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Abstract
Given a second-order partial differential operator . with nonzero polynomial coefficients
of degree at most 2, and a Sobolev bilinear form

N i
(P.@)s = >3 (a0 ol P i alo), N0,

i=0 j=0

where u/), 0 < Jj < i < N, are linear functionals defined on the space of bivariate
polynomials, we study the orthogonality of the polynomial solutions of the partial differential
equation .Z[p] = A, p with respect to (-, -)s, where A, , are eigenvalue parameters
depending on the total and partial degree of the solutions. We show that the linear functionals
in the bilinear form must satisfy Pearson equations related to the coefficients of .#. Therefore,
we also study solutions of the Pearson equations that can be obtained from univariate moment
functionals. In fact, the involved univariate functionals must satisfy Pearson equations in
one variable. Moreover, we study polynomial solutions of .Z[p] = A, », p obtained from
univariate sequences of polynomials satisfying second-order ordinary differential equations.
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1 Introduction

Orthogonal polynomials with respect to a bilinear form involving both the polynomials and
their derivatives are known as Sobolev orthogonal polynomials. The non-standard character
of this type of orthogonality implies that the three-term relation no longer holds and, thus,
it is more difficult to study these orthogonal polynomials. Therefore, ad hoc tools and tech-
niques are needed; hence, there is a lack of uniformity in the theory of Sobolev orthogonal
polynomials.

Sobolev orthogonal polynomials have been widely studied for the last 60 years. We refer
the reader to a detailed survey by Marcelldan and Xu (2015). However, the study of Sobolev
orthogonal polynomials in several variables is most recent. The tools and techniques for
studying these multivariate polynomials are even fewer than in the univariate case. Some
references include studies on the unit ball and the unit sphere (Dai and Xu 2011; Delgado
etal. 2016, 2013; Li and Xu 2014; Lizarte et al. 2021; Pérez et al. 2013; Pifiar and Xu 2009;
Xu 2006, 2008), the simplex (Atkas and Xu 2013; Xu 2017), and product domains (Duefias
etal. 2021, 2017; Fernandez et al. 2015). We remark that most of the results involve bilinear
forms with first-order derivatives (Bracciali et al. 2010; Marriaga et al. 2021).

Interestingly, some families of multivariate Sobolev orthogonal polynomials are eigen-
functions of second-order linear partial differential operators with polynomial coefficients.
In Lee and Littlejohn (2006), Lee and Littlejohn study bivariate polynomials which satisfy
an admissible (as defined in Krall and Sheffer (1967), see also Kim et al. (1997)) second-
order partial differential equation. They find conditions for the partial differential equation to
have polynomial solutions which are orthogonal with respect to a symmetric Sobolev bilinear
form. However, the Lee and Littlejohn approach to Sobolev orthogonal polynomials seems to
be incomplete, since there exist non-admissible partial differential equations having Sobolev
orthogonal polynomial solutions. Indeed, in Koornwinder (1975), T. Koornwinder gave some
interesting examples of orthogonal polynomials constructed using Jacobi polynomials in one
variable, and in Kwon et al. (2001), Kwon, Lee, and Littlejohn widened the class found by
(Krall and Sheffer (1967).

In this work, we study families of polynomials in two variables satisfying second-order
partial differential equations, and we will connect this fact with Sobolev orthogonality. Our
motivation for the study of these polynomials comes from the results obtained in Bracciali
et al. (2010), Pifiar and Xu (2009), Xu (2008, 2017), where families of explicit orthogo-
nal bases are constructed from spherical harmonics and univariate Jacobi polynomials, for
Sobolev inner products defined on the ball, the simplex, and the so-called parabolic biangle
(on the real plane). Moreover, these Sobolev orthogonal polynomials satisfy partial differen-
tial equations with non-standard values of the parameters (i.e., values such that orthogonality
with respect to linear functionals does not exist).

Our study starts with the observation that symmetry on polynomials of a partial differen-
tial operator with respect to a bilinear form involving linear functionals (and an additional
hypothesis) implies the orthogonality of its polynomial eigenfunctions with respect to the
bilinear form. Then, we study sufficient conditions that must be satisfied by the involved
linear functionals to obtain the desired symmetry. From here, our main strategy for construct-
ing polynomial eigenfunctions of the differential operator as well as the linear functionals
involved in the bilinear form is to use the method described by Koornwinder in Koorn-
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winder (1975) [previously introduced by Agahanov in Agahanov (1965)]. Despite its apparent
simplicity, this method provides a key to the study of algebraic, differential, and analytic prop-
erties for a large class of bivariate orthogonal families of polynomials. In fact, the most usual
bivariate families correspond to this scheme. For instances, eight of the nine different cases
of Krall and Sheffer classical bivariate orthogonal polynomials (see Krall and Sheffer 1967)
can be constructed in this way.

The main contributions of this paper are as follows. First, we systematize and unify
the study of the Sobolev orthogonality of a large class of orthogonal polynomial solutions of
partial differential equations. Moreover, our method handles as particular cases the orthogonal
families of polynomials studied by Krall and Sheffer (1967), Koornwinder (1975), and Kwon
etal. (2001), as well as polynomial families with non-standard values of the parameters such as
the ones studied in Atkas and Xu (2013), Bracciali et al. (2010), Lee and Littlejohn (2006), Li
and Xu (2014), Pifiar and Xu (2009). Second, we describe the solutions of Pearson equations
with coefficients of special shape in terms of univariate linear functionals that can be used to
construct such solutions. These Pearson equations are relevant to our work since the Sobolev
orthogonality of the polynomial families studied here involves bivariate linear functionals
that are solutions of Pearson equations with coefficients related to the differential equations
satisfied by the polynomials. Finally, to the best of our knowledge, the explicit orthogonal
polynomials with non-standard parameters associated with Sobolev bilinear forms defined on
the ball, simplex, and parabolic biangle presented here as examples are not found anywhere
else in the literature.

The organization of this paper is as follows. In Sect. 2, we present the basic facts about
univariate and bivariate orthogonal polynomials and classical linear functionals. In Sect. 3,
we collect our results about second-order partial differential operators that are symmetric
with respect to a Sobolev bilinear form. We show that the involved linear functionals must
satisfy related distributional Pearson equations. Hence, we study solutions of certain Pearson
equations in Sect. 4. These solutions are obtained from univariate linear functionals using
Koornwider’s method, which we also describe in this section. Then, in Sect. 5, we study
eigenfunctions of second-order partial differential operators that can be obtained from poly-
nomials satisfying second-order ordinary differential equations. Lastly, we present several
illustrative examples in Sect. 6. For the sake of clarity, some technical proofs are differed to
Appendix A.

2 Preliminaries

In this section, we present the basic facts needed to establish our main results.

2.1 Univariate classical moment functionals

Let us denote by IT the linear space of univariate real polynomials. We call any linear func-
tional u : [T — R a moment functional, and we denote by (u, p) the image of p € IT under
u.

Let {p,(x)}n>0 be a sequence of polynomials in IT. If deg p, = n,n > 0, and

where h, # 0, n > 0, then we say that {p,(x)},>0 is an orthogonal polynomial sequence
(OPS) associated with u, and such OPS is unique up to a multiplicative constant.
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A moment functional u is said to be quasi-definite if there is an OPS associated with u.
If (u, p?) > 0 for all p € IT with p(x) # 0, then u is called positive definite. If a moment
functional is positive-definite, then it is quasi-definite.

Let D denote the distributional differential operator. Given a moment functional u, its
derivative Du is the moment functional defined as

(Duv P) = —<ll, p/>! Vp € H9

and the left multiplication of u by a polynomial ¢ € IT is the moment functional gu defined
as

(qu, p) = (u,q p), Vpell

Definition 2.1 A quasi-definite moment functional u is called classical if there are non zero
polynomials ¢ (x) and ¥ (x) withdeg ¢ < 2,deg ¥ = 1, such thatu satisfies the distributional
Pearson equation

D(@(x)u) =y (x)u. 2.1

If {pn(x)}n>0 is a sequence of orthogonal polynomials associated with u, then it is called a
sequence of classical orthogonal polynomials.

We remark that (2.1) must be understood in the distributional sense (see Garcia-Ardila
et al. (2021)). That is, for every p € II, the following must hold

(D(¢w), p) = (¥u,p),

or, equivalently,

(w,¢p'+ v p)=0.

2.2 Bivariate classical moment functionals

We denote by [T the linear space of bivariate real polynomials. A bivariate moment functional
is a linear mapping u : TT> — R, and the image of a polynomial P € IT? under u is denoted
by (u, P).

Let {Pym(x,y) : 0 < n, 0 <m < n} be a polynomial sequence in [12 such that, for
n > 0,degPy,, = n,and {Pyu(x,y) : 0 < m < n} are n + 1 linearly independent
polynomials. For n > 0, we define the polynomial column vector with n + 1 entries

Py = (Puo(x, ¥)s Pui(xX,¥), .oy Punlx, )"

The sequence of column vectors {IP,},,>¢ is called a polynomial system (PS).
A PS {P,},>0 is called an orthogonal polynomial system (OPS) associated with a linear
functional u if, forn > 0,

0, n#m,

Ty . AN
<u7]P)an) = ({u, Pl’l,le,j))l"jz(] = {Hn» n=nm,

where H, is a n + 1 symmetric and non-singular real matrix, and 0 is the zero matrix of
appropriate size. In the particular case when H), is a diagonal matrix, we say that {IP, },,> is
a mutually orthogonal PS.

A moment functional u is said to be quasi-definite if there is an OPS associated with u,
and it is called positive definite if (u, P?) > 0 forall P € I1> with P(x, y) # 0.If amoment
functional is positive definite, then it is quasi-definite.
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Along this work, we will denote by
oP

iy v

9P

_7:P
dy

AP P, 0,P =

the respective partial derivatives of a bivariate polynomial P (x, y) € I1%.
We define the distributional partial derivatives of a moment functional u by duality as

(9;u, P) = —(u, 9, P), (dyu, P) = —(u,d,P), VP eIl

and the left multiplication of u times a polynomial Q € IT? is the new moment functional
Qu satisfying
(Qu,P) = (u,QP), VPeIl’

The following product rules hold for every bivariate moment functional u and any poly-
nomial Q € IT:

Oy (Qu) = Qyu+Qdyu and 9y (Qu) = Qyu+ Qaiyu. 2.2)

Definition 2.2 The quasi-definite moment functional u defined on IT? is said to be classical
if there are nonzero polynomials a = a(x, y), b = b(x, y), c =c(x,y), d =d(x, y), and
e = e(x, y), such that it satisfies the Pearson equations

Ocx(au) + 0y(bu) =du,

dy(bu) 4+ 9y(cu) = eun, (2.3)

with dega, deg b, degc < 2, degd, dege < 1, and

(u, a) (u, b)
det ((u, b) (u. c)) #0.

Note that using the product rule (2.2), (2.3) can be written as

adxu+boyu = Ju,
boyu+cdyu =2u,
where d = g(x,y) =d—a,—byande=¢(x,y) =e— by —c,.
In the above definition, the moment functional u satisfies the matrix Pearson equations in
the distributional sense. This means that for every polynomial P € T2, we have
(w,ady P+b9,P+dP)=0, and (u,b0, P+cdyP+eP)=0.

There are several properties that characterize OPS associated with a bivariate classical
moment functional. We focus our attention on the characterization stated in the following
theorem.

Theorem 2.3 (Fernandez et al. 2005) Let u be a quasi-definite moment functional and let
{Pr}n>0 be an OPS associated with w. Then, the following statements are equivalent:

1. wis a classical moment functional in the sense of Definition 2.2.
2. There is a sequence of square matrices { A}, >0 with real numbers as entries, where A,
is of order n + 1 and A1 is a non-singular matrix, such that

LIPyl = adexPy +2b 0y Py + ¢ 9Py +d 9Py + Py = Ay Py, 1> 02.4)

where a = a(x,y), b = b(x,y), ¢ = c(x,y),d = d(x,y), e = e(x,y) are fixed
polynomials with deg a, deg b, degc < 2, and degd, dege < 1.
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The differential operator . in Theorem 2.3 has the following property which is of great
interest in the sequel.

Theorem 2.4 (Lemma 2.6 in Marcelldn et al. (2018b)) Let u be a classical moment functional
satisfying (2.3) and let {IP,,},>0 be an OPS associated with w. Then, the differential operator
% in Theorem 2.3 satisfies

(u, Z[P1Q) = (u, P £[Q]), VP,Q eIl
Moreover, £*[u] = 0, where
ZL*u] = dxx(au) + 2035y, (bu) + dyy(cu) — 9 (du) — dy(en),

is the formal Lagrange adjoint of & defined as (u, Z|P]) = (£*[u], P), for every P € T12.

2.3 Differential equations belonging to the extended Lyskova class

The Lyskova class, studied for the first time in Lyskova (1991), and developed later in Lee
et al. (2004), is the class of bivariate classical orthogonal polynomials satisfying (2.4) with
Ay = Ay Ing1, n > 0, such that its partial derivatives are again solutions of a similar partial
differential equation.

Later, the Lyskova class was extended in Alvarez de Morales et al. (2009a) for classical
orthogonal polynomials in the general sense of Definition 2.2. We recall the definition of the
extended Lyskova class.

Definition 2.5 (Alvarez de Morales et al. 2009a) The matrix partial differential equation
(2.4) belongs to the extended Lyskova class if its polynomial coefficients have the following
special shape

a(x,y)=a(x)= arx® + ajx + ag,

b(x,y) = byxy + biox + bo1y + bo,

c(x,y) = c(y) = cay* + e1y + co,
d(x,y) =d(x) =dix + dp,
e(x,y) =e(y) =e1y +eo.

Suppose that the OPS {P,,},>0 satisfies (2.4). For each n > 1, the explicit expression of
the entries of A, can be easily obtained in terms of the polynomial coefficients of .# by
comparing both sides of (2.4) and, then, A, is a diagonal matrix. The explicit expression of
the diagonal entries of

Ay = diag[)\n.Os Ands ooy )\n,n]; n=l,
are
Apm = —m)(n —m — Daz + (n —m)mby +m(m — 1)cz + (n —m)d; + me;.

In this case, each polynomial entry of P, is solution of the partial differential equation (2.4),
that is,

o%[Pn,m(xv )’)] = )\n,m Pn,m(x’ y)a 0<m<n.
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For i, j > 0, let us take partial derivatives of (2.4) and define the second-order partial
differential operator

LED[ ] =adey +2b 8y +cdyy +d"D 9y + e gy, (2.5)
where
d) =d"D(x) =d+idea+2 )b,
) =t D(y)y=e+2id:b+j dyc.
Then, 8};3; Pyyivj, n > 0, satisfies

LOD0] Payig 1= Ay, 900) Pagiy . (2.6)

@7 - . . .
where A, 7 jisa diagonal matrix whose entries are

ii—1)

i) . i(j—1) . .
)»f,l;]ilj,m = Antitjm — ( ax +2ijby + %02 +idy + jer ),

forO<m<n+i+j. _
The following Theorem states the orthogonality of {9! 8}], Py yitjln>0 with respect to a
modification of the moment functional u.

Theorem 2.6 (Theorem 3.9 in Lee et al. (2004)) Suppose that the OPS {P,},>0 associated
with the quasi-definite moment functional u satisfies (2.4) in the extended Lyskova class. If
there exists a polynomial f(x, y) satisfying

a fx +b.fy = ay f,
bfi+cfy=2byf,

and there exists a polynomial g(x, y) satisfying

agy+bgy=2byg,
bgx +cgy = cy8g,

then {8)’; 8{ Putitjlnzo0 satisfying (2.6) are orthogonal with respect to the moment functional
ul = (e, y) g/ (e, ),
in the sense that (u®J), 8)’; 85{Pn+,~+j (8)’; 3'inF’m+i+j)T) = 0 when n # m.

Observe that we do not know a priori if u-/) is quasi-definite. In this way, a necessary
condition for the quasi-definite character of u-/) is that

WDy = (fle, ) gl uyu 1) = (@, f1x, y) g/ (x, ) #0.

Definition 2.7 Let (-, -) : 12 x M? — R be a bilinear form. We say that (-, -) is symmetric
if (P, Q)=(Q, P)forall P,Q e I12. A bilinear form is called a Sobolev bilinear form if
it involves partial derivatives of polynomials.

Moreover, we say that a PS {IP,},,>¢ is Sobolev orthogonal with respect to a Sobolev
bilinear form (-, -) if

(]P,,,IP;) = ((Pui- Pu )"y =0. n#m.
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From Theorems 2.3 and 2.6, we have that a PS satisfying a differential equation in the
extended Lyskova class are Sobolev orthogonal polynomials. The following result will be of
interest in the sequel.

Corollary 2.8 Fix an integer N > 0. Suppose that the OPS {P,},>0 associated with the
quasi-definite moment functional u satisfies (2.4) in the extended Lyskova class. Then, under
the hypotheses of Theorem 2.6, {IP,;},,>0 is Sobolev orthogonal with respect to the bilinear
form defined as

N i

(P.O) = > > (f T glu. oy o) P 0, 0] 0).

i=0 j=0

3 Sobolev bilinear forms and partial differential equations

From Theorem 2.3, we have that a PS associated with a classical moment functional u satisfy
a matrix second-order linear partial differential equation (2.4), and from Theorem 2.4, we
have that the differential operator . in (2.4) satisfies

(u, Z[P] Q) = (u, P.Z[Q]),

for all polynomials P, Q € IT2. This motivates our study of second-order partial differential
operators satisfying a similar symmetry condition with respect to Sobolev bilinear forms.

Definition 3.1 Fix an integer N > 0. Let w0 < j < i < N, be bivariate moment
functionals. We can define the Sobolev bilinear form
(P.Q)s =Y Y @) a7 73]P o, /8]Q). VP, QeI (3.1)
i=0 j=0

Moreover, let a = a(x, y), b = b(x, y),c =c(x,y),d = d(x,y), e = e(x, y) be fixed
polynomials with dega, deg b, degc < 2, and degd, dege < 1. We define the second-order
linear partial differential operator

LL] = adex +2bdyy +cdyy +dd +edy. (3.2)

3.1 Symmetric differential operators and Pearson equations

We explore the connection between the polynomial coefficients in . and the moment func-
tionals in (3.1), such that . is symmetric in the sense that

(ZIP1, Q)s = (P, Z[QDs, VP,Q eIl
To this end, we need the following preliminary result. Its proof is given in Appendix .

Lemma 3.2 Let u be a bivariate moment functional, and let £ be the operator defined in
(3.2). If £ is in the extended Lyskova class, then for all P € M2 and i, j =0,

oi0] (a10] 21P1u) — 2* [lo) Lol Pw |

= —8i0] [a;a;P (20) w1+ 205 8] P [u] + za;a;“PMg'”[u]],
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where £-0) g defined in (2.5),

Ml = @), + (b, —d)
M5V [u] = () + (cw), — e u

and
(Eg(i,j)) [u] = 0, M(' ])[u] + 8, M(z 1)[ 1.
is the formal Lagrange adjoint of £,
Now, we are ready to state the main result of this section.

Theorem 3.3 Let £ be the differential operator defined in (3.2). If £ is in the extended
Lyskova class and the moment functionals u?), 0 < j <i < N, satisfy

{ dc(@u) +3,bu) = (d+ (i — j)ay +2jby)ul),

0o (b)) + By (cul)) = (e+2( — j) by + j ey, 3

then £ is symmetric with respect to the Sobolev bilinear form (3.1).

Proof The differential operator .# is symmetric with respect to (-, -)s defined in (3.1) if and
only if, for all P, Q € 12, (¥[P], Q)s — (P, Z[Q])s = 0. Note that

(J[P] Q)s—(P Z[0Ds

= ZZ( D (ool (o0 o) 21P1aD) — 2 [0 o) 0ol Pu) ], 0).

i=0 j=0
Therefore, . is symmetric with respect to (-, -)s if and only if, for all P € 2,
Z Z( D! (a7 (i Tod 21P1u ) — 20 ol 0ol Put)]) = 0
i=0 j=0
or, equivalently, using (3.2),

v
> zt:(—l)iai‘jaf [a,i‘fajp (299) -y

=0 j=0 (3.4)
+205 Mol Pl 23,’5’35“PM;"”')[quD]] =0

If for 0 < j < i < N,u®7 satisfies (3.3), then (3.4) holds for all P € I1% and therefore
% is symmetric with respect to (-, -)s. m]

Remark 3.4 For N = 0, the Pearson equations (3.3) read as (2.3). In this case, (by Remark
A.1) Theorem 3.3 holds even when & is not in the extended Lyskova class.
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3.2 Sobolev orthogonality of the polynomial solutions

Let {IP,},>0 be a PS such that there is a sequence of square real matrices {A,},>0, where
A, is of order n + 1, satisfying Z[P,] = A, P, foralln > 0.

The symmetry of .Z with respect to (3.1) and additional hypotheses imply the Sobolev
orthogonality of {IP,},>0.

Proposition 3.5 Assume that the partial differential operator £ is symmetric with respect to
the Sobolev bilinear form (3.1). Let {IP,, },>0 be a PS satisfying L[P,] = A, Py, foralln > 0.
If Ay, and A, do not share eigenvalues for n # m, then {P,},>0 satisfies the orthogonality
condition (P, IF’,Z)S =0,n # m.

Proof If . is symmetric with respect to (3.1) and {IP, }, >0 satisfies Z[IP,] = A, P, for all
n > 0, then

APy, Bl)s = (ZIP,1,P)s = (Bu, ZIPNDs = (Ba, PLsA,,, n,m >0,

m>

or, equivalently,
Ap(Pp. Pr)s — (P, P))sA, = 0, n,m>0. (3.5)

Notice that (3.5) is a Sylvester matrix equation AX — XB = C, where A = A,,, B = Ay,
C = 0 and the unknown is X = (P, ]P’;'n—) s. It is a well-known fact that a Sylvester equation
has a unique solution X for all C if and only if A and B have no common eigenvalues
[Horn and Johnson (1991),Th. 4.4.6]. In our case, since for n # m, A, and A,, do not share
eigenvalues, the unique solution of (3.5) is (P, ]P’,D s = 0. O

Remark 3.6 Let ¥ be the differential operator defined in (3.2). If the moment functional
u satisfies the Pearson equations (2.3), then by Theorem 3.3 with N = 0, £ satisfies the
symmetry condition

(u, Z[P10) = (u, P.Z[0]), VP,Q eI

Moreover, if the hypotheses of Proposition 3.5 hold, then {P, },,>¢ satisfies the orthogonality
condition (u, P, IF’;'W—) = 0, n # m. Observe that u is not a priori a quasi-definite moment
functional.

If {P,},,>0 is a Sobolev OPS associated with (3.1), then the symmetry of .# with respect
to (3.1) is equivalent to {IP, },,> satisfying .Z[P,] = A, P, foralln > 0.

Proposition 3.7 Let {IP,},,>0 be a Sobolev OPS associated with (3.1). The following state-
ments are equivalent:

(1) The operator £ is symmetric with respect to the Sobolev bilinear form (3.1).

(i) Forn = 0, there is a square matrix A, of order n + 1, whose entries are real numbers,
such that {P,},>0 satisfies L[P,] = Ay Py, and Anﬁn,,, = ﬁn,nA;r, where I:IJn,m =
(]Pn s P;I)S-

Proof (i) = (ii). Since .Z[IP,] is a vector with polynomial entries of degree at most n, then
we can write

n
ZLIPy] =Y M, P
j=0
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where M, ; is a real matrix of size (n 4+ 1) x (j + 1). Using (3.1), we obtain

n
(ZLIPALPY)s = Y My j(Pi.BY)s = MyywHym, m<n.
j=0

On the other hand, using the symmetry of ., we have
(ZIPa) P)s = Bu, LIPyDs = 0, m<n—1.
This implies that M, ,, = 0 form < n — 1. Then (ii) holds with A, = M, . (ii) = (i).
Obviously,
0, m #n,

Aan,m n=m,
0, m #n,
7 T

Hn,nAn , =m,

(ZIP], P)s = APy, P))s = {

Py, 1Py Ds = (Pu,PL)sA,, = {

and (i) clearly holds. O

4 Generating solutions of Pearson equations

In Sect. 3, we described the connection between the coefficients of the differential operator
% defined in (3.2) and the Pearson equations satisfied by the moment functionals involved
in the Sobolev bilinear form (3.1).

In this section, we turn our attention to generating solutions of certain Pearson equations.
We consider two cases:

e Non-diagonal case:
O (aw) + 0y (bw) =dw,
Ox (bw) + 03y (cw) =ew,
or, equivalently,
adw+bd,w=dw, @1
boywHcd,w=ew, 4.2)

where a = a(x,y), b = b(x,y),c = c(x,y),d = d(x,y), and e = e(x, y) are
polynomials with dega, degb, degc < 2, degd, dege < 1, and d = g(x, y) =d —
ay — by, e=¢(x,y) =e—by — cy. Observe that in this case, each equation involves
partial derivatives with respect to each variable.
e Diagonal case:
ox(aw) =dw,

dy(cw) =ew,
or, equivalently,

adw=dw, 4.3)

coyw="¢ew, (4.4)

where a = a(x, y) and ¢ = c(x, y) are polynomials of degree at most 2, d = d(x, y)
and e = e(x, y) are polynomials of degree at most 1, and d = d(x,y) = d — ay,
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¢ = ¢e(x,y) = e — cy. In this case, each equation involves a partial derivative with
respect to only one variable.

We focus on Pearson equations with solutions belonging to a class of bivariate functionals
that can be constructed using univariate moment functionals satisfying Pearson equations in
one variable.

We start by describing a method to construct bivariate moment functionals using univariate
moment functionals (see Agahanov 1965; Dunkl and Xu 2014; Koornwinder 1975; Marriaga
et al. 2017).

4.1 A class of bivariate moment functionals

Let u® and v¥) be univariate linear functionals acting on the variables s and ¢, respectively.
Let p(s) be a univariate function satisfying one of the following two conditions:

Case I: p(s)isapolynomial of degree at most 1, thatis, p(s) = ry s+rg, with |r|+|rg| > O,

Case Il: p(s) is the square root of a polynomial of degree at most 2, that is, p(s) =
VA2 s2 42015+ £o, where €] + [£1] + |€o] > 0, and v is symmetric (that
is, (v, 12k+1y = 0 for k > 0).

and such that u(()s) = p(s)u" is a well-defined moment functional in both Case I and Case

1I.

We define the bivariate moment functional w by
w, PG y) = (o’ (VO Ps,tpen)). vP e, (4.5)

where x = s and y =1 p(s).

Suppose that u® and v*) are quasi-definite such that, in both Case I and Case II, u,(,f) =
()2 u® 0 < m, are quasi-definite moment functionals. For m > 0, let { p,(,m) ($)}n>0
be an orthogonal polynomial sequence associated with the quasi-definite moment functional
u,Sf ) ,and let {g, (t)},>0 be an orthogonal polynomial sequence associated with v®. Let define
the bivariate polynomials

y
Pym(x,y) = pflni)m(x) p(x)mqm <m> , n=20, 0<m<n. (4.6)
It was shown in Marriaga et al. (2017) that {P, n(x,y) : n > 0, 0 < m < n} forms a
mutually orthogonal basis with respect to the moment functional w defined in (4.5).

4.2 The non-diagonal case

We deal with (4.1) and (4.2) separately.

Throughout this section, w is the bivariate linear functional defined in (4.5) and p’(s) # 0.
We defer the case when p(s) is some constant to later.

The following result deals with (4.1).

Theorem 4.1 Let a(s), E(S), g(s) be univariate polynomials with dega < 2 and deg E,
degg <1

Ifa(s) p'(s) = Z(s) p(s) and the univariate linear functional u(()s) = p(s)u® satisfies
the Pearson equation

a(s) Du(()‘v) = (E(s) + E(s)) u(()s),
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then w satisfies (4.1) witha = a(x), b=y g(x), andd = E(x).
Proof Letx = s and y = t p(s). For any polynomial P(x, y) € I1%,

05 P(s, 1 p(s) =0y P(x,y)+y P
p(x)

& P(s,1p(s)) = p(x)dy P(x,y).

dy P(x,y),

Therefore,
o' (s)
p(s)

oy P(s,t p(s)).

Ox P(x,y) =05 P(s,tp(s)) — ¢

1
p(s)

9 P(s, 1 p(s)),
4.7

0y P(x,y) =

On the other hand, for every polynomial P € I1%, we have
(—a(x) 8x w— yb(x) 3y w+d(x)w, P) = (W, d,(a(x) P) + 8, (y b(x) P) +d(x) P).
Thus, using (4.5) and (4.7), we obtain
(—a(x) 8y w— yb(x) 3y w+d(x)w, P)

- <“5>”’ <V(’>, 0,a) P) — 12 o) Py +
s p(s)

3 (1 p(s)b(s) P) +d(s) P

= (u®, <v<t>, 8y(a(s) P) + (b(s) +d(s)) P +1 (E(s) - a(s)‘;/((;))> 3 P>>

=(ul, (v®, d,(a(s) P) + (B(s) + d(s)) p)>
~a») Du + (Bs) +A(0)) us. (v, P)) =0,

\Lvhere we have used the fact that a(s) p/(s) = E(s) p(s). Hence, a(x) 0y w+y Z(x) oyw =
d(x)w. O

Observe that in the previous theorem, no conditions are imposed on v*) other than the
ones mentioned in Sect. 4.1.

To deal with (4.2), we must consider the explicit expression of its polynomial coefficients
and the function p(s). In both Case I and Case Il in Sect. 4.1, we set

c(t) = co+ 1t + cat?,

e(t) = e +eit,

b(s) = bo + bis, [bo| + |b1] > 0,

d(s) =dy+ds.

We also assume that a(s) p'(s) = E(s) p(s) where a(s) is a univariate polynomial with

dega < 2. First, we state the following intermediate result, which is a consequence of the
equations a(s) p'(s) = b(s) p(s), (4.5), and (4.7).

Proposition 4.2 For every polynomial P € T12,
(~yb(x) 9w —c(y) 3y w + 2(y) W, P)
- <u§f>, <t v, 3, (als) p'(s) P) + p'(5) B(s) P>>

n <u(§”, <v<’>, (c2n(s) = p'()B()) & (2 P) + c13:(t P) + eoP + 1 p(s) ¢ P>>

, 1
(s) )
+(u, ', (VY co 0, P>>
< 0 < p(s)
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For Case I, we get the following result. Its proof is given in Appendix A.

Corollary 4.3 Let p(s) = ro +r1 s withry # 0. If the following conditions hold,

(@) cg =0,c0 = by,anddy = ey,
(b) u(()s) satisfies the Pearson equation

a(s) Duf = (b(s) +d(s)) u),
(¢) and v satisfies the Pearson equation
[(b] ro — r1 bo) 12 4 ¢ t] DV = [eg+ (e1ro —dori) t] v?,
then w satisfies (4.2) withb = y b(x), c = c(y), and ¢ = e(y).

Case Il is more intricate. We have the following result and its proof is given in Appendix A.

Corollary 4.4 Let p(s) = /Lo + 2L1s + €252,|€1| + |£2] > 0. If the following conditions
hold:

@ ca—by=ci=d —e1=¢ =0,
(b) (Zca = b))y —boly = dity +dols —2e18; =0,
(©) u(()s) satisfies the Pearson equation

a(s) Duf = (b(s) +d(s))u,
(d) and v satisfies the following Pearson equation
[(c20—bo 1) t? +co] DVP = (e o —do 1)t v?,

then w satisfies (4.2) with b = y b(x), ¢ = c(y), and & = ().

4.3 The diagonal case

Here, we study the moment functionals satisfying the diagonal Pearson equations (4.3) and
4.4).

We identify three cases which we organize in the following theorems. The first one deals
with tensor products of univariate moment functionals.

Theorem 4.5 Let p(s) = 1, a(x, y) = a(x), J(x, y) = g(x), c(x,y) =c(y), ande(x, y) =
e(y). Ifu[()s) satisfies a(s) Du[()s) = g(s)u(()s), then the linear functional w defined in (4.5)
satisfies the diagonal Pearson equation a(x) 0xw = d(x) w.

Similarly, if v\ satisfies c(t) Dv®) = (1) v, then w satisfies the diagonal Pearson
equation c(y) 9,w = e(y) w.

Proof Using a(x) d,w = g(x) w, (4.7), and p’(s) = 0, for every P € I12, we have,
(—a(x) 9w+ d(x)w, P) = (—a(s) pul +d(s)u, (v<’>, P>> —0.
Similarly, using c(t) Dv\") = €(t) v and (4.7), we get c(y) dy,w = &(y) w. O

Now, we consider the case when p(s) = rg + r1 s. We need the explicit expression of the
following polynomials:
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e a(s) =ag+as,
e b(t) =by+bt,
e c(t)y=co+ct.

The proof of the following result is given in Appendix A.

Theorem 4.6 Let p(s) = ro + r1 s with r; # 0, and suppose that either one of the following
two conditions hold:

(i) co =0, c1 #0, and vV satisfies t b(t) DV\") = [y b(t) + Bt b' ()] vV, or
(i) ¢1 =0, cg # 0, and v? satisfies b(t) Dv® = B b (1) v,

where y and B are real numbers. Then, w satisfies the diagonal Pearson equation

b 3,
c(y) p(x) ( ()> YW

[VC (y)p(X)b( >+,30(y) dy (p(X)b< ))] w. (4.8)
(x) p(x)

If in addition to condition (i) (respectively, (ii)), u(()‘v) satisfies the Pearson equation

a(s) p(s) Du’ = [ad'(s) p(s) + (1 + v + B) p'(s) a()] ug”,

respectively,

a(s) p(s) Dug’ = [ad'(s) p(s) + (1 + B) p'(s) a()] ug”,

where o is a real number, then w also satisfies the diagonal Pearson equation

b dy
a(x) p(x) ( ()> w

= [aa (x) p(X)b( ) + B a(x) o, (ﬂ(X)b< ))} w. 4.9)
(x) p(x)

Now, we consider the case when p(s) = +/£g+2£; s + £, s2. The proof is given in
Appendix A.

Theorem 4.7 Let p(s) = v/€o + 2 €1 s + €252 and b(t) = by + by t + by 2 Iful and v
satisfy

1
0(s)? Du((f) = (oz + E) (p(s)? ) u((;),
bt) DV = a b/ (1) v®,

where o is a real number, then w satisfies the diagonal Pearson equations

p(x) b( @ )) 0xW = & 0y <,0(x) b( - ))) W, (4.10)
p(x) b( @ )) 0yWw = o 0y <p(x) b(p( ))) w. 4.11)
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5 Generating polynomial solutions

In this section, we construct PS solutions {P,},,>0 of
g[Pn] = Ay ]P)nv

where .¢ is the differential operator defined in (3.2), and A, is a square matrix of order n + 1
whose entries are real numbers.

We are interested in solutions that can be generated using univariate polynomial sequences.
That is, we seek compatible univariate polynomial sequences { p,(lm) (X)}n>0, m = 0, and
{@n(¥)}n>0, and real square matrices A, such that the entries of P, satisfying £ [P, ] = A, P,
can be written as in (4.6) where p(x) is a function satisfying the conditions in Case I or Case
II described in Sect. 4.1. Before we deal with such solutions, we state the following result
which will be useful in the sequel.

Proposition 5.1 2 Let & be the differential operator defined in (3.2). Assume there is a
non-zero polynomial V(x, y) satisfying the differential equations

ZIV] = p¥, peR, 5.1
and

a‘llx+bqj_v:hl "Ijv

bW, +cWy =hy W, (5:2)

where hy and hy are polynomials of degree at most 1. Let k = deg W.
Moreover, let {Py ,,(x,y) : n 20, 0 < m < n} be a polynomial system satisfying the
differential equation

M Pym) = L Py +2h1 0x Py +2h20y Py = dnym Py Anm € R.
Then, for k < m < n, the polynomial Qy m = V Py_k m—k satisfies the differential equation
ZLNOnml = (U + An—km—k) OQn,m-
Proof Using (5.1) and (5.2), we obtain

ZLOnm]l = ZLV] Po—km—k + Y L Po—k m—k]
+2(a W +bWy) Pt +2 (bW + ¢ W) 3y Py i
=puV Pofm—ic + ¥ L[ Poi m—k]
+ 2R VB Pyt + 202 W By Py gk
=W+ Auo—km—k) Onom-

m}

For the following result, we need the explicit expressions for the following functions. In
both Case I and Case Il in Sect. 4.1, we chose the polynomials coefficients of (3.2) with the
special shapes

a(x,y) = a(x) = ap+a1x +ayx?,

[ ]

e b(x) = by +~b1x,

e b(x,y) = yb(x),

o c(x,y) =c(y) = co+cry+ery?,
o d(x,y) = d(x) = dp +d x,
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e e(x,y) = e(y) =ey+ery.

First, we consider the case when p(x) = rg + rq x.

Theorem 5.2 Ler p(x) = rog + r1 x satisfying a(x) p'(x) = g(x) px), co = 0,cp = by,
anddy = ey, and let {P, ;,(x,y) : n =0, 0 < m < n} be the polynomials defined in (4.6).
Then,

1. Form >0, {p,(,m)(x)}n>0 satisfies
a(x) (p™ (x))” + [d(x) +2m ) (™ () = vam p™ (),

With vy m =n ((n — 1) az +di +2mby),
2. {q;z(y)}n>0 Slll‘l.SﬁeS

[(c2ro —bor1) y* + 114, (y) +[(e1 ro = dor1) y + €0l 41, (Y) = 1 gn (),
with pu, = —n[((n — 1) bo +do) ri — ((n — 1) by +di)rol,
if and only if
L Pom] = dum Pow, 120, 0<m<n,
With Ap.m = Vpem.m +m [(m — 1) by + di].
Proof Letting r = y/p(x), we compute
L1Psn) = [a) (7,0 + [0+ 2m BP0 [ 00" a0
+[(carg = bor)* +cy z] pn () p ()" g (1)
+[(erro —dor) t + eol pi™,(x) p()" ! gl (1)
+[a () (o)™ +d() (p ()™ Py () G (0,
where we have used a(x) p'(x) = g(x) p(x). Moreover, taking into account that
a(x) (p(x)™" +d(x) (p(x)™) =m[(m — 1) b +di] p(x)" = pm p()" ",

the announced result follows. O

Now, we deal with the case when p(x) = \/Ez X2 4281 x + €.

Theorem 5.3 Let p(x) = \/Ez x2 4201 x + £y satisfying a(x) p'(x) = E(x) p(x), and let
{Pum(x,y) : n =2 0,0 < m < n} be the polynomials defined in (4.6). Suppose that
c1 =ey =0, and form > 0, {p,(lm)(x)}n>0 satisfies

a(x) (pi™ ()" + [d(x) +2m BE) (™ () = vum P (),

withvy,m =n (n —1)ax +di +2mby).
We have the following two cases:
D) L[ Pim] = Apm Pom forn >0, and 0 < m < n, where

1
)\n,m = Vp—m,m + Em [(m — 2) by +di],
if and only if
(@ & =0,
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b) £y =00r2c)—by =2e+by—d; =0,
(©) and g3}z satisfies

[(c2 €0 = bo £1) y* + col gy () + [e1 €0 + (bo — do) €11y 45 (3) = 1t 4 (¥),
with p, = —n [(n — 2) (bo £1 — 5b1 Lo) + do £1 — 5dy £o).
(ID L1 Pym] = Anm Pam forn >0, and 0 < m < n, where
Anm = Vp—mm +m[(m —2) b1 +ax + d1],
if and only if
(d) 2¢p1 —b1 €1 —boly = (a1 —bo—dp) o+ 2e1 —3b1+2a—dy) el =0,
(&) co—byr=e—2b1+2a—d; =0,
(f) forn >0,
m=-—nln—=2)bolr—b1l1)+aily—2axly —di £; +dpt2] =0,
(&) and {gn(y)}n>0 satisfies
[(c2 o — bo 1) y* + colq) (¥) + [(e1 — b1) Lo + (a1 — bo — do) 11y g, (Y) = Tin gu (),
with [ty = —n [(n — 2) (bo €1 — b1 £o) + ao 2 + do €1 — (a2 + d1) £o].
Proof Lett = y/p(x). For (I), we compute
L Pam) = [a@) (P, () + 1) +2m BN, (0 | )" (1)
+xb [<2c2 — b)) gy (y) + Qer + by — dl)tq,;a)]p,i"’),,,p(x)mfz
[[(czeo — bol )1 + colqy (1) + Le1 o + (bo — do)e1 1), (r)]p(’”’ p(x)" 2
+[at) ()™ +d(x) (0()™)] Py gm0,
where we have used a(x) p’(x) = 17(x) p(x). Moreover, since
a(x) (p(x)™)" +dx) (p(x)"™) =m[(m —2) b +di] p(x)" = ptm p(x)" 2,

the result follows.
Similarly, for (IT), we compute

L1Pam] = [a(o) (P15, () + 1) + 2mBEIPLS, () | P00 4 (1)
522 (e2 = b1) Py (0 + (o1 = 2b1 + 22 = dD) 1 g}, (0] pA, (0"
+x[ Qeatt = i1 = byt ()

1@ — by — o)l + ey — 3by +2a2 — d)iligpy 1) | P 0 (0"
+ [1(e2to = bot1)e? + colgy ()
+[(e1 = bt + (a1 = by — do)1 )i, (1) | P p ()"

+ [a() (@)™ +dx) (0™ ] p™, g (@©),
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and since
ax) (p(x)™" +dx) (p(x)™)
=m[(m—2)b; +ay+di] p(x)" = O x + fim) p(x)" 2,
the second result follows. O
6 Examples

The objective of this section is to explore some illustrative examples. First, we consider a
partial differential equation whose polynomial solutions consist of monomials in two vari-
ables and we deduce their orthogonality with respect to a multivariate analogue of the Dirac
delta functional. In the next three examples, we discuss the Sobolev orthogonality of the clas-
sical polynomials on the unit ball, simplex and parabolic biangle in R2, all three satisfying
partial differential equations belonging to the extended Lyskova class. Then, we consider an
example involving Pearson equations whose solution is a quasi-definite bivariate moment
functional obtained from a non-positive definite classical moment functional, namely, the
classical Bessel moment functional. In the last example, we discuss how our results can be
used to find a moment functional satisfying Pearson equations with slightly more general
polynomial coefficients in the sense that there is no associated differential operator in the
extended Lyskova class.

In the sequel, P,fa’ﬁ ) (x) denotes the univariate Jacobi polynomial of degree n. Its explicit
expression is (Szegd 1975)

n

N
PP (x) = %Z(?)(wrour1)n,j(j+cx+ﬂ+1)j <x 1) :

1 £ 2
j=0

where, as usual,
Mo=1, W=v@+D---(v+k-1), k=1,

denotes Pochhammer symbol.

As shown in Szegd (1975), the expression for P,f“’ﬂ ) (x) is valid for arbitrary complex
values of the parameters @ and f. Nevertheless, a reduction of the degree of Pn(a’ﬁ ) (x),
n > 1, occurs if and only if —(a + 8 +n) € {1,2,...,n}.

For arbitrary values of the parameters, the expression for P,fa’ﬁ )
of the second-order linear ordinary differential equation

(x) isapolynomial solution

1=y +[B—a—(@+p+2)x]y = —n(n+a+p+1)y.

It is important to note that if either «, B, or « + B + 1 are negative integers, then the Jacobi
polynomials {P,fo"’3 ) (x)}n>0 can not be associated with a quasi-definite moment functional.

On the other hand, if —«, —f8, —(¢ + B8+ 1) ¢ N, then {P,fa’ﬁ) (x)}n>0 are associated with
a quasi-definite moment functional u,, g satisfying the Pearson equation

D[ —=x)ugp] = [B—a — (@ + B +2)x] ugp.

Furthermore, for o, 8 > —1, u, g is positive definite and has the integral representation

1
(ug,, p) =/ p(x) (1 —x)*(1 +x)Pdx, Vpell.
-1
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6.1 Multivariate Dirac delta

Consider the second-order partial differential operator

ZLIpl = X% prx +2XY pry + ¥ Pyy + X px + Py
For n > 0, define the column vector
n
X, = ( n—k k) .
n x5y 0
The PS {X,,},>0 satisfies the differential equation Z[X,, ] = A, X,, n > 0, with A, =
n? Iyt1.
We deduce from Theorem 3.3 (see also Remark 3.6) that if there is a bivariate moment
functional w satisfying the Pearson equations
(P W) + 9y (xyw) = xw,
A (x yw) + 3,07 w) = yw,
then .Z satisfies
(w, Z[P1Q) = (w, P Z[Q]), VP,Q eIl

From Proposition 3.5, we have that {X,, },,> ¢ satisfies the orthogonality condition (w, X, X;'n—) =
0, n # m. Observe that {X},},,>0 can not be associated with a quasi-definite moment func-
tional.

We seek univariate linear functionals u® and v\’ such that, if possible, we can construct
w using (4.5). To this end, we rewrite the forgoing Pearson equations as

x2 W+ xydyw=—-2xWw,
xyaxw—l-yzayw =—-2yw.
First, we look at Theorem 4.1 with a(x) = x2, E(x) = x,and d(x) = —2x. A solution
of 2 p'(s) = s p(s) is p(s) = s. From this, we deduce that if u(()s) = p(s)u® satisfies

s2Duy) = —su’,

then w satisfies x2 9, w+x y dyw = —2 x w. A non-trivial solution to the univariate Pearson
equation above is u(()s) = §(s),

(u5”, p)) = pO.

)

Furthermore, u® = §(s) — §'(s) satisfies u(()s = p(s)u.

From Corollary 4.3 with u{)’ = §(s), p(s) = 5, b(x) = x, ¢(y) = y, and e(y) = 2y,
we have that if v() is an arbitrary linear functional, then w satisfies x y 3, w + y> oyw =
—2yw.

Using u((f) = p(s) u® and v = §(¢), we obtain from (4.5) the linear functional w
defined by

(W, P(x,y)) = (8(s), (8(2), P(s,15))).

Observe that forn > 0and 0 < k < n,

(w, x5 = (56, (80, 5" 1)) = (865, 57) (3600, ) = { Lon=0,

0,n#0.
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In this case, w is the multivariate Dirac linear functional centered at the origin.

6.2 Orthogonal polynomials on the unit ball

Consider the second-order partial differential operator
Zulpl = (1 =2%) pux =22y pry + (1= ¥) pyy = @ +2) x px = Qu+2) ¥ py,

where u is a real number. We can use Theorem 5.3 (IT) with a(x) = 1 — x2, g(x) = —x,
c(y) =1-— y2, dix) = —2pn+2)x,and e(y) = —(2p + 2) y to construct polynomial
solutions of the differential equation .Z,[p] = A, p.
First, a solution of (I — x2) p/(x) = —x p(x) is p(x) = ~/1—x2. Form > 0, let
{ p,(,m) (x)}n>0 be a univariate polynomial sequence satisfying
(1 =2 (P () = @Qu+2m +2)x (py" (x))
= —n(+2p+2m+ 1) pi™ ), (6.1)

and let {g,,(¥)},>0 be a univariate polynomial sequence satisfying
(=34, () = Qu+ 1Dy g,() = =1 +2 ) ga(y)- (6.2)
Then, by Theorem 5.3 (II), the bivariate ball polynomials defined by

Y

V1 —x2

satisfy 2, [P\] = A P with A/ = —n(n+ 2+ 1).
If we denote by IP,, ., n > 0, the column vector of ball polynomials

P, y) = pi"), () (1 —x*)" g, ( ) L >0, 0<m<n,

Puy = (P y), PG y) o BI Gy T,

then we have .Z,[P, ;] = A,(fb) P, . with A,(,“) = )L,(lm Iyyq.

Now, we study the polynomial solutions according to the values of the parameter w: for
n > —1/2, which is the positive definite case, and, for © = —1/2, which we call the singular
case. In both cases, we study the Sobolev orthogonality of the polynomial solutions.

6.2.1 Positive definite case

For u > —1/2 and m,n > 0, the polynomials p™ (x) = P ™™ (x) and g, (y) =
P,f“ —1/2p=1/2) (y) satisfy (6.1) and (6.2), respectively. Therefore, in this case, the ball poly-
nomials are given by

P(ll.) (x’ y) — Prfﬂ+m,ﬂ+m)(x) (1 _ x2)m/2prgﬂ_l/2vﬂ_l/2) ( y ) .

n,m m

We deduce from Theorem 3.3 (and Remark 3.6) that if the bivariate moment functional
w,, satisfies the Pearson equations

A (1 =xP)wy) —dy (xywy) = —Q2u+2)x wy,
=3 (xywu) + 3y (1= yHwy) =—Qu+2)yw,,

@ Springer f DMAC



13 Page 22 of 44 J. C. Garcia-Ardila, M. E. Marriaga

then .Z), satisfies
(W, Zu[P10Q) = (W, P Z,001), VP, QeTll’

Since A £ 299 forn £ m, AY” and A% do not share eigenvalues. Then, from Proposition
3.5, we have that the PS {P,, ,, },>0 satisfies the orthogonality condition (w,,, P, ,, IP’;;’M) =0,
n #m.

We turn our attention to the solution of the foregoing Pearson equations. In this regard,
we seek univariate moment functionals u® and v\*) such that, if possible, we can construct
w,, using (4.5). To this end, we rewrite the Pearson equations as

(1= x2) W, —xydyW, = (=2 + 1) x Wy, (6.3)
—x y Wy 4+ (1 =y Wy = (=2 + 1) yw,. (6.4)

First, we look at Theorem 4.1 with a(x) = 1 — x2, b(x) = —x, d(x) = (=21 + D x,
and p(s) = ~/1 — s2. Therefore, if uff) = p(s) u® satisfies

(1 —s)Dul) = —2pusul’,

then w,, satisfies (6.3). From here, we deduce that u(()s) = uy . Note that the univariate

2 sy

moment functional u®® = U, 1/2,.—1/2 satisfies u
Second, from Corollary 4.4 with ul”) = wu, ., b(x) = —x, c(y) = 1 — y%, €(y) =

(=21 + 1)y, p(s) = +/1 — 52, and taking into account that v(® satisfies
A=) DV =(=2pu+1)tv?,

we get that w,, satisfies (6.4). We can choose v(") = u®.
From (4.5) with u(()s) = p(s)u"® and v\ as above, we obtain the classical moment
functional w,, defined by

1 V1-x2
(W, P) = / f P(x,y)(1 — x> = yH* 12 dydx, VP eI’
—1J-1-x2

Observe that w,, is defined on the unit ball B2 = {(x, y) € RZ: 0<1—x2— y2}. In fact,
for u > —1/2, w, is a positive definite moment functional and, thus,

(wp.v P(M) Pk(,Mj)) = Hyffj;,), (Sn,k (Sm,j,

n,m

where H,%,), > 0 and 6, x denotes the usual Kronecker delta.

Moreover, note that u(()s) and v satisfy the sufficient conditions of Theorem 4.7 with
o =pu—1/2and b(r) = 1 — ¢2. Indeed, it is well known that w,, also satisfies the diagonal
Pearson equations (Alvarez de Morales et al. 2009b; Lee 2000; Marcelldn et al. 2018a,b)

(I=x>=y)a,w, = (=2p+ Dxw,,
(I—x>—yHayw, =(2pn+1)yw,.

The polynomials {Pn(fﬁ,)l (x,y): n >0, 0<m < n}defined above are Sobolev orthogonal
polynomials. Indeed, fix an integer N > 0. For 0 < j < i < N, the Pearson equations (3.3)

read

0, (1= utP) oy (v yul) = —2 (e + 1) + 2] xu®D,
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=0 (xyu?) 4, (1= yHuD) = —2u + i) + 2] yuld.

Therefore, u-/) = W+ and, by Theorem 3.3, .7}, is symmetric with respect to the Sobolev
bilinear form

N i

(P, Q) = Z<w,m, Do lolp 3i_"3‘y’Q>, VP, Q eIl
i=0 j=0

The Sobolev orthogonality of the ball polynomials with respect to (-, -), follows from Propo-

sition 3.5 since Af,”) #* kf#) forn # m.

6.2.2 Singular case

For i > —1/2, the polynomial solutions of .Z,,[ p] = A, p described in the previous
example, are orthogonal with respect to a positive definite moment functional defined on the
unit ball in R?.

However, for iy = —k — 1/2,k =0,1,2, ..., P(x, y)(1 — x2 — y?)*~1/2 js no longer
integrable for all polynomials P € I12, and, therefore, W, is not guaranteed to be a quasi-
definite moment functional. Moreover, it was shown in Pifiar and Xu (2009) that £, [ p ] =
k,(f‘ ) p with k > 1 is not guaranteed to have a complete PS solution.

For k = 0, however, Z_1p[p] = )»5,71/ 2 p has a complete PS solution and Sobolev
orthogonality can be provided for these solutions.

Indeed, the ball polynomials {P,f,_ml/z) (x,y): n>0,0< m < n}satisfy
ffl/z[Pé,_nyD] = —n? Plg,_ml/Q)
if { p,(f”) (x)}n>0 is a univariate polynomial sequence satisfying
A=) ()" = @m A+ 1) x (p @) = —n (n+2m) p” (),
and {g, (¥)}»>0 is a univariate polynomial sequence satisfying

=gl = —n(n—1)g,(y).

Since p,(,m)(x) = P,fm_l/ 2.m=1/2) (x), n, m > 0 and the second ordinary differential equation

is satisfied by the polynomials go(y) = 1, g1(y) = y, and g,(y) = (1 — y?) P}fl’zl)(y), for

n > 2 (see [Garcia-Ardila and Marriaga (2021),eq. (4.14)]), thenforn > 2and 2 < m < n,
—-1/2 —1/2,—-1/2
Pro Py = P T P,
—-1/2 —1/2,—1/2 —-1/2 1/2,1/2
PPy = PP, PPy =y R (),
—-1/2 —-1/2,-1/2 —-1/2 1/2,1/2
PP oy = PP, POy = v PP ),

(=172) 2 2y plm=1/2,m—1/2) 2y12 K (11 Y
Pun! 70y = (=22 =) PTG (-0 P2y (ﬁ)

We note that the expression for P,f;nl/ 2 (x,y) with 2 < m < n can also be deduced from
Proposition 5.1 with & = Z_1 5, W(x, y) = | —x? — y%, and .# = Z3)>. Indeed, since in
this case (5.1) and (5.2) read as

Lpl¥] = -4,
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and
(1-x)¥ —xydy¥ =-2xV,
—xy W+ (1 -y =2y,

3/2
PO

and since the ball polynomials { (x,y):n >0, 0<m< n}satisty

3/2 3/2 3/2 3/2 3/2
Ll P = LoaplPind1 = 4x 0. P — 4y 0y, Pin? = —n (0 +4) P,
then, for2 < m < n,
3/2 3/2 3/2
LaplW P =4 -2 m+DIV P = -n?w P

Hence, for2 <m < n, Py /P (x,y) = (1 = x> =y P2 (x,y).

n—2,m—2
Now, we deduce the orthogonality for the foregoing ball polynomials. Fix an integer

N > 1. Then Z_y, is symmetric with respect to the Sobolev bilinear form (3.1) if, for
0 < j <i < N, the moment functionals in the bilinear form satisfy the Pearson equations

0 (1 =D ut?) oy (v yul?) =~ +20) xu®,
=0 (xyu?) 40, (1= yHuD) =~ +20) yul),

For1 <i < Nand 0 < j < i, we have that u-) = W;_1,2 satisfies the Pearson equations.
Therefore,

W) Py = (wi_i2. P)
1 V1—-x2 )
= / / P(x,y)(1 —x*>=y»"Vdxdy, VP eI’
-1 J-V1-x?
Fori = j = 0, we seek univariate moment functionals u® and v® such that, if possible,
we can construct u©-0 using (4.5). From Theorem 4.1 and Corollary 4.4 with p(s) =

V1 =52, we can deduce that u®? can be constructed using (4.5) with univariate linear
functionals ués) and v satisfying

(1-s)Duf’ = su’,
and
A —12)DvY = 2¢v®,

Then, u{’ =u_1/2 12 and v = §(1 4 1) + (1 — 7). It follows that

2
@0 py = / P(cos6,sin0) dob.
0

Therefore, 1/ is symmetric with respect to the Sobolev bilinear form

2
(P, Q)12 :/ P(cos @, sin6) Q(cosb, sinf) do
0

N i
- Z<w,-_1/2, o lalp a;fa§Q>, VP, Qe >
i=1 j=0
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Since )\ﬁfl/ 2 #* Afn_ Y2 forn # m, from Proposition 3.5 we deduce that the ball polynomials
with u = —1/2 are Sobolev orthogonal with respect to (-, -)_12.

Remark 6.1 As we mentioned above, for uy = —k — 1/2,k =0, 1,2, ..., it was shown in
Pifiar and Xu (2009) that £, [ p | = ki,“ ) p with k > 1 is not guaranteed to have a complete
PS solution. Indeed, we encounter an issue if we try to construct such PS solutions. In this
case, (6.1) reads

A =x?) (pM @) = Qur+2m+2)x (pI () = —n (0 + 2k + 2m + 1) pi™ (x).

Then, p,(,m)(x) = P,fm_k_]/ 2m—k=1/ 2)(x). However, a reduction of the degree of
plmk=1/2m=k=1/2) () n > 1, occurs if and only if —(2m — 2k — 1 +n) € {1,2, ..., n}.
For instance, for k > 1,

—k—1/2,—k—1/2
P (e, y) = Py T R,

is not a polynomial of degree 2k since —(—2k — 1 + 2k) = 1.

6.3 Orthogonal polynomials on the simplex

Consider the second-order linear partial differential operator
ZLopylpl=0—=X)x prx —2xy pry + (1 =)y pyy
tlo+l—(@+B+y+3)xIpy+[B+1—-(a+B+y +3)ylpy.

From Theorem 5.2 with a(x) = (1 — x) x, Z(x) =—x,c(y) =0 —=-y)y,dx)=a+1-—
(a+B+y+3)x,ande(y) =+ 1—(e+ B+ y +3)y, we can deduce the explicit
expression of polynomial solutions of % g, [p] = A, p. To thisend, let p(x) = 1 —x. Note
that p(x) satisfies (1 — x) x p’(x) = —x p(x). Then, if the univariate polynomial sequences

{p}sm) (X)}n20’ m > 0, and {g, ()’)}nZO satisfy
(1= 0)x(p @) +la+1— @+ B +y +2m+3)x1(p!™ (x)) ©5)
:—n(n+ot+/3+y+2m+2)l7,(,m)(x), -

and

A=ygyM+B+1—B+y+2ylg,(0) =—-nm+B+y+1)g.(y), (6.6)

respectively, we have that the simplex polynomials defined by

Pl ) = pi, () (1 = )" g (1 fx>, n>=0, 0<m<n,

satisfy Ly g,y [P,ffx,;,ﬁ'y)] = @By P,ff’i,’f’y) with A% — 4 a + B+y+2).
If for n > 0, we denote by P, 4 g,, the column vector

Poapy = (PSP 00, y) PGP oy PSP ()T,

n,1
then the PS {P, 4 g, }n>0 satisfies
Loy Prapr] = A" Poag,,

with APV b
Now, we study the simplex polynomials and their orthogonality in terms of the parameter
y . We consider the positive definite case when y > —1, and the singular case when —y € N.
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6.3.1 Positive definite case

For «, B, y > —1, we have that
P (x) = PFTYTITLO 00 ), nim >0,
and
() = PPy -1, n>o,

satisfy (6.5) and (6.6), respectively. Therefore, in this case, the simplex polynomials are given
by

2
POV 3y = pEHYFIIELD (0 gy () ym prB) (i B 1) .

The orthogonality of the positive definite simplex polynomials can be deduced as follows.
By Theorem 3.3 (and Remark 3.6), we have that if the bivariate moment functional wy g ,,
satisfies the Pearson equations

O (1 —x)xwggy) —0y(x yWegy) =(@+1—(@+B+y +3)x) Wa .y,
— Oy (x ywa,ﬁ,y) + ay((l -y ywa,ﬂ,y) =B+1—-(@+B+y+3)y) Wo B,y

then . g, satisfies
(Wapys Lupy[P1Q) = (Wapy, P Lup,[0Q1), YP,Q eI’

Since kﬁ,a’ﬂ’y) #* )\,(,f’ﬂ’y) for n # m, Af,a’ﬁ’w and A,(,‘f’ﬂ’y) do not share eigenvalues. Then,
from Proposition 3.5, we have that the PS {IP, 4 ., },>0 satisfies the orthogonality condition
(wa,ﬂ,y, Pn,a,ﬂ,y Pl,d,ﬁ,]/) =0,n ;ﬁ m.

In the same way as in the previous example, we seek univariate moment functionals u®)
and v\¥) such that, if possible, we can construct wy, g, using (4.5).

First, we rewrite the forgoing Pearson equations as

(1 =X)x x Wapy — XYy Warpy = [ — (@+B+y)x]| Wapy, (6.7)
—x Y0 Wagy + (1 —y)ydWapy=[B—(@+B+7)y] Wapy. (6.8)

From Theorem 4.1 with a(x) = (1 — x) x, Z(x) = —x, g(x) =a—(e+ B+ y)x, and
p(s) =1 — s, we get that if the univariate moment functional ué‘v) = p(s)u'® satisfies

(l—s)sDués) =[a—(a+/3+)/—|—1)s] u(()s)

then, wy g, satisfies (6.7). We can choose u(()s) to be the Jacobi linear functional on [0, 1]

defined by

1

(05, p)) = / pls) (1 — )P 7+ 52 ds,
0
Therefore, we let u® be the Jacobi linear functional on [0, 1]
1
(u“), p(s)> = f pls) (1 — )P s ds,
0

since it satisfies u(()‘v) = p(s)u®.
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From Corollary 4.3 with u(()s) as above, p(s) = 1 — s, b(x) = —x, c(y) = (1 — y) y, and
e(y) =B — (¢ + B+ y) v, we have that if v(*) satisfies

(1—0tDv" = [ﬂ —(ﬂ—l—)/)t] v

then wy, g, satisfies (6.8). Clearly, v(® can be chosen to be the Jacobi moment functional on
[0, 1]

1
(V(’),q(t)> 2/ q(t)(l—t)’”tﬂdt.
0

From (4.5) with u(()s) = p(s)u"® and v as above, we obtain the moment functional
Wq, 6,y defined as

1—x
<Wﬂl,ﬂ,ys P> = /0 /(; P(x,y)x*y? (1 — x — y)” dxdy, VP eI’

Observe that wy, g, is defined on the simplex T = {(x,y) € R?: x>0, y=20,1—x—
y = 0}. In fact, fora, B, ¥ > —1, Wy g, is a positive definite moment functional and, thus,

P(a B.y) P(a B.y)

(Wapoys P )= HSP s

n,k am,j,

where Hn(?’,;,ﬁ 7 S0,

Moreover, observe that u(()s) and v satisfy the sufficient conditions of Theorem 4.6 with
co=0,c1 #0,a(s) =s,b(t) =1—t,and c(t) = t. Indeed, wy g, satisfies the diagonal
Pearson equations

x(I—x—y)ox Wo, By = [05 (I=x—-y)— Vx] Wo,B,y»
y(l—x =)0y Wapy=[BU—x—y)—yy] Wapy.

From Theorem 3.3, we deduce that {P, 4 g, }»>0 is a Sobolev orthogonal PS. Indeed, fix
an integer N > 0. In this case, for 0 < j < i < N, the Pearson equations (3.3) read

<
Oy ((1 - x)xu“’-”) (x yu(’ ’)>

—a, (x yuo,j)) + 9, ((1 —y yuo,p) =

(eij+1—leij+Bj+vi+31x)u®’,
(Bj+1—Tlaij+Bj+vi+3ly)u®?,
where o; j =a+i—j,Bj = B+ j,and y; = y +i. Therefore, ul) = Wo; ;.8;.vi» and by
Theorem 3.3, %, g, is symmetric with respect to the Sobolev bilinear form

(P, Q)s = ZZ<W%,5/ yo 0k ol P o ol o), v oem?
i=0j=0
The orthogonality of the simplex polynomials with respect to (-, -)s follows from Proposi-
tion 3.5 since A,(fx’ﬂ’y) * kﬁ,‘f"s’y) forn # m.

6.3.2 Singular case

For a, B, y > —1, the polynomial solutions of %, g, [ p] = kf,a’ﬂ’y) p described above are
orthogonal with respect to a positive definite moment functional defined on the unit simplex

T2,
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However, for y = —k, k € N, P(x, y)x"‘yﬁ(l — x — y)? is no longer integrable for all
polynomials P € I1%, and, therefore, W, B,—k 1s not guaranteed to be a quasi-definite linear
functional. In spite of this, Sobolev orthogonality can be provided for the simplex polynomials
satisfying % g._4[ P50 1= P70 PP 0 with AP0 = —n (nta+B—k+2).
First, we construct such polynomial solutions.

For —a, =B, —(a + B + 1) ¢ N, we have that {p,(qm)(x)}n;o, m > 0, with p™ (x) =
PO 0 — 1), and (g, ()0 with

PPy -1, 0
k

) = {(1 —wEpEP @y — 1,

satisfy (6.7) and (6.8) (see Garcia-Ardila and Marriaga (2021) and the references therein),
respectively. Then, in this case, the simplex polynomials are given by

PP )

- 2
= prfg-’:?m k+1,a)(2x - -x)" Prgl—k.ﬂ) (17)) _ 1) L 0<m<n<k—1,
—X
and forn > k,

PGP, y)

_ 2
= pPram=It L) oy 1y (1 — xym pCRA) (% - 1) 0<m<k—1,

PGP0 y)
2

= (1 —x — Pl 00y - xymkpd (1 —

—1), k<m<n.

The explicit expression of P,ffx,,’f =k (x,y), k < m < n, can also be deduced from Propo-
sition 5.1. Consider the polynomial W(x, y) = (I —x — y)¥, and note that it satisfies the
differential equation

Zop—klV] = —k(a+B+2)V,
and the Pearson equations
(I=-x)x¥, —xyV¥, =—kxV,
—xy¥,+U—-y)yV¥y, =—kyW.
Since the simplex polynomials P,f?ﬁ,’zﬁ ) (x, y) satisfy
Lupk[PGIOV = Ly p 4 IPEGPO1 =2k x 0, PGPD — 2k y 9, P%FP
= —n(n+a+p+k+2) PG,

we have that for k < m < n,

Lup—k W PELD N = [—k(@+B+2) — (n—k) (n+a+ B +2)]W PELY

n—k,m—k
= n(mtatB—k+2)wpeso

n—k,m—k*

Hence, Pé%ﬂ,—k)(x’ yv)=(0—-x-— y)kP(a’ﬂ’k) (x,y) fork <m < n.
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Now, we deduce the Sobolev orthogonality for the singular simplex polynomials. With
this in mind, we determine the moment functionals involved in (3.1) such that ., g 4 is
symmetric with respect to the Sobolev bilinear form.

Fix aninteger N > k. From Theorem 3.3, if the moment functional u®/,0 < j<i<N,
satisfy the Pearson equations

(1 —x)xdu) —xydu) = (0 ; — [ j + Bj +i —klx )u®?,
—xyou) + (1 =)y u) = (B — i+ Bj +i—kly)u®?,
where o j = o +i — j,and B; = B + J, then %, g,k is symmetric with respect to (3.1).
Fork < j <i < N, we have ul-) = Wa, j.Bj.i—k- Therefore

1—x
(Way ;. piks P) = / / P(x, y)x®T 7 yP+i (1 —x — )i~ dxdy, vP eI
0 JO

On the other hand, for 0 < j < i < k — 1, we can use Theorem 4.1 and Corollary 4.3

with p(s) = 1 — s to deduce the moment functional u®) In order to construct u’-/) using

(S)

(4.5), we must find univariate functionals u0 = =p@s)u;] and v sat1sfy1ng

(s)

a —s)sDué?] [@ij = (aij + Bj +i—k+1)s]ug;

and
(A —01Dv) = [Bj — (B +i—kyav",

respectively. Clearly,

1
(a7 ) = /0 p(s) (1= )Pt s s,

and
1
(f‘}p(s)) / p(s) (1 — )P+ @i g
0

Notice that u ) and u(s) . are quasi-definite moment functionals, but a priori not positive
ij q p p
definite.
Moreover, v}’; satisfies

< DA+ A1yt —(n+1+i—k)t(1—t)"> —0, n>0.
Hence, we deduce that
k—1—i

(1) (=D +i—k)y v)
()= B Ty TR LA

where v; ; is a free parameter. It follows that, for 0 < j <7 <k — 1,

k—1—i 1
@) py = Z w,-‘j(v)/ [B;P] (x, 1 — x) x%7 (1 — x)Piti=ktvrl gy
v=0 0
where
DA 4+i -k v
wi,j(\)) _ =D"a+i v Vi,j

[T [+ +mm+i—k)]
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Thus, by Theorem 3.3, the differential operator .%, g, _x is symmetric with respect to the
Sobolev bilinear form

(P, Q)a.p,—k
k=1 i k—1-i 1
I w,~,,«(v>/ [oy (9 70d P 877 0] 0) ] x, 1=y x (1—a)Prvimer gy
i=0 j=0 v=0 0
N l . . . . . .
+ ZZ(wmwﬂj,i,k, 8ol P i 0] Q>.
i=k j=0

The orthogonality of the singular simplex polynomials {IP, 4 g, —k}n>0 With respect to
(- + )a,p,—k follows from Proposition 3.5 since Af,a’ﬂ’_k) * Aﬁff‘ﬂ’_k) forn # m.

6.4 Moment functional on the biangle
Consider the second-order linear partial differential operator
Zuplp1= (1 =0x e+ (1 =)y pry + 301 =3 pyy
+[B+3/2—(a+B+5/2)x]px — %(a+ﬂ+2)ypy.
Since p(x) = 4/x is a solution of the differential equation (I — x)xp’(x) = %(l —x)p(x),

from Theorem 5.3 (II) we deduce that if the families of polynomials { p,(,m)(x)},,go, and
{@n () }n>0, satisfy the differential equations

(1=x)x (p{™ )" +[B+m+3/2— @+ B+m+5/2)x](pI™ (x))

=—n4a+p+m+3/2)pi™x), (6.9)
and
A=y)g/ M- Q2B+ yq,() =-nm+2B+1)q.(y), (6.10)

respectively, then the biangle polynomials defined as

PP (x,y) = i) (VX)" G <L> , 20, 0<m<n,  (6.11)

Jx

satisty .2, g[ PA%P 1 = A %0 PP with

1
M =~ —m) (n @+ p+3/2) = m(m+20+26+3).
If we denote by Py, o g, n > 0, the column vector
Prop = (P,,(?Sﬂ)(x, ¥, P,ff’{ﬁ)(x, Yoo PEP )T,
then the PS (P, « g}, >0 satisfies .2, g, [Pn,a,ﬁ] — Af,a‘ﬁ) Py .. With

AP = diagn %P 2P, aeP.

> Mnun
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In contrast to the previous cases, kf;i’f )m 42 = k,(qa,f ) for0 < m < n— 1. Then A,(;i’ls ) and
Af[x’ﬂ ) share eigenvalues for n > 1. Therefore, the orthogonality cannot be deduced from

Proposition 3.5.

As in the preceding examples, we will study the biangle polynomials in terms of the value
of a parameter. Here, we will consider the parameter § in two cases: first the positive definite
case, that is, when 8 > —1, and then when —f € N, which we call the singular case.

6.4.1 Positive definite case

For o, B > —1, the univariate polynomial sequences {p."’ (*)}a>0, and {gim (X)}u>0 with

P (x) = PP D 0 — 1), mon >0,

and

@) = PP (), n=0,
satisfy (6.9) and (6.10), respectively. Therefore, in this case, the biangle polynomials are
given by

1/2 y
PPy = BETTD x - 1) (V)" P“‘ﬂ)(ﬁ)

Recall that the orthogonality of the biangle polynomials cannot be deduced from Propo-
sition 3.5. However, studying the symmetry of .Z, g with respect to a bilinear form provides
information about the orthogonality.

Let wy, g the a moment functional satisfying the Pearson equations

1
(1 =X)x 0 Wap + (1 = X) yOyWap = [B — (@ + B) x] Wap, (6.12)

1 1 1
(L= x)yxWap+ (1= ¥?) 0y Wap = 5@+ B)y Wagp. (6.13)

Then, by Theorem 3.3 (and Remark 3.6), we have that the following symmetry condition
holds,

(Wap, ZuplP10) = (We g, P %o g[Q1), VP, Q €Tl%

The expression of the moment functional w,, g satisfying (6.12) and (6.13) constructed
with (4.5) using univariate moment functionals ués) and v can be deduced from Theorem
4.1 and Corollary 4.3 with a(x) = (1 — x)x, b(x) = 1(1 —x), c(y) = 1(1 = y?), d(x) =
B—(a+B)x,e(y) = —%(a + B) v, and p(x) = 4/x as follows.

First, if the moment functional u(()s) satisfies the Pearson equation

(1 —s)sDu(s) |:ﬂ+%_ <a+ﬁ+ %) S:| u(()s),

then, by Theorem 4.1, wy g satisfies (6.12). Clearly, u((]s) is the Jacobi linear functional on
[0, 1] defined as

1
(0§, p)) = /0 p(s) (1 =s)" 57124
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and the moment functional u® defined as
1
(0, p)) = / ps) (1 —5)% s ds,
0

(s)
0

satisfies u)’ = p(s)u®® ), Additionally, if the moment functional v satisfies the Pearson

equation
(1—22) DV = —281v?,

then wy g, satisfies (6.13). We can take v*) to be the Jacobi moment functional ug g. Thus,
from (4.5) we get

[IAVEY
(wa,,s,P(x,y»:ff P(x,y) (1 —x)* (x — y»P dxdy.
0 J-yx

Notice that wy g is defined on the parabolic biangle defined as
Q:{(x,y)eR2 : y2<x<l}.

Observe that, for m > 0, the Jacobi polynomials p{™ = PP /2 (2x — 1), n > 0,
are orthogonal with respect to moment functional uﬁ,f) = p(s)>+t1u® and the Jacobi
polynomials g,(y) = P,fﬂ B )(y), n > 0, are orthogonal with respect to v, Hence, the
biangle polynomials {P, 4 g},>0 are mutually orthogonal with respect to wy, g (see Sect.

4.1). In fact, for a, B > —1, Wy g is a positive definite moment functional and, thus,
W Pi” PEGT) = HIGD Sk b

with H%P > 0.
Now we turn our attention to the Sobolev orthogonality of the foregoing biangle polyno-

mials. Fix some integer N > 0. First, note that the differential equation .%, g[p] = Afla,f ) )4
belongs to the extended Lyskova class. Moreover, the polynomial g(x, y) = x — y? satisfies
the equations

(-vrgt30-0yg = (-0,

SA-myet ;0-g = ~lre
and the system of equations

(1=0x fot 50 =0y fy = (=20 f,

S0y k0= =y,

has only the trivial solution in 1. Therefore, by Corollary 2.8, the biangle polynomials are
Sobolev orthogonal with respect to the bilinear form

N

(P, Qs = Y (Warpsis 93P 00), VP, 0T,
i=0

where, obviously, Wg g; = (x — yz)i Wy g, 0 < i < N. Furthermore, these moment
functionals satisfy the Pearson equations

1
Ox (1 = X) x Wop;) + 20y (1 = X) y Wa ;) = (Bj +3/2—(@+Bj +5/2)x) Wap;
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1 1 1
S0 (1= 2) 3y Wau) + 20((1 = ) Wap)) = =2 (@ + B +2) Y Wag,.

where 8; = B+ j. Therefore, by Theorem 3.3, we have that ., g is symmetric with respect
to (-, ')a,ﬁ-

6.4.2 Singular case

For o, B > —1, the polynomial solutions of %, g[ p| = Af,“,f ) p described in the previous

example, are orthogonal with respect to a linear functional defined on the biangle 2.
However, for = —1, P(x, y)(1—x)%(x—y?)? is no longer integrable for all polynomials

P € T2, and, therefore, Wq,—1 1s not guaranteed to be a quasi-definite linear functional.

With this in mind, Sobolev orthogonality can be provided for the polynomial solutions of

Zy—1lpl= A;‘f‘;,,_l) p. First, we construct such polynomial solutions.
It follows from Theorem 5.3 (II) that the biangle polynomials defined in (6.11) satisfy the
differential equation with

1
M = —m) (n @+ 1/2) = Jm(m + 20+ 1),

if { p,(,m) (x)}n>0 is a univariate polynomial sequence satisfying
(1= x)x (py" ()" + [m +1/2 = (@ +m +3/2) x] (p{"™ (x))’
=—nm+a+m+1/2) pi™(x),

and {g, (y)}»>0 is a univariate polynomial sequence satisfying
(1 =34/ = =n (=1 gu(y).

Clearly, for n,m > 0, p{™(x) = P*™ "2 (2x — 1). Moreover, the second ordinary
differential equation is satisfied by (see Proposition 3 in Garcia-Ardila and Marriaga (2021))

200 =L q1(y) =y, and g,(») = (1 =) B (0. n > 2.
Thus, the singular biangle polynomials are given by

—1 ,—1/2
POV, y) = PP 2x - 1y,

—1 ,—1/2 —1
Pl(f:)» )(X, y) — Pla / )(zx _ 1)’ P](fxl )(X, y) =y,

=1 =172 ,—1 172
P&V = B ex -1, PG Py = y PO x - 1),

P, y) = (x =) PETT P @x — 1) (Vo2 Py (%) L 2<m<n.

The explicit expression of P,ffx,,f]) (x,y),2 < m < n,can also be deduced from Proposi-
tion 5.1. Consider the polynomial W(x, y) = x — y2, and note that it satisfies the differential
equation

Lo -1[V] = —(@+3/2) ¥,

and the Pearson equations

1
(l—x)x\IJx—i—i(l—x)y\IJy

I
~
o
!
=
N—
&

[
!
I
~
€

1 1 s
=)y W+ 21 =y Wy
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Since the biangle polynomials P,ff”,;,l) (x, y) satisfy

L1 [PEGD = Lo [P +2(1 —x) 0, %D — ya, P%Y

n,m

1
=[=(n=m) (n+a+5/2) = 2m (m + 20 +5)] plb,
we have that for 2 < m < n,
Lup1 WP ]

= [—(@+3/2)—(n—m)(n+a+1/2) - %(m —2)(m+2a+3YPE)

=[-(—m)(n+a+1/2)— %m m+2a+ DIV P .
Hence, % V(x,y) = (x —y) P*) (x,y)for2 <m <n.

Asin the positive definite case, the orfhogonality of the biangle polynomials in the singular
case cannot be deduced from Proposition 3.5. However, studying the symmetry of .%, _ with
respect to a Sobolev bilinear form provides important information about the orthogonality.

Fix an integer N > 1. From Theorem 3.3, we have that if the bivariate linear functionals
u'") 0 < j < N, satisfy the Pearson equations

. 1 . .
(1 —x)xduly) 4 50 —x)yduld =[j —1—(a+j— Dxlu¥), (614
1 | . 1 -

S A=)y 4 21—y dul ) = =@+ j = Dyu?, (6.15)

then %, _ is symmetric with respect to the bilinear form

N
(P. Q= ) (w0, 0]Paj0). vP.Qer.

j=0

Observe that for 1 < j < N, wl-i) = W, j—1. It remains to find the moment functional
(0,0
u’v,
The expression of the moment functional u©9 can be deduced from Theorem 4.1 and
Corollary 4.3 with a(x) = (1 — x)x, b(x) = %(l —Xx), c(y) = %(l — yz), dix) =
—1—(a—1Dx,ey) = —%(a — 1)y, and p(x) = /x. We will find univariate moment

(()‘Y) and v such that u®? can be constructed using (4.5).

(s)
0

functionals u

On one hand, from Theorem 4.1, we have that if u,’ satisfies

(1—s)sDul =[—1/2 — (@ —1/2)s] u’,

then u©®9 satisfies (6.14) with j = 0. Hence, u((f) is the Jacobi moment functional on [0, 1]

defined as
1
(w5 p0) = [ o) =957 2 s
0

On the other hand, from Corollary 4.4 with u(()s) as above, we have that if v(®) satisfies

(1= DvD = 2¢v",
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then u©@-9 satisfies (6.15) with Jj = 0. Hence, v =81 =)+ 801 +1). Using (4.5), we
get

1
@@ p) =/ P2 y) (1 — yH)* dy.

It follows that

1
(P. Qa1 =/1 P2 y) 002 y) (1 — YD) dy

Nl JE A |
+Z/0 /fajP(x,y) 300, y) (1 —x)*(x — y»)/ ' dydx.
— -

Using the well-known properties of the Jacobi polynomials, we get that the biangle poly-
nomials satisfy 3, P\ " (x, y) = 0forn > 0,8, P " (x,y) = PV x, y) forn > 1,
and

1
8§P,§“m‘”(x,y) = —(yiz)JP,fafml)j(x y), n>=2 2<m<n, 1<j<m.

Using this fact and a direct computation, we have the following result on the orthogonality

of the singular biangle polynomials.

Proposition 6.2 The biangle polynomials {P,ffxm_l)(x, y): n >0, 0<m< n}areSobolev
orthogonal with respect to (-, -)q,—1. Moreover,

_ -1 H (@ =
(P D, Py Ly = D 8048

n,m
where ﬁéf",;f” > 0.

Remark 6.3 Here we justify our study of the singular case with 8 = —1 instead of taking
B = —k for any integer k > 1. Observe that for 8 = —k with k > 2, (6.9) and (6.10) read

(A =x)x (P @) +m—k+3/2—(@+m—k+5/2)x](p{" x))
= —n(+a+m—k+3/2) p"™x),
and
1=y g/ () —Q2=2k)yq,(y) =—n(n—2k+1)gu(y).
respectively. Then,
pim (x) = PP 0 ),

m,n >0,

and (Section 4.2.5 of Garcia-Ardila and Marriaga (2021))

PR, 0<n<k—1,
() = 1A+ PP O), k<n <2k -
A=y PED ), 2k <n
However, forn > 2k and k <m <2k — 1,
P y) = (Wx + pf BT D 0 — 1y (VR LAY (%) :
X
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is not a polynomial. Hence, we restrict our study of the singular case for § = —1 since, in
this case, go(») = 1, ¢1(») = ¥, ¢, (») = (1 = y?) P, (), n > 2, and, consequently, we

have that P,,(f)f;fl) are polynomials forn > 0 and 0 < m < n.

6.5 Bessel-Laguerre moment functional

In this example, we apply our results concerning solutions of Pearson equations to a non-
positive definite case studied in Kwon et al. (2001) (see also Marriaga et al. (2017)).
Consider the second-order linear partial differential operator

LIl =x2pex +2xy py + (0 = Dy pyy + 8 (x = D pe + 8 (v — ¥) py.

From Theorem 5.2 with a(x) = x2, E(x) =x,c(y) = —Dy,dx) = gx—1),
e(y) = g(y —y), and p(x) = x/g satisfying x2p'(x) = x p(x), we deduce that the
polynomials defined as

x m
Pum(x,y) = p™ (x) <§> m (i—y) n=0, 0<m<n,

satisfy L[ Py ] = Ay Py With Ay =1 + g — 1, if {p{™ (x)}n>0 and {g (¥)}n>0 satisfy

(P + (g +2m)x — gl (pI™ () = n(n— 14 g+2m) p™™ (x),

and

4

Xq (M) + @y =) a,(») = —ngu(y),
respectively. Then pf,m)(x) = B,Egﬂmﬁg) (x) are classical Bessel polynomials (Krall and
Frink 1949) and ¢, (y) = L@7~D(y) are Laguerre polynomials. Therefore, for g +n # 0

andgy +n#0,n >0,

m
Pam(,y) = B0 00) (5> L7 (E2), =0, o<m<n.
8 X

Let w be a bivariate moment functional. By Theorem 3.3 (and Remark 3.6), the differential
operator .Z satisfies

(W, ZIP1Q) = (w, P Z[Q]), VP,Q €I,
if w satisfies by the Pearson equations
xzaxw—i—xyaywz [(g —3)x —g]w,
xydw+ =y w=[g-3)y-(gy-Dlw.

We seek univariate moment functionals u®® and v such that w can be constructed, if

possible, using (4.5) with u® and v,

()
0

First, we deal with u;’. Hence, we look at Theorem 4.1 with a(x) = x2, E(x) = x,

J(x) =(g—3)x—g,and p(s) =s/g. If u((f) satisfies the Pearson equation
s*Duy) = [(g—2)s —glu,
then, from Theorem 4.1, we deduce that w satisfies

x28xw+xy8yW=[(g—3)x—g]w.
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Then, ué)s) is the Bessel linear functional on the unit circle defined by

1
(w9 p®) = 5 / pls) 5872 e85 ds,

where ¢ is the unit circle oriented in the counter-clockwise direction. The Bessel linear
functional

<u(s), p(s)> _ %/p(s)sg*’% eg/sds,
TiJ,

satisfies u(()s) = p(s)u.
From Corollary 4.3 with u(()‘v) as above, p(s) = s/g, Z(x) =x,c(y) = y* — y, and
e(y) =(g—3)y— (gy — 1), we have that if v\*) satisfies

1DV = [(gy — 1) —1] v,

then w satisfies x y 3y w + (2 — y) 9y w = [(g — 3)y — (g ¥ — 1)] w. Observe that v\¥) is
the Laguerre linear functional

(v(t),q(t)> :f g 87" Le ™ dr.
0

The orthogonality of the Bessel-Laguerre polynomials with respect to w follows from Propo-
sition 3.5 since A, # Ay, forn # m.

6.6 Laguerre-Jacobi moment functional

In Ferndndez et al. (2012), some new examples of bivariate quasi-definite moment func-
tionals constructed with (4.5) were introduced, and the Pearson equations satisfied by these
moment functionals were studied in Marcelldn et al. (2018a). The orthogonal polynomials
associated with these moment functionals satisfy second-order differential equations not in
the extended Lyskova class. Here, we use our results to construct solutions of the associated
Pearson equations by solving auxiliary Pearson equations with the same moment functionals
as solutions.

Consider the bivariate moment functional w satisfying the following Pearson equations:

XhwWHxdyw=(x—B—x)W,
XpWH 2=y +0)dw=[-BE+y)+@—p—x)]w

The Laguerre—Jacobi polynomials (Ferndndez et al. 2012; Marcellan et al. 2018a) defined
as

Pam(e,y) = L@ O (2) nz0. 0<m <,
are mutually orthogonal with respect to w, and satisfy the differential equation
ZLPnm] = nm Pom + 2nm=1Pom—1 + An,m—2 Pom—2,
where

LIpl = x pxx + 2% pry + (% — y2 4+ X) pyy
+(4+a—=B—x)px+la—B+1—(+B)x—QC+Bylpy,
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and

)\n,m =-n—m@m +ﬂ)s
)Ln,mfl - _(m - 1) (:8 + 1)7
Anm—2 = m (m — 1).

We seek univariate moment functionals u®® and v\*) such that w can be constructed, if
possible, using (4.5) with u® and v(®.
To use our results, we consider the following system of equations

X W+yodyw=(x—x)W,

(x—y)oyw=—Bw.

Observe that x 0y W + x dy W = (@ — B — x) W is obtained by adding the two equations,
and we obtain x 3y W+ (x> — y2 +x) 3y w = [ (x + y) + (¢ — B — x)] w by adding the
first equation to (x 4+ y + 1) times the second. Therefore, if w satisfies the second system of

equations, then it also satisfies the first system.

First, we deal with u(()s). Hence, we use Theorem 4.1 with a(x) = x, 5()() = 1, and

g(x) = o — x. A solution of s p'(s) = p(s) is p(s) = s. Since the Laguerre moment
functional on [0, +00) defined by

. +o00
(0§, p)) = / pls) st e ds,
0
satisfies the Pearson equation
sDuf) = (@+1—-s) u),

then, from Theorem 4.1, we deduce that w satisfies x dy w + y dy W = (o — x) w. On the

other hand, from Theorem 4.6 with ué)s) as above, p(s) = s, E(t) =1—t,c(y) =1, and
¢(y) = —pB, we have that if v(*) satisfies

(1—1)Dv?" = —gv®,

then w satisfies (x — y) dy w = —pB w. Observe that v(® is the Jacobi linear functional on
[—1,1]

1
<v(’),q(t)> =/ q(t) (1 — )P d.
—1

From (4.5) with ués) = p(s) u® and v as above, we obtain the linear functional w
defined by

(w, P(x,y)) = // Px, ) x* P (x — y)P e dydx,
Q

where Q = {(x,y) e R?> : —x <y <y, x >0}.

Acknowledgements The authors thank to the anonymous referees for their careful revision of the manuscript.
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Appendix A
A.1 Proof of Lemma 3.2
Let u be a bivariate moment functional and let P € I1°.
Fori = j =0, we have
Z[P]lu = [a Pyx +2b Pyy +c Pyy+d P, +ePylu,
and
L [Pu]l = (aPu)y +2(b Pu)yy + (c Pu)yy, — (d Pu)y — (e Pu)y.
Using the product rule and then simplifying, we get
2Pl — 2" [Pu] = — P (£00)" [u] - 2P MO u) 27, M{O[ul.  (AD)

Note that 200 = .

Now, leti 4+ j > 1. On one hand, using Leibniz rule and the fact that .# is in the extended

Lyskova class, we can expand B; 3; Z[P]. We get

dia] (a; 3] Z1P] u)
= aia{[(;f[a;ajp] Fia a0l P +2ib,8l0) T P42 b, 9 ) P

i1 o o o o
1(12 )axxa)’cajP+2ijbxy8;3‘y’P+¥cw8j68'y’P

+jeyola)t P+

+id AP+ je, a;a;f) u:|.
On the other hand,

7[00 @iof Pw]
=[atiol @il Pw] +2[bolol@iolPw] +[coiol@iolPw)]
XX xy yy

— [a0ioi@ipiPw] — [eviol@iolPw]
x y
i —1)

=099) [f*[a;;a;'Pu] +iddl0] Pu+ je 0] Pu+ 4 d0) Pu

byl pu+ Doyl pu—ia, (axtrof P w)

=200, (b050] Pu) = 20, (by0}0] Pw) = jo, (c,0}0] Pu) ]
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Then, using (A.1), we get
0i0] (010] 21P10) — 27 [0 Glol Pw)|
=—9id] [a;;a;'P (l@w, + (bw), = @ +iax +2j byl
+[(bu), + (cu)y — (e +2i by —I—jcy)u]y)
+20i19) P[(aw), + (bu), — (d +iay +2jby)u]

+20L0) 7 P [ + (cu)y — (e +2iby + ) cy)u]i|.
Remark A.1 Observe that (A.1) is satisfied even when ¢ is not in the extended Lyskova class.

A.2 Proof of Corollary 4.3
From Proposition 4.2 with p(s) = ro + r1 s, we have for all P € 2,
(=3 B0) e w— () By w + E0) W, P+ (1 — ) (o) ul), (19, P))
=11 (~a) DUy’ + (Bs) +d(5)) u 1v, P))
+ 7 ((el —dy)s u(()s), <z v, P>>
+ (0§ (v, (2 = by ris 0, (2 P)))
+ (¥, (v® (carg — b 2 -
0 ,(carg = bor); (17 P) + 19t P) + [eg + (e1ro — dor1) 1] P

1
(s) 3]
+(uy ', (v, co 0, P>>
< 0 < ps)

Using conditions (a) and (b), we obtain

(~yb(x) 8x W —c(y)dyw + e(y) W, P)
_ (ug), <v<’>, (270 — bor1)d; (12P) + c18,(t P) + [eo + (e1 70 — do r1) ] P>>,

= <u((JS)’ <— [B1ro—ribo) 1 +c11] DVY + e + (e ro —dor) 1] v, P»

and from condition (c) we get (—y b(x) 8, W —c(y) dy W + (y) W, P) = 0, and the
promised result follows.

A.3 Proof of Corollary 4.4

From Proposition 4.2 with p(s) = +/£o+24£1 s + €2 s2, we get
(~yb(x) 9 w—c(y)dyw + 2(y)w, P)
= (~a) DUy + (bs) +d)) v, (1v, 0') P))

2
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<u0 ,<[(2c‘2 — bi) &y — bo £2] 2 DV + Qerty — dity — doly) t v, ﬁp»

1
+ <u§f),< [(c2€0 —bo 1) 1> +co] DVY + (e1 Lo —do 1) 1V, ﬁp»
p(s

The result follows from the conditions (a)—(d).

A.4 Proof of Theorem 4.6

We begin with (4.8). Using (4.7), we have

<w a(c(y)p(x)b( Y )P>+yc’(y>p(x)b< >P+ﬂ6(y)3v< )b <i>)P>
@) @) p(x)

s < )ul ( O 8.t b(t) P) + [y b(t) + B1 ' (1)] P>>
+co <ug ), ( v, 3,(b(1) P) + B b (1) P>>.

If either one of the two cases in the statement of the theorem holds, then we obtain that w
satisfies the Pearson equation (4.8).

Using (4.9) and (4.7), we compute as follows.

<w, Ox (a(x)p(x)b( = )> ) +aa’(x)p(x)b< = )>P+ﬂa(X)bop (X)P>
= (a9, (b0 v, 8, (@(5) p5) P) + @) p(s) P))

+ <u§§), <v<’>, Bbo p'(s)als) P — p'(s)als) 1 b (t) P>>
+ (0§ (D [rbO VO] ') ats) P)). (A2)

Now, we consider each of the conditions in the statement of the theorem. Suppose that (i)
holds and that u(()‘v) satisfies

a(s) p(s) Dul = [ad () p(s) + (L +y + B) p'(5) a(s)] uf.
and v satisfies 7 b(1) DV = [y b(t) + B 1 b'(t)| v(") or, equivalently,
D [tb(t) v<’>] = [y + Db@) + B+ D 1b )] v?.
Substituting this in the last equality of (A.2), we get
(06, (b v, 3, (@) () P) + ' (5) p(s) P))
+ (0§, (v, B p'(5) a(s) P+ ') a() [(v + D b(0) + B/ 0] P))

= (0", (b1 ¥, 8, @) p(5) P) + [ () p(5) + (1L + B+ ) als) p'(5)] P))
=0.

Therefore, w satisfies the first Pearson equation (4.8).
On the other hand, if (ii) holds, and u(()s) satisfies

a(s) p(s) Dug’ = [aa'(s) p(s) + (1 + B) p'(s) a()] ug”
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and v\ satisfies b(r) Dv® = B b/(¢) v, or, equivalently,
D [b(t) v<’>] — B+ D)V,
Substituting this in the last equality of (A.2), we get
<u§;>, (b(t) v 3, (a(s) p(s) P) +ad'(s) p(s) P»
+ <u§), <v<’>, Bbop'(s)a(s) P+ p'(s)als) [B1b (1) +b(1)] P>>
= (0§ (b0 V. 8, (@(s) p(5) P) + [ (5) p() + (1 + Brats) p')]))
=0.
Therefore, in this case we also conclude that w satisfies (4.8).

A.5 Proof of Theorem 4.7

We start with (4.11). For every polynomial P & I1,

ooy () ]

:<p(s)u0 < —b(1) DV + a b (1) v, P>> 0.

For (4.10), we get

< o b( ()) W”“a"(p(x) b( ()))W P>
=<u3‘),<v<f’,b(r> [as (p(s)? P)+% (p(s)?) }»
+ < o <tb(t) DV, (p(s)z)’ P>>

+ <u(()5)’ <v(f)7 o (,0(5)2)’ (b() + %bl t) P>>

Using b(t) DV = o b'(r) vV, we obtain

<—,o(x)2b <L> Wy + o 0y <p(x)2b <L>) w, P>
p(x) p(x)
= <u{;>, <b(t) v 85 (p(5)? P) + (a + %) (p(s)2)’>> =
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