {QE})}"ZO and {CS)}"ZO related to the measure du,, we
omit these details. It should be clear to the reader that despite the
recurrence in Lemma 2 only involves the coefficients related to
the measure du,, there is no relation between the families {¢, },.-¢
and {@,},, associated with two measures of the form du(x,y) =
du,(x)du,(y) and di(x,y) = di, (x)du,(y), respectively, since
the influence of the first measure is due to

1
Poo =
m(()l)m(()z)
Pro(x,y) = zp(l)(x), Prr (X, )
V mO
- ;(Q@ )zp“) (x), Yn>1. (40)

(2) (2)
Co VM

From Lemma 2, we see actually how the combination of (40) and
the relations in (39) let us compute the full sequence {@, },,5¢-

Next, let us see how explicit expressions for the matrices 7, and
F, in (25)-(26) and (32), respectively, can be found from Lemma 2.
We present a proof for 7,, the corresponding for 7, follows in a
similar way.

Theorem 5. Under the above conditions, let us introduce the
constants

(2) ~(2)
& 1 1

= (2)l+1 >0 A= l)lcm( @ o® )

Ql+1 Ql ‘QI+1

2 2 2 2

@ 1 (Cl( >) <Cl(—)1)

E =07+ ) + B) —e 0, VIi>o,
Q QL Q7
with C(fl) =0 and Q(fl) an arbitrary nonzero constant. Then, the

matrix F, in (32) is explicitly given for all n > 1 by
D" = (0O,, | diag(Ty, T}, ..., T, 1)),
DY = (0,, | diag(Ag, Ay, ..., A, y)),

(n-1) =
D, = diag(E,, ..., E,_1).

The matrices Dfl”'zlz) (n>2)and Dg":;g (n > 3) are the transpose of

(n-2) (n-3)
Dn 1,2 and Dn 1,2°
Proof. The initial conditions D<") withn=0(s=0,1,2)and n =
1(s =0,1,2,3) are deduced by dlrect computations derived from
Theorem 1 and Proposition 4, in an analog procedure as in (23)-
(24).

For n > 2, we have to consider separately the cases that involves
the two-term relation for z,b(()z) and 1p§2) in Theorem 1. So, from
Theorem 1 and Proposition 4 we can write

2 2 1 2 21
C(() )¢n,1 = (Qf, 'y - 1)%—1,0 = ;%—1,0 = Qf) )%—1,0 - C(() );%,1

(41)
and
2)
Q 1
C§2)<0n+1,2 = <1 - T)¢n1 - C ¢n—1,0 = ;q’n,l
SR N . (“2)
= W nl — ﬁ n+1,2 — ﬁ n-1,0+
Q Q 1

If we substitute in (41) the term lqon,1 in (42) and we add yp,_; o
y
we get

1 -
(y + ;>¢n—1,0 = EoPn-10 + BoPn1 + LoPrira-
In a similar way, we can write (42) with n replaced by n — 1 as

2 2 2
Yuia = COVPur + Q011+ CV00g  @3)
and we also have from Theorem 1 and Proposition 4 the relation

C(Z) 1 C§2)
T —5%n-11- (44)
Q

YPnp = Q(Z) —5 Pnr13 Tt ng) — P2 ¢

If we substitute in (43) the terms yg, , in (44) and ygp,_,, in (41)
with n replaced by n — 1 we get

1 -
(y + ;)§0n—1,1 =1@n3 + 801002 + E1@uo11 + APrp-
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For the general case n > 3and | = 2,3, ...,n — 1, we start writing
the first equation of (39) as

1 1
;¢n—1,2m(-x’ y) = _Cgfy)l ;¢n,2m+1 (x’ y) + ng,qon—l,Zm(xa y)
)

1
2m-1 ;¢n—2,2m_1(x,)’) (45)

and the second equation of (39) as

1
;¢n,2m+1(x’ )’) = |:_C§3y>1+1q0n+1,2m+2(x’ )’) + gon,2m+1(x7 y)

(2)
2m+1

- C;fy),%—um(x,y)] )
1 1 @
;¢n—2,2m—1(x’ y) = (2(2_) [_sz_1¢n—l,2m(x’ y) + gon—2,2m—1(xa Y)

2m—1
- C§272¢n—3,2m—2(x5y):| .
(46)
Thus, if we substitute (46) in (45) and we add the term
Y®p_1.2m(x,y) from the first equation of (39) we get

1
<y + §>(Pn—1,2m(x’y) = Tom®@ns12m+2(X6, ¥) + Bom @ ome1 (X, )

+ Eom®Pn-12m(X, ¥) + Bom_1Pn—22m-1(%,¥) + Tom_2Pn_32m—2(x, ¥).

A similar relation is obtained for <y + l) Pu12m_1(x, ), yielding
y
foralll =2,3,...,n—1and n > 3,

1
(y + ;)%—1,1(35,)’) = D@ni42(6,¥) + A9y 141 (X, ¥)

+E19p-1106 ) + APy (X, Y) + Tia@,s-0(x, y). O

Asitisindicated in [30, Section 2], the families {t; }-, of orthogo-
nal Laurent polynomials in the one-variable case computed from
Theorem 1 are related to the families of ordinary polynomials sat-
isfying Laurent orthogonal conditions (that have been considered
in the literature, e.g. by Sri Ranga and collaborators, see [32-35]).
So, we can make use of some of the results available in those
references to get explicit expressions for the coefficients {Q,},,
and {C,},s, related to some particular absolutely continuous
measures, like

5 | Applications for Future Research

We conclude this paper with two applications to the Theory of
Orthogonal Laurent Polynomials of Two Real Variables that we
have introduced for future research.

5.1 | Applications to Cubature Formulas

Let us suppose that we are interested in the numerical estimation
of integrals of the form I,(f) = [[D S, y)du(x,y), being u a
positive Borel measure supported on D C R? such that ({x =
0}U{y = 0}) n D = @. The multidimensional analog of the well-
known Gaussian quadrature formulas for the one-dimensional
case are called Gaussian cubature formulas, see, for example, [27]
(Sections 3.7- 3.8), [36-38] and references therein. These rules are
of the form

n
L) =D 4f(x),  xCD, x#x; forall i#j, i,j=1,.,n
i=1

(47)
where {x;}7, and {4;}\_, are called the set of nodes and weights
(or coefficients), respectively. As mentioned in the Introduction,
it has been numerically proven in the literature that when the
integrand presents singularities near the subset of integration,
quadrature formulas based on Laurent polynomials are preferable
to the classical Gaussian rules. Having this in mind and from
the results presented in this paper, it is of interest to consider
new techniques of numerical integration based on Laurent
polynomials of two (or more) real variables, which we could coin
as L-Gaussian cubature formulas.

The cubature rule I,(f) has (exact) degree of precision s if
I(P) = I,(P) for all polynomials P of degree less than or equal
to s, and it is not exact for some polynomial of degree s+ 1.
In the one-dimensional case, quadrature formulas are usually of
interpolatory type: for a fixed set of n nodes, the rule is obtained
by integrating exactly the unique interpolatory polynomial to f
at these nodes in its Lagrange form, and the degree of precision
of the resulting rule is at least n — 1. The set of nodes can be
adequately fixed to increase the degree of precision up to 2n — 1
(Gaussian quadrature formula, that always exist and it is unique).

[(b - x)(x — Q)] 2

dow,(x) = d—x’ dw,(x) = d_x’ det(x) = dx,
Vb -x)(x-a) Vx <\/3_\/E>xu
x<1+@> log(t) |2
doy() = ——— 7 _dx,  doyx) = dx . i) = —— (1 + 1>e‘(7> d,
Vb -x)(x-a) <x+ ab)\/(b—x)(x—a) 2x\/7 t

withx € (a,b),0 <a <b < o0,t>0,x>0,and u > —1/2. Thus,
if the measure du(x,y) = du,(x)du,(y) defined on the rectan-
gle R is of the form u,;,u, € {w;}%_,, we can recover directly

from the results of this section the recurrence relations for
{q;n}nzo eXphCltly

The set of nodes in this case are the zeros of a nth orthogonal
polynomial with respect to u, and the corresponding weights are
positive, which is of interest due to convergence and stability
reasons. All these ideas have been translated successfully to the
Laurent case (see, e.g., [12]), where the rules are obtained by
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looking for exactness in subspaces of Laurent polynomials (in
particular, the balanced ones).

As indicated in the survey published by Cools et al. [36] in
2001 about cubature formulas, in more than one dimension
things look worse and there are more questions than answers.
However, some progress has been made, and several results of
a certain generality have been found. The algebraic manifold
generated by a polynomial P(x,y) of exact degree s is the set
{(x, y) € C?*: P(x,y) = 0}. A cubature formula (47) of degree of
precision s is interpolatory if the nodes do not lie on an algebraic
manifold of degree s and the coefficients are uniquely determined
by the nodes (integrals of Lagrange Laurent polynomials). The
number of nodes n should be in this case the number of linearly
independent polynomials of degree less than or equal to s that,
in the bivariate case, is é(s + 1)(s + 2); but in more than one
dimension, n might be lower since some of the weights may
vanish. This motivates the concept of interpolatory minimal
cubature rule: for fixed s, n is minimal.

In the k-dimensional case, by a Gaussian cubature formula
(see Section 3.8 of [27]) we understand a rule having odd
degree of precision 2p —1 (p € N) and minimal number of
nodes: (‘”:’1). From 1970 until 2012, the only necessary and
sufficient result available in the literature for the existence of a k-
dimensional Gaussian cubature formula of degree 2p — 1 was due
to Mysovskikh [39]: the rule exists if and only if the orthogonal
polynomials of degree p have exactly (p”k‘_l) common Zzeros
(nodes of the cubature). Similar to the one-dimensional case,
these common zeros can be computed as all joint eigenvalues of
k certain associated Jacobi matrices (see Theorem 3.7.2 in [27]).
The main drawback of this characterization is that it is known
that in many cases, orthogonal polynomials do not have distinct
common zeros, and only in a very few particular cases it is known
that they share common zeros (see Corollary 3.7.7 and Section 5.4
in [27]). Given these negative known results, we think that this
way does not seem appropriate for the construction of cubature
rules based on Laurent polynomials.

An alternative criterion was obtained in 2012 by Lasserre [38]:
a k-dimensional Gaussian cubature formula of degree 2p — 1
exists if and only if a certain overdetermined linear system of
equations has a solution. The coefficient matrix of this linear
system arises from expressing the product of two orthonormal
polynomials P,,P, of degree p in the basis of orthonormal
polynomials of degree up to 2p. Therefore, it is an open question
whether Theorem 3.1 in [38] can be adapted to the orthonormal
basis of Laurent polynomials that we have introduced in this
paper. We should note in this regard a key difference in our
case, which is the fact that if L,,L, € £,\L,_;, then L,-L, €
L,,,. This property for Laurent polynomials, which does not hold
obviously for ordinary polynomials, can be directly obtained from
the relations

Cos T Cot = Cys4r)s Cas—1 T Com1 = Co(sr)-1>  Cos T Cop1

Coeg-1 If t—5>0,
={Z(IS)I (48)

c2(s—t) if t—s < 0,

where we recall that the sequence {c,},», is defined in (2).

In 2015, a further characterization for the existence of a k-
dimensional Gaussian cubature formula of degree 2p — 1 when
the nodes of the formula have Lagrange polynomials of degree
at most p, was given by Harris [37]. The main condition is that
the Lagrange polynomial at each node is a scalar multiple of the
reproducing kernel of degree p — 1 evaluated at the nodes plus an
orthogonal polynomial of degree p. Stronger conditions are given
for the case where the cubature is exact for polynomials of degree
up to 2p. In that paper, two particular Gaussian cubature rules are
constructed, based on Geronimus and Morrow-Patterson nodes.
We believe that this third approach could be another way to
characterize L-Gaussian cubature formulas. Actually, we can
extend to the Laurent context the main result of Harris paper
(Lemma 1 in [37]), which is an equivalence between a cubature
formula and a formula for the Lagrange polynomials for the nodes
(see Lemma 4 further). We need first the following technical
result which, in the ordinary polynomial situation, is trivial.

Lemma 3. Every Laurent polynomialL € L,, ; (p €N, p > 2)is
alinear combination of monomials of the form 1, - L,, withl, € L£,_,
andl, € L,

Proof. We proceed by induction over p. It is immediate to prove
the result for p =2 and p = 3. If we suppose that the property
holds for every Laurent polynomial in £,,_;, since every Laurent
polynomial in £,,_, is a linear combination of ¢,,_;, ¢,,_,, and
Y € L,,_3, it is clear that the proof follows if we prove the result
for ¢y, s € {2p — 2,2p — 1}. Actually, what we need is to prove it
for the first E [g] + 1 components of the vectors ¢,. Otherwise, the
proof follows from the same reasoning by interchanging the roles
of the variables x and y.

Let us start with the case s = 2p — 1. We analyze the (¢ + 1)th
component of the vector ¢,,_; by using the first two relations in
(48) and by distinguishing two cases:

* Case p = 2k.Ift = 2y with 0 < v < k — 1, then this monomial
is given by

xCAk—l—tyC[ = C2(k+k—v)—1y‘32u = x2%-1. xCZ(Ic—v)—l yczv,
—_——
Ep-1 E€¢p-1

whereas if t = 2v + 1 with 0 < v < k — 1, then it is given by

xc4k—1—lyct = xcz(k+k—1—v)y32v+1 = xC2% .xCZ(k—l—v)y52v+l .
N~ —
E¢p E¢p-1

* Case p=2k+1. If t =2v with 0 <v <k, then the corre-
sponding component of the vector ¢,,_, is given by

xC4k+17LyCl = xCZ(k+l+k—v)—1yC2v = xC2k+1)-1 . xcz(k—y)—lyCZV,
~—— -
€4p Edp-2

whereas if t = 2v + 1 with 0 < v < k — 1, then it is given by

xc4k+1—[y5r = x52(1c+1¢—v)y02v+1 = XxC% .xCZ(k—v)yczwrl .
——

—_——
Edp-1 €¢p

The case s = 2p — 2 is similar. We analyze the (¢ + 1)th compo-
nent of the vector ¢,,_, again from the first two relations in (48)
and by distinguishing two cases:
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* Case p =2k.Ift =2y with 0 < v < k — 1, then this monomial
is given by

xC4k—2—[yCz = xcz(k—1+k—v)y02u = xC2k-1) . xcz(k—v)yfz';,
N——— —_————
Ebp2 €¢p

whereas if t = 2v + 1 with 0 < v < k — 1, then it is given by

x04k_2_,yq — sz(k_1+k—v)—1y02v+1 = x2k-1-1 . xc2(k—v)—ly02v+1 .
—— N———e
E¢p-3 =

* Case p=2k+1. If t =2y with 0 <v <k, then the corre-
sponding component of the vector ¢,,_, is given by

x54k—tyct = xc2(k+k—v)y62v = x%* . xcz(k—v)yfh’
N~ ——
E€¢p-1 €¢p1

whereas ift = 2v + 1 with 0 < v < k — 1, then it is given by

xc4k—tycl = xcz(k+k—u)—ly"~‘2v+l = xC2k-1. xcz(k—u)—1y52v+l .
—_——
E¢p-2 €¢p1

This concludes the proof. |

Lemma 4. Suppose that {A;}7_, are real numbers, {(x;, y)}_, C
D is a set of n distinct points, p > 1 and let K,,_; be the (p — 1)th
reproducing kernel (37). Define

S,={nec, : (nx)=0forallyer, }
and suppose that a corresponding set of Lagrange Laurent poly-

nomials {¢;(x, Y}, exist: {; € L, §i(x;,y;)=06;;, 1<i,j<n
Suppose that for all 3 € L, there exists ) € S, such that

PO y) = P00, 06 y) +1(x, y) (49)
with

gi(x,y)=lilcpq(x,y,xi,y,-)+77i(X,Y), 7 € Sps i=1,..,n

(50)
Then,

L) = //D WD) = 1) = DA 30, forallp € Loy
. (1)

Proof. Let, € £L,_,. From the reproducing property, (50) and
($1,1;) =0, we have for all i = 1, ..., n that

A (x;, y;) = <¢1!/1inp—1('7 X, Y)) = (6 = m) = (¥ 6.

If 9, € L, it follows from (49) that

@1%2) = X Yol y) @16 + B1m) = ) Ay (%6, yi)a(Xi, 11).
i=1 i=1

So, (51) holds for functions of the form 1,3, and from Lemma 3,
itholds forally € £,,_;. O

It is a complicated problem to determine when a family of
Lagrange Laurent polynomials exists, but nevertheless, this

Lemma allowed Harris, in the ordinary polynomial case, to
construct two types of particular cubature formulas. In Har-
ris’ paper, this lemma is an equivalence, although what is
actually used to construct the cubature formulas is only this
implication (see Sections 5 and 6 in [37]). It remains an open
problem whether our generalization to the Laurent case can
also allow the construction of particular L-Gaussian cubature
formulas.

Some recent papers present alternative approaches to the con-
struction of cubature formulas that are also of interest. For
example, a characterization of cubature through Hankel opera-
tors is carried out in [40]. Algorithms to compute all minimal
cubatures for a given domain and a given degree are elaborated
there from moment theory. Also in [41], two new classes of
stable high-order (with nonnegative weights) cubature rules
are proposed by making use of a sufficiently large number of
nodes (larger than the number of basis functions for which the
cubature is exact) and that do not lie on an algebraic manifold
generated by a polynomial of the same degree as the degree
of accuracy of the cubature rule. This yields a linear system of
equations and cubature weights are selected from the space of
solutions minimizing certain norms related to the stability of
the procedure.

5.2 | Multivariate Strong Moment Problems

In the univariate case, the order of a quadrature formula corre-
sponds to matching some of the moments of the measure. The
converse is also a problem of interest: given an infinite sequence
of moments, is it possible to recover the underlying measure?
Orthogonal polynomials and the analysis of the convergence of
quadrature formulas are connected with the solutions of this
problem. If a solution exists, it is of interest also to characterize
all the possible measures that solve the moment problem (inde-
terminate case) and to obtain conditions such that the solution
is unique (determinate case). There are several classical moment
problems associated with polynomials (see [42, 43]): starting
from a sequence {u; },», to find conditions such that there exists
a positive Borel measure u satisfying [ z¢du(z) = w,, k e NU
{0}. The most frequently studied situations are those where the
support of the measure is a compact interval (Hausdorff, see
[44]), the half-line (Stieltjes, see [45]), and the whole real line
(Hamburger, see [46, 47]).

An alternative to this problem is to use Laurent polynomials
instead of ordinary polynomials, considering the sequence of
moments {u}ez. The problem in this case is usually called
strong moment problem, see [2, 12, 30, 48-50]. This variant is
linked to orthogonal Laurent polynomials and the construction of
quadrature formulas exact in subspaces of Laurent polynomials,
see, for example, these references.

The multidimensional moment problem has been also considered
in the literature (see, e.g. [51-55]). As indicated in [27] (Sec-
tion 3.2.3), the moment problem in several variables is much
more difficult than its one-variable counterpart, and it is still
not completely solved. However, some characterizations and
sufficient conditions for a sequence to be determinate have been
obtained (see, e.g., these references for further details).
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Due to the absence of a Theory of Orthogonal Laurent Polynomi-
als in several variables up to now in the literature, multivariate
strong moment problems have not been considered yet. In this
respect, our results may represent a starting point to develop
this theory, being key to this to have obtained a way to order
the Laurent monomials in a suitable way, to have considered
the multiplication plus inverse multiplication operator on each
variable and to have deduced recurrence relations and the
corresponding Favard theorem.

6 | Conclusions

We have introduced for the first time in the literature the theory
of sequences of orthogonal Laurent polynomials in two real
variables (x, ) (for the sake of simplicity, but it can be generalized
to several variables) with respect to a positive Borel measure
u defined on R? such that ({x =0}uU{y = 0}) Nnsupp(u) = @.
We have considered an appropriate ordering for the Laurent
monomials x'y/, i, j € Z that lets us obtain five-term relations
involving multiplication by x + i and y + .. The corresponding
matrices representations of these operatorsyare block symmetric
five diagonals. Our approach enables us to extend some known
results for the ordinary polynomials to the Laurent case. In this
respect, we have included a Favard’s theorem and Christoffel-
Darboux and confluent formulas. Also, a connection with the
one-variable case is done when the measure y is a product
measure of separate variables defined on the rectangle R =
[a,b] X [c,d],0<a<b<o0,0<c<d< 0.

In the one-variable case, there are very few measures that
give rise to explicit expressions for sequences of orthogonal
Laurent polynomials. We could almost say that the only ones
are practically the weight functions {e,}° , mentioned at the end
of Section 4. In general, these families are computed making
use of Theorem 1, under the knowledge of the corresponding
moments. In the several-variables case, there is not any sequence
of orthogonal Laurent polynomials explicitly known, except in
the situations described in Section 4. However, these families
can always be obtained from the five-term relations obtained in
Section 2 as long as the moments (16) exist and are computable.
Also, unlike the situation in the one-variable case, there are
not known applications in the literature for the moment of
orthogonal Laurent polynomials in two or more real variables.
The introduction of the theory of orthogonal Laurent polynomials
of two real variables in this paper allows us to extend results
known for the univariate case to the multivariate. We have
included a section with two applications for future research. In
particular, cubature rules based on Laurent polynomials will be
explored in a forthcoming paper.
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