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Abstract

The classical 2-orthogonal polynomials share the so-called Hahn property, this means that they are
2-orthogonal polynomials whose the sequences of their derivatives are also 2-orthogonal polynomials.
Based only on this property, a new class of classical 2-orthogonal polynomials is obtained as particular
solution of the non-linear system governing the coefficients involved in the recurrence relation fulfilled
by these polynomials. A differential-recurrence relation as well as a third-order differential equation
satisfied by the resulting polynomials are given. Many interesting subcases are highlighted and
explicitly presented with special reference to some connected results that exist in the literature.
The integral representations of their associated linear functionals will be exhaustively discussed in a
forthcoming publication.

Keywords. Orthogonal polynomials, classical orthogonal polynomials, d-orthogonal polynomials, multi-
ple orthogonal polynomials, recurrence relation, differential equations.
AMS Classification. 33C45; 42C05.

1 Introduction

The d-orthogonal polynomials are polynomials of one variable satisfying a specific orthogonality relations
with respect to (w.r.t.) d different linear functionals [1,2|. This concept is a naturel extension of the
general orthogonal polynomials relative to a regular linear functional. By means of this notion, the
second author showed that, the d-orthogonality of a given sequence of polynomials w.r.t. any vector
of d linear functionals is equivalent to the d-orthogonality of these polynomials relative to the vector
consisting of the first d elements of its associated dual sequence, see [1, Th. 2.1]. That is why, instead
of considering the orthogonality conditions w.r.t. any set of linear functionals, it is somewhat easier
and more naturel to consider directly the orthogonality conditions w.r.t. the first d functionals of the
dual sequence. It should be noted that there are many d-orthogonal polynomials for which the weight

functions are not known or are not unique but has a characteristic high-order standard recurrence
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relation. That is why, the questions of the integral representations of the associated linear functionals
will be considered posteriorly wherever possible (here for d = 2).

The paper is organized as follows. In the rest of this section we recall some known results on the
ordinary orthogonality as well as on the d-orthogonality of polynomials which we need in the sequel.
Section 2 is devoted to the introduction of the new class of 2-orthogonal polynomials with its explicit
recurrence coefficients. In Section 3, we provide some properties satisfied by the resulting polynomials

and to conclude we enumerate many interested subcases.

1.1 The orthogonal polynomials

First of all, let us recall some basic notations that we will use through this paper as introduced, for
instance, in [3]. Let & be the vector space of polynomials of one variable with complex coefficients
and &' its algebraic dual. By < ) > we denote the duality brackets between &2 and £?’. Let us denote
by {P,}n=0 a polynomials sequence (PS in short), with deg P, = n, and {uy}n>0 its associated dual
sequence defined by <un, Pm> = 6pm; 1, m = 0, where §,,, is the Kronecker’s delta symbol. Throughout
this article, we will always consider the sequence of monic polynomials, i.e. the leading coefficient of
each polynomial P, is one (P,(z) = 2™+ ---). If a PS {P,}»>0 is not monic and k,, denotes the leading
coefficient of P,(x), then P,(z) = k;; ' P, () yields the corresponding monic PS, {P,},>0.

Given a linear functional u € £, The sequence of complex numbers (u),, n = 0,1,2,..., denotes
the moments of u with respect to the sequence {z"},,>0, namely, the moment of order n for the functional
u is denoted by (u),, := <u, x”> Thus, the linear functional u is completely determined by its moments.

. n
To terminate we define by A,, = det ((U)Hj)@j:ov

from the moments of u (see e.g. [3] and the references given there).

n > 0, the ordinary Hankel determinants constructed

Definition 1.1 : A PS {P,}n>0 is said to be orthogonal w.r.t. the linear functional u, if it satisfies the

orthogonality conditions
<u, Pan> =0, n#m, (1.1)
{(u, P}y #0, n>0. (1.2)
In this case (1.2) are said to be the regularity conditions.

Theorem 1.2 [4]: Let u be a linear functional with moments sequence given by (u),, n > 0. A
necessary and sufficient condition for the existence of an orthogonal polynomials sequence (OPS) { P, }n>0

with respect to u is Ap, #0 forn=0,1,2,.... The functional u is then said to be regular.

Equivalently, the polynomials P,, n = 0,1,2,..., are orthogonal if and only if they satisfy the

well-known second-order recurrence relation

Prio(x) = (v — Cuy1) Pog1(z) — Eng1 Po(), n >0, (1.3)
with the regularity conditions &,11 # 0, n > 0, and the initial conditions

Po(.r) = 1, Pl(]}) =T — Co. (14)



Remarks 1.1:

(a) The coefficient &, does not appear in the recurrence relation (1.3), it is convenient here to set

& := (u)o. When &y = 1, the linear functional u is said to be normalized.

(b) In view of the orthogonality conditions (1.1)-(1.2), the coefficients ¢, and &, are given by

<u, $P3>

n
u
o= R 20 and b =  Fun) n >0, with (u, B =[] &. n>0

u, PE)
In addition, we have A, = An<u, Pg+1>, yielding &,411 = Ap_1A,41/A2, n> 0, (where A_; :=
1).

(c) It follows from (1.2), that if an OPS for a linear functional u exists, then (u)g # 0. Thus, no reqular
OPS can exist if (u)o = (u, 1) = 0.

1.2 The d-orthogonal polynomials

It should firstly be noted that the d-orthogonal polynomials are considered as an interesting subclass of
type II multiple orthogonal polynomials whose multi-indices lie on the step-line near the diagonal'. In
the literature, most of the people working on the multiple orthogonal polynomials often introduce the
orthogonality relations using weight functions or considering orthogonality conditions via an extension to
measures. Manifestly, on this question, our points of view diverge, because in all our works we consider
the orthogonality w.r.t. different linear functionals not necessarily regular. For more details about the

multiple orthogonal polynomials, we refer to [5-9], [10, Chapter 23| and the references contained therein.

Definition 1.3 [1,2]: A PS {P,}n>0 is said to be d-orthogonal polynomials sequence (d-OPS in short)
with respect to the d-dimensional functional U = t(ug,uy, ..., uq_1) € (P if it fulfills the following

orthogonality conditions

<Uk:a PnPdn+k> #0, n=>0, (1.6)

where d is a positive integer, k =0,1,...,d—1, and n € N={0,1,2,...}.

One of the most important characterization of the d-orthogonal polynomials is the fact that they

satisfy a standard recurrence relation of order d + 1 which we write as follows

\%

Pn+d+1(x) ( /Bner n+d Z%@—Q—d v TLer 1— IJ( ) n =0, (17)

Let n € N and write it as n = md + j, with 0 < j < d. The nearly diagonal multi-index £(n) corresponding to n is
then given by £(n) = (m+1,m+1,...,m+1,m,m,...,m), with j times m + 1 and d — j times m. If we denote the
corresponding multiple orthogonal polynomials by P, (x) = Py (z); then the sequence { P, }n>0 satisfies the (d+ 1)-order
recurrence relation (1.7) with the initial conditions (1.8)-(1.9).



with the regularity conditions 79 +1 70, n >0, and the initial conditions

Py(z)=1,P(zx)=x—fpandifd>2: (1.8)
n—2

Pn(x> = (.’B - 5n—1)Pn—1(x) - Z'Yg:%:zpn—Q—u(l'% 2<n<d (19)
v=0

When d = 1, we recover the ordinary orthogonality described above.
The recurrence relation (1.7), with its initial conditions (1.8)-(1.9), plays a primordial role in various
works published before, since this is a starting point to provide some explicit examples of d-orthogonal

polynomials as an extension of the classical orthogonal polynomials.

Definition 1.4 [1]: The d-dimensional functional U = *(ug,u1,...,uq_1) is called reqular if there
exists a PS {P,}n>0 satisfying the conditions (1.5) and (1.6).

In order to provide another criterion equivalent to the regularity conditions stated in the above
definition, let us denote by (ug), = <uk, x”>, the n-th moment of the linear functional wu; for a fixed
k € {0, ceoyd — 1}. By A,]?L = det ((uk)i_;_j)zjzo,

constructed from the moments of uy. It was established in [1, Lemme 2.1] or in |2, p.142] that the

n > 0, we denote the ordinary Hankel determinants

conditions which ensure both the regularity of the d-dimensional vector U and, consequently, the existence
and uniqueness of the corresponding d-OPS are related to generalized Hankel determinants, constructed
from the moments of the d linear functionals ug,uq,...,uq—1. Such determinants must be non-zero,
and hence one has conditions that are analogous, and generalize, those of Hankel’s determinants in the

ordinary orthogonality. It is to be noted in passing that this condition is often difficult to verify.

Definition 1.5 [11]: The d-dimensional functional U = *(ug,u1, ..., uq_1) is called d-symmetric if the
moments of each component ug, k=0,1,...,d— 1, satisfy
(k) @y 1ynyy = (u, 2TI"HY =0, 5=0,1,...,d, n >0, for j # k. (1.10)

Evidently, when d = 1, the vector U reduces to up and the conditions (1.10) lead to the fact that all
the odd moments of the symmetric functional ug are zero [4]: (ug)2nt1 = <u0 , x2”+1> =0, n>0.
Remarks 1.2:

(a) By applying the definition of the dual sequence, it is easily seen that, for each k € {0,...,d — 1},
the moments of the functionals uy satisfy: (ug)o = 1 and (ug)o = 0 for & # 0. Then, in accordance
with Remarks 1.1 (c), none of the linear functionals ug, k = 1,2,...,d — 1, is regular. Only the
first functional ug could be regular and one can associate with it an OPS. Of course, this holds if
the regularity conditions described in Definition 1.1. are fulfilled to guarantee the existence and

uniqueness of a such OPS.
(b) For d > 2, if U is d-symmetric, then ug is also non regular, since at least one of its Hankel’s

determinants vanish. Indeed, for n = 0 in (1.10), we get that (up); =0, j =1,...,d, yielding

10
0 0

(uo)o (uo)1
(uo)1 (uo)2

=0, (1.11)




where AY n > 0, are the Hankel determinants generated by the moments of ug. But (1.11) is in
contradiction with the regularity conditions already mentioned in Definition 1.1 (or in Th. 1.2).
Hence there is no OPS associated to ug. Notice that, in this case, none of the components is regular

although the d-dimensional functional U is still regular as required by Definition 1.3.

On account of the above remark, we will give at the end of this part, when d = 2, some interesting
families of classical 2-OPS w.r.t. the regular vector functional U = !(ug,uy), without either of the
two functionals ug and uq being regular. Likewise, we will provide three subcases when the first linear
functional ug is a classical one: Laguerre or Hermite. Accordingly, one could argue that we are in a

position to establish a connection between the ordinary orthogonality and the two-orthogonality.
Definition 1.6 [11]: A PS {P,}n>0 is called d-symmetric if each polynomial verifies

P, (wiz) = wipPy(x), n >0, (1.12)
where wy, = exp(2kin/(d+1)), fork=1,2,...,d, and wgﬂ = 1 (these are the (d+ 1)th roots of unity).

Notice that, if d = 1, then the identity (1.12) reduces to the well-known identity of a symmetric

polynomials.

Theorem 1.7 [11, Th. 4.1]: For every PS {P,}n>0 d-orthogonal with respect to the vector functional
U = Y(ug,u1,...,uq_1), the following statements are equivalent.

(1) The d-dimensional functional U is d-symmetric.

(2) The sequence { Py, }n>0 is d-symmetric.
(

3) The sequence {Pp}n>0 satisfies the recurrence relation

Poyar1(z) = 2Py a(z) — W1 Pu(x), n > 0, (1.13)
with Pp(z) = 2™ for 0 < n < d, and yp4+1 # 0, n > 0.

An immediate consequence of this theorem is that a d-OPS is d-symmetric if and only if there
exist (d + 1) sequences of d-orthogonal polynomials denoted {Pﬂ;}n%}, j =0,1,...,d, and called the
components of { Pp}n>0, such that Py 1y,45(z) = 27 P (z9t1), for 0 < j < d.

As examples, the particular cases d = 1 and d = 2 are worth quoting. We check at once that,
when we substitute d = 1 in (1.12), we recover the ordinary quadratic decomposition of a symmetric
OPS [4]. For the case d = 2, the obtaining results provide the cubic decomposition of the 2-symmetric
polynomials {P, },>0 whose its components {PJ},>0 (j = 0,1,2) are given by [11]:

Py (x) = PJ(2°) 5 Pauga(x) = 2Py (2%) 5 Panya(z) = *Pa(a%). (1.14)

On account of Theorem 1.7, if {P,}n0 is a 2-OPS, then the three components {P2},5¢ are also 2-OPS.

Before considering our problem in the next section, let us recall the Hahn property described in [12],
which is conjointly satisfied by the classical orthogonal polynomial sequences of Hermite, Laguerre,
Jacobi and Bessel: the sequence of their derivatives are also orthogonal polynomial sequences. In our
view, the extension of this property to define the classical character in the context of d-orthogonality is

crucial to give new classes of d-OPS. For this purpose, we state the following definition.



Definition 1.8 : A monic d-orthogonal polynomial sequence { Py }n>0 is called “classical” if the sequence

of its derivatives {Qn := P, 1/(n + 1)}n>0 is also a d-orthogonal polynomial sequence.

Our motivation to adopt this definition is the fact that it agrees with the Hahn’s property. Moreover,
its direct application for d = 1 leads to a non-linear system involving the recurrence coefficients whose
solutions provide exhaustively the four families of the classical OPS as it was shown in [11]. The same
approach is also applied in many other works when d > 2 (see e.g. [11,13-17|. This provides, for example,
the entire description of the d-symmetric classical d-OPS families made in [13] where the authors revealed
that there are exactly 2% different cases. In particular, for d = 1, the obtained results correspond to the
two (21) families of symmetric classical OPS (Hermite and Gegenbauer), and for d = 2, there are exactly
four (22) families of 2-symmetric classical 2-OPS. For more details we refer the reader to [11,18].

The case d = 2 will be the one of interest to us in all what follows. In fact, our main goal in this
case is to find explicitly new solutions to the non-linear system governing the coefficients relating to
the third-order recurrence relation. By the way, the obtained polynomials provide a new classical of
2-OPS, and so they bring a small step forward in this perspective. It should be noted that, obtaining

the complete solution to such a system with all classes of 2-OPS is currently far from being achieved.

2 A new class of classical 2-orthogonal polynomials

To begin, take d = 2 to keep the notations simple. Let { P, },>0 be the 2-OPS w.r.t. the vector functional
U = Y(ug,u1). Thus, the PS {P,},>0 satisfies the orthogonality relations, valid for k = 0 and k = 1:

(uk, PaPm) =0, m>2n+k+1, (2.1)
(uk, PoPopig) #0, n=0. (2.2)

Equivalently, { P, } >0 satisfies a third-order recurrence relation which we write in the form

Pry3(x) = (v — Baye) Puy2(z) — ant2Po1(®) — Ynp1Pu(z), n >0, (2.3)
P()(x) = 1, Pl(.%') =T — ,30, Pz(x) = (.%' — Bl)Pl(x) — , (2.4)
Yn+1 # 0, n >0, (regularity conditions). (2.5)

Our main result here consists in the presentation of a new class of 2-OPS with some of its special
cases that deserve particular attention. Certain families of polynomials have already been explored
across different studies, the others seem to be new. In each case, we give the explicit formulas of the
recurrence coefficients and some of their properties as a differential-recurrence relation and a third-order
differential equation. As previously stated, we will not discuss here the integral representations of the
corresponding linear functionals.

Let us first remember the sequence of polynomials {Q,, := (n + 1)"1P/ 41)n>0 With its associated
dual sequence denoted by {vy, }r,>0. The latter is being related to {uy }n>0 via v), = —(n+1)up41, n > 0.

In the rest of this section we assume the 2-OPS {P,},>0 to be classical. Thus, the PS {Qn}n>0 is

also 2-orthogonal (w.r.t. the vector functional V = (v, v1)), and so it satisfies a third-order recurrence



relation given by

Qni3(7) = (& = Bp42)Qni2(7) = @nt2Qni1(2) = Fnt1Qn(@), n >0, (2.6)
Qo(x) =1, Qi(z) =z — Bo, Qa(x) = (x — S1)Qu(z) — an, (2.7)
An+1 # 0, (regularity conditions). (2.8)

By differentiating (2.3) and using (2.6), we easily obtain that each polynomial P, can be written in
terms of Qp, Qn—1, Qn_2o and @Q,_3. Hereafter we write this relation by shifting n — n + 3 as

Poy3(x) =Qnys(x)+n + 3) (Bnss —Bn+2)Qn+2(w) + ((n + 2)ants —(n + 3)dnt2) Qnii(x)
+ ((n 4 Dyny2 — (R4 3)Fn41) Qu(x), n >0, (2.9)

with the initial conditions
Po(z) = Qolz) = 1, Py(z) = Q1(z) + B1 — Bo, Pa(x) = Qa(x) +2(Ba — £1)Q1(x) + (ag — a1). (2.10)

We can now proceed as in [11,15] to establish the system in question and rewriting it in a reduced form.

For this, let us put

Bn = Bas1 +0n, n >0, (2.11)
- n
Qn = man-l—lpna n 2 17 (pn # 0)7 (212)
- n
T = g ki, > 1, (6, #0). (2.13)

Under the transformations (2.11)-(2.13), the relations (2.9)-(2.10) change into

Poy3(z) = Quia(x) = (n+ 3)0n12Qnr2(2) + (n + 2)ani3(1 — pya) Quri(2)
+ (n 4+ Dynt2(1 = Opt1)Qn(x), n >0, (2.14)
Py(z) = Qo(z) =1, Pi(z) = Qi(z) — do, Po(x) = Qa(x) — 201Q1(x) + (1 — p1). (2.15)

Substituting (2.3)-(2.4) with (2.6)-(2.7) in (2.14)-(2.15) and making use of (2.11)-(2.13), the desired

system follows immediately. In its reduced form this system can be written, for all n > 1, as



Brt1 — Bn = ndp—1 — (n + 2)dn; (2.16)

B1 — Bo = —2do, (2.16)’
[0+ 3) (s = 1)+ 1) 75— [n(py — 1) + 1] 22 = 63 (2.17)
(3p1 — 2)as — 204 = 253, (2.17)
[(n+4) (01 — 1) +1] Z’TS — [0 — 1) + 1] Z’fl -

{2+ Dot = 1)+ 1801 = [nlpsr = 1) +1]80 bansa; (2.18)
(461 — 3)v2 — 371 = 3[(4p1 — 3)d1 — do] a2, (2.18)’
[ (pnt1 = 2) pn + 1 np2ani1 =

- {[(n +4) (0 — 1) + 1041 + [0 — 1100 — [(n — 1) (B — 1) +1] 5n_1}'yn+1, (2.19)
[ (P2 = 2) O + anizvnsr + [ (Onr1 —2) po + 1] anr1mt2 = 0, (2.20)
Opro + eln = 2. (2.21)

Starting with the observation that Equation (2.21) stands out from the rest, since it plays a primordial
role to determine all other coefficients. In fact, this is a simple Riccati equation all of whose solutions

are given by

A) 0,=1,n=>1,

1
B) 92nzwy Oon—1 =1, n2=>1,
nm (wh #—1,-2,...)
1 where p,v #—-1,-2,...).
C) o =1, o 1= 22,
n+v
1 1
D) 0o, = M7 0,1 = w’ n>1,
n—+u n-+v

The system under consideration is at present far from being fully solved. Thus to look for other new
solutions, we have to work under certain assumptions on the coefficients since this strategy was already
generated some families of classical 2-OPS in various previous works (see e.g., [6,15,19-21]). For this,
observe that the expression in braces in the right-hand side of Equation (2.19) vanishes if and only if
an =0,n>1,0r (pp+1 —2)pn +1 = 0,n > 1. The first condition implies that 5, = 0,n > 0. This
is easily verified when substituting «,, = 0,n > 1, in Equations (2.17)-(2.17)". Under these specific
conditions one gets a simple system that was integrally solved by the authors in [11] obtaining the four
families of 2-symmetric 2-OPS. Recall that these polynomials are recently reviewed in [18].

When «,, # 0,n > 1, and 5, = 0,n > 0, the resulting polynomials belong to the Appell’s class [11,14].

We certainly believe a priori that Equation (2.19) is the second one to be regarded to progress in the
resolution of the above system, since its exploration produce new results as we will see below. For this

purpose, we set a,, # 0,n > 1, and 5, # 0,n > 0. Under these assumptions, we deduce from (2.19) that

(Pr1—2) pnt+1=0<= [(n+4)(0n,—1)+1]6ps1 + [0 —1]6 — [(n — 1) (0 —1)+1]6p—1 = 0. (2.22)



The left-hand side of the equivalence (2.22) is another simple Riccati equation which can be written as
1

Pnt1+— =2, n>1, (2.23)
Pn
whose solutions are explicitly given by
i) pn=1n2>1,
1 (where p # —1,-2,...).
ii) pn:m7 n>1,
n-+p

In the light of the solutions of Equations (2.21)-(2.23), it is clear that various cases may be investigated.
However, to provide a new particular solution of the system (2.16)-(2.21), we will mainly focus in this
study on the priority case what will referred to as A-i): 6, =1 and p, = 1,Vn > 1.

This is the straightforward one to be examined, since it is completely resolved as we will see thereafter.
Indeed, when 6,, = p, = 1, the right-hand side of the equivalence (2.22) leads to d,4+1 —0p—1 =0, n > 1.

In consequence, the foregoing system reduces to

/8n+1 — Bn = nén,1 — (n + 2)5717 n > 0, (571 = 0), (2.24)
Qp42 Qp41 )
- =4 >0, 2.25
n+2 n+1 m " (2.25)
Yn+2 Tn+1
n’jg - nTl = (Ont1 — On)tng2, n >0, (2.26)
Sni2 — 0, =0, n = 0. (2.27)

Our reasoning starts with the observation that d,, satisfies an homogeneous second-order recurrence

relation whose the general solution is given by
On =S+ enr, (2.28)

where s and r are two arbitrary constants (taken here as real parameters), and &, = (—1)", n > 0.
On account of (2.28), it is easy verified that Equations (2.24)-(2.26) give rise to

Bon, = (r —2s)(2n) + By, n =0,
Bont+1 = —(r+2s)(2n+1) —r+ By, n > 0;
=2n+1) (" +s*)(2n) + 1), n > 0;
onto = (2n+2) ((r* +s
Yon+1 = (2n +2)(2n + 1) (2r(r — s)2n + 7), n=0,
= (2n+3)(2n+2) (—=2r(r + s)*(n+ 1) — 2ras +v), n >0,

Q2n41 %)
2n+1)+2rs+aq), n=0;

Yon+2

with v := %'71, provided the conditions of regularity remain always fulfilled.

We conclude by observing that the above expressions can be written simply as follows

Bn = (enr — 28)N — %(1 —en)r + Bo, n = 0; (2.29)
a1 = (n+1)[(r* + )+ (1 —e,)rs + ai], n > 0; (2.30)
Ynt1 = (n+2)(n+1)[en(r — £n8)%rn — %(1 — &) ((r+ )2 + 201)r 4+ 7], n > 0. (2.31)



In addition, substituting (2.29)-(2.31) into (2.11)-(2.13) yields the recurrence coefficients for {@Qy }n>0

~ 1

Bn = (s —epr)n — 5(14—6”)7“—1—25—1—60, n > 0; (2.32)
dn=n[(r?+sHn+ (1 —en)rs+a], n>1; (2.33)
- 1

Y = (n+ Dnen(r —ens)®rn — 5(1 —en)((r+s)* +201)r+7], n > 1. (2.34)

Likewise, when 60, = 1, p,, = 1 and §,, = s + 7€y, the relations (2.14) and (2.15) lead to

Pa(@) = Qu(@) = 6s1nQu-1(2), n > 0; (Q_1 = 0). (2.35)

The relation (2.35) (referred to as the second structure relation) plays an important role in different
steps of the present paper as well as throughout some other articles on this topic. This is the key to
constructing the above system as previously noted, and then for establishing certain properties for all its
solutions. For instance, this allows us to derive the differential-recurrence relation (the main structure
relation) and the third-order differential equation satisfied by the resulting polynomials as we will see in
the next section. Mention also that, when dealing with the integral representations, the use of (2.35) in

determining the distributional differential equations involving ug and u; is of fundamental importance.

3 Some properties of the polynomials P,,n =0,1,2,...

3.1 A differential-recurrence relation

Proposition 3.1 : The 2-OPS {P, }n>0 defined by the recurrence coefficients (2.29)—(2.31) fulfills the

following differential-recurrence relation (first structure relation)

H(2)Qn(x) = (r* — %) Puy1(x) + anPp(z) + by Py_1(x), n >0, (P-1=0), (3.1)
where $(x) = (r* = s*) (@ — Bo) + (s — r)ax + 7, (3.2)
an = (s —1%)(sn + %(1 —ep)r) + (s —1r)as + 7, (3.3)

b, = n[r(rz —sH(r+ EnS) (n - %(1 — é‘n)) + (enr — 5) ((1 +ep)rag — fy)] (3.4)

Proof: First, since 6, = s +re, for each n, we then have 6,6,41 = 6901 = s° —r?. Now, write (2.35) as
P, 1 (z) = (n+ 1)Py(z) + (n + 1)6p11 Py (z), n >0, (3.5)
which successively gives for the subscripts n + 2 and n + 3:

o) = (n+2)Poyi(2) + (n+2)8, P 1 (z), n >0
nt3(2) = (0 + 3)Puga(x) + (04 3)0p11 P, 5(x), n > 0. (3.7)

—
w
=)

Substituting for P}, from (3.6) into (3.7), yields

n3(2) = (n 4+ 3)Poya(z) + (04 3)(n 4 2)6n 11 Por1 () + (s* =) (n 4+ 3)(n + 2) P4 (x), n > 0.
(3.8)

10



Now, using again (3.5) to write P}, as

1 ) 1

Pla)=—— P -
") = G e T

P,(z), n>0. (3.9)
Moreover, the differentiation of the third-order recurrence relation (2.3) gives

Prya(w) = Prig(®) + anga Py () + i Py (@) — (2= Brge) Prya(2), n > 0. (3.10)

Consequently, substituting for P; s, P; o, and P}, from (3.8), (3.6), and (3.9), respectively, into (3.10)

and using again the recurrence relation (2.3), we obtain

2 2 On+10n+2 Tn+1 / _
(7 =) = Busz = (0 Basa) + L 4 RS [P () =

(12 — $2)(n + 1) Pus1 () + (5n+1an+1 n JT;)PTL(:E) it Pai(z), n =0, (3.11)

Lastly, by dividing both sides of (3.11) by n + 1, the differential-recurrence relation (3.1) follows imme-
diately, with

Ontic
2 2N(a _ 1T t2 ol ;
o(x) = (r s )(LL’ Btz — (n+ 3)5n+1) + n+2 + (n+1)(n+ 2)7

n+1"

5n+1an+1 Yn+1
— d b —
W= T s )iy M

Substituting the coefficients 3, a, and 7, from (2.29)-(2.31) into the last identities, we find the explicit
expressions of the polynomial ¢ and the coefficients a,, and b,, given by (3.2)-(3.4). [
3.2 A third-order differential equation

Proposition 3.2 : FEach polynomial P, of the 2-OPS fulfilling (3.1) satisfies a third-order differential

equation of the form

o(x)y" + p(x)y" + q(z,n)y +ny =0, n >0, (3.12)

where o(x) = (1 — s%)(x — Bo) + (5 — r)ay + ;
p(x) = —2s(x — Bo) + 1% — s>+ ay,
1
q(z,n) = —(z — fo) +s(n—1) — §r(1 +€n).
Proof: Our proof starts from the differential-recurrence (3.1) written in the form

¢(x) Py (2) = (r* = 8°)(n + 1) Poya (2) + (n+ DanPa(x) + (0 + Dby Poi(2), n >0,

Differentiating twice, we successively obtain

$(@) Pyl () = (1 = s*)nPy 1 (2) + (n + Dan Py (2) + (n+ 1)ba Py (2), 120, (3.13)
$(@) Pyl (x) = (r? = s*)(n — )Py (2) + (n + Dan Py (x) + (n + 1)bu Py (), n > 0. (3.14)
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The procedure is to eliminate P/ and P ; in (3.14) and replace them in terms of P,y and its derivatives.

For this, we use the recurrence relation (2.3) which we write after shifting n — n — 1 as
MnPn1(2) = (2 = Bnt1) Pot1 (2) = an1 Pu(x) = Pryo(2), (Po1 = 0).
By differentiating, the last equation gives
Py (&) = (& = Bus1) P (&) — i1 Pole) — Pl o) + P (). (3.15)
Using (3.6) to eliminate P}, ,, yields
Py (@) = (@ = Bust — (n+ 200 Py (0) — ani1 Pol@) — (0 + DPasa(a). (3.16)
Differentiating again (3.16) leads to
Tn 7/1,—1($) = (33 — Bny1 — (n+ 2)511) r/L/—i—l (z) — nP,;_H (z) — an—&-lpg(x)' (3.17)
For n — n + 1, (3.17) becomes
i1 PU(2) = (= Buya — (0 + 3)0041) Plya(@) — (n+ 1)Phyo(@) — ansaPly(2).  (3.18)

Using again (3.6) to eliminate P/ , and P, in (3.18), yields

Tn
DL D) = fosa(2) Pl (2) + g1 (2) P () = (0 1) P (0), (3.19)
with
Fu1(2) = Balie =2 =0+ B)ouia] ~ 2 wnd s (2) = 2= Bz — (1 + )onss— (0 + 10

In the same manner we substitute (3.19) in (3.17) to eliminate P/, yielding

Tn 7;/—1(33) = hn+1($)P7/1/+1(95) + kn+1(x)PT,L+1(x) + lpy1 Pt (), (3.20)
where hns1(2) = 2 — Bg1 — (n+2)0n — (n + 2)3"+1 Fosn (), (3.21)
n+1
kni1(z) = —n — (n+2) 22 g 1 (2) and Ly = (n+ 2)(n + 1) 2L (3.22)
Tn+1 Tn+1

Besides, using (3.19) and (3.20) to eliminate P, and P/, in (3.14), we obtain

n+1

OPyq + (s> =r?)(n —1) 1~ bn{hn-l—lP?{:Jrl +kn1 Py + ln—l—an—H}

n
n+2)(n+1
_( '}/)( | )an{fn+1P7,L/+1 +9n+1pfl+1 - (TL + 1)Pn+1} = 0.
n+

Remark that (n + 1)b, /v = 0ny1 and (n 4+ 2)(n 4+ 1)an/Yn+1 = 1+ (0 + 2)dpt10n+1/Vn+1, therefore

rearranging the terms in the above equation yields

OPYy +[(° =) 2n+1) = bnpa (2 = Buy1) — farr] Py + 00041 — gni1]Pray + (n+ 1) Pogr = 0.

12



Replacing both f,+1 and g,41 by their expressions in the last differential equation and making use of
(2.29)-(2.31), Equation (3.12) follows immediately. [

We should note in passing the very important role of the polynomial ¢ arising in both (3.1) and (3.12).
This appears again as the leading polynomial in the differential equation satisfied by the functional u,
which constitutes one of the two equations derived by direct application of the characterization theorem
of the classical d-OPS [16, Th. 3.1 when d = 2. Hence, for the 2-OPS highlighted in Section 2, this
characterization is specified by the matrix distributional equation (®U)" + $U = 0, where ® and ¥

are the 2 X 2 matrices given by (see [11,16] for more details):

i 1 —50 ) — 0 1 an _ uQ
@(;,;)_(W) Ao>"1’” <w<x> A1> v (u>

where ¢(z) = —01(x—0o) /7, ¥ (x) = d(x—Lo)/v, Ao =1+da1/y, A1 = —a1/v, do = s+r, 61 = s—r.

In addition, a trivial verification shows that ¢(xz) = v|®(z)| which reveals the determining role of
this polynomial when discussing the integral representations of the two functionals ug and w;. For
the moment, let us focus on the six subcases that occur naturally when the parameters &g, d; and
1 := 2raq — v take certain specific values. In each case, we recapitulate the first structure relation, the
third-order differential equation fulfilled by the 2-OPS { P, },,>0 and the related recurrence coefficients.
All these polynomials still obey the second structure relation (2.35).

3.3 The special cases

I. For 61 = 99 =0 < s =r =0 with n = —y # 0, the polynomials P,, n > 0, obey each of the following

structure relation and differential equation:

Qu(@) = Pa(a), (3.23)
vy" + a1y’ — (x — o)y’ +ny =0, (3.24)
with the recurrence coefficients f, = oy, an+1 =a1(n+1), Yr1 =v(n+2)(n+1), n > 0.

By virtue of (3.23), it is clear that these polynomials belong to the class of Appell polynomials
sharing the basic property P;,,, = (n+ 1)P,. They were comprehensively studied in the context of d-
orthogonality (d > 1) by the first author in [14]. For d = 1, we recover the classical Hermite polynomials.

Now, when d = 2, the following three subcases need to be considered separately.

- Subcase I.1: v =1, fy =0 and «a; := 2a # 0 (with o > 0).

- Subcase 1.2: y=1, fp =0 and a; = 0.

- Subcase 1.3: v =1/9, fy = 0 and a1 = 0.

Clearly, the Subcase 1.1 provides an Appell-type polynomials with the following recurrence coeffi-
cients 5, =0, apnt1 =2a(n+1), 41 =(n+2)(n+1).

The Subcase 1.2 produces the 2-symmetric polynomials referred to as the Airy polynomials in [22] and
denoted there by Pi,, n > 0. In this subcase, we tacitly adopt this notation instead of P,, n > 0. Their
recurrence coefficients are 3, =0, ap41 =0, Ypy1 = (n+2)(n+1), n > 0.
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Remember that these polynomials are related to the Airy function of the first kind Ai(z) via the

Airy transform of the monomial z™ as

+oo
Pi,(z) = 2" * Ai(x) = / t"Ai(x — t)dt, n >0,

where the original Airy function Ai(x) is defined by the Airy integral

. 1 +o0 t3
Ai(z) = = cos (:L’t + g)dt, x = 0.
0

s

Besides, the polynomials Pi,,, n > 0, satisfy the differential-recurrence formula
Piyt1(z) = 2Pi,(z) — Pil(z), n >0,

which combined with (3.23) leads to the third-order recurrence relation fulfilled by the PS {Pi,},>0.
Mention that these polynomials are the first ones investigated in [18] where the authors gave most
notably the integral representations of their corresponding linear functionals via the Airy function Ai(x)
and its derivative. Obviously, we will take account of these representations in [23].

Lastly, in Subcase 1.3, we encounter the 2-symmetric polynomials P,, n = 0,1,2,..., whose the
recurrence coefficients are given by 8, =0, ans1 =0, Vo1 = 372(n +2)(n + 1).

By setting By, (z) := a "By(ax +b), n > 0, for (a;b) € C* x C the shifted polynomials for the
polynomials By, n > 0, it is easily verified that the polynomials P,, n > 0, are a shifted Airy poly-
nomials Pi,, n > 0, (with a = 35 and b = 0). Accordingly, we get the identities P,(z) = Pi,(z) =
37§"Pin(3%x), n > 0. For this reason, the notation Pi, is adopted in Subcase I.2.

Furthermore, by virtue of the symmetry property of the 2-OPS {P,},>0, the cubic decomposition
described in (1.14) leads to a connection between the three cubic components Pﬂ;, n >0, j€{0,1,2} (of
P,,n > 0) and the hypergeometric polynomials given by Bf{’ﬂ(x) = 1F2(—n i 1l4+a, 1+8; x), n = 0.
For a deeper study of these polynomials, we refer to [19] and references therein. This connection is given

through the following three relations

L2 1 ~
P)(z) = By *(x); Py(x) = By

2
3

W=

1 1
3 (z); P2(z) = By (x), (3.25)
where BYP = (=1)"(1 + a)n(1 + ), B, n > 0, are the monic polynomials related to By,

n =
Based on the relations (3.25), a connection between Airy polynomials and the polynomials BY P , n=

0.
0,

is then established as follows

AL _ 2

Pis, (z) = 3°"B,, 3

2 1 2
T3 3

A1 1 A1
(37223); Pignp1(z) = 33" B, 373 (37223); Piznyo(z) = 3322 B2 3 (37223). (3.26)

Moreover, it was also shown in the same papier that the polynomials Bﬁﬁ , n = 0, are 2-OPS w.r.t.
two weight functions associated with Macdonald functions. Recall that an analogous polynomials of the
B2# ,n=20,1,..., are also studied in [21] where the authors considered the orthogonality conditions of

these polynomials w.r.t. a system of two positive weight functions associated with Macdonald functions.
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II. For 61 = §p # 0 < s # 0,7 = 0 with n = —v # 0, the polynomials P,,, n > 0, satisfy

¢($)Qn($) = _S2Pn+1(x) + anPn(l') + ann—l(x)a (327)
o(x)y" + p(x)y” + q(z,n)y" +ny = 0, (3.28)
where d(x) = —s*(x — Bo) + sa1 4+, an = s>n+sa; +7, b, = syn,

p(z) = —2s(x — o) — s> + a1, q(z,n) = —(x— Fo) +s(n—1),

with the recurrence coefficients 5, = —2sn+0y, apt1 = (n+1)(s2n+a1), Ynt+1 = Y(n+2)(n+1), n > 0.
Subcase II.1: Herein we encounter the classical 2-OPS studied by the first author in [15] (denoted there
Case A). In particular, for s = —1 and 7 = 1, with an appropriate change of the variable, the singularity
of the third-order differential equation can be placed at the origin. To do this, we take By — a1 +1 = 0.
Setting a; = « + 3, the last equality yields Sy = « + 2, and so the recurrence coefficients become
Bn=2n+a+2, any1=nm+1)(n+a+3), Y41 = (n+2)(n+1).

Then, the resulting 2-OPS consists of Laguerre type with one parameter that are 2-orthogonal w.r.t.
the pair of weight functions associated with the modified Bessel function of the first kind.

Notice that these polynomials were also studied in [6] where the authors considered the pair of
positive weight functions associated with the modified Bessel function of the first kind.

Subcase I1.2: As stated above the case n = 0 cannot occur, since this contradicts our assumption.

III. For ;1 = —dg # 0 < s = 0,r # 0, taking into account the parameter 7, two subcases must be
distinguished.

- Subcase III.1: s =0,r # 0 and 5 # 0.

- Subcase II1.2: s =0,r #0 and n =0 (& v = 2ray).

For the Subcase III.1, we obtain that the polynomials F,,, n > 0, fulfill

¢(2)Qn(x) = r*Poy1(x) + anPu(x) + by Pr1(2), (3.29)
o(@)y" + p(a)y” +q(z,n)y +ny =0, (3.30)

where  ¢(x) = r*(x — fo) — ro1 +7,

1 1
an = —5(1 —en)r® —rar +7, by =rn[ri(n —1) + 5(1 +en) (r° + 2ran) — en7],

p(x) =2 + o, gm) = —(z — fo) — =(1+ en)r,

2
with the recurrence coefficients:
1
Bn = enrn — 5(1 - En)T + Bo, ang1 = (n + 1) (TQn + 011) ,yn =0,
3 1 3
Vi1 = en(n+2)(n+1)[r’n+ 5(1 — &) (r’ + 2ran) + &), n > 0.

In such case, taking r = 1, we recover again the classical 2-OPS obtained in [15] (denoted Case B).

However, the integral representations of their associated linear functionals are not yet given. They will

15



be examined in the next study [23]. In order to deal with this question, it is once again convenient to
move the singularity of the third-order differential equation to the origin by setting 8y + a3 — v = 0.
In the Subcase III.2, the polynomials P,,, n > 0, satisfy

(;S(CL‘)Qn(LU) = rPnJrl (x) + CLnPn(CE) + annfl(x)y (331)
o(x)y" + p(x)y” + q(z,n)y +ny =0, (3.32)
where o(x) =r(x — Po) + au,

1 1
Qn = _5(1 - €n)T2 + aj, bn = rn[rzn - 5(1 - gn)(’f‘z - 20[1)}7
1

p(z) = r? + aq, q(z,n) = —(x — Bo) — 5(1 + &)1

The recurrence coefficients are given by
1
Bn = eprn — 5(1 —en)r + Bo, ant1 = (n+1) (r2n + oq) , n>=0,

1
Vnt1 = enr(n+2)(n+ 1)[r’n + 5(1 —en)r®+ (1 +en)a1], n>0.

If we take r = 1 and By = a3 = a + 1, we get that the linear functional ug satisfies the first order
functional equation (o(z)ug)’ + 7(x)up = 0, with the two polynomials o(x) = z and 7(z) =z — a — 1.
This actually shows that ug is the classical linear functional of Laguerre.

IV. For 1 = 0,69 # 0 < s =r # 0, on account of 7, we distinct the two subcases.
- Subcase IV.1: s =7 # 0 and n # 0.

- Subcase IV.2: s =r # 0 and n = 0.

For the Subcase IV.1, we get that the polynomials P,, n > 0, satisfy

Qu(x) = Po(z) + (1 = n)rnPp_1(z), (3.33)
"+ p(@)y" + q(z,n)y +ny =0, (3.34)
where p(x) = ~2r(z — fo) + o1, a(w,m) = —(z — o) +r[n— 5(3+ )],

with the recurrence coefficients
1
ﬂn = _(2 - En)rn - 5(1 - En)r + ﬁ0> Ant1 = (n + 1) [2T2n + (1 - En)TQ + 041]7 n = 07
Vi1 =—(n+2)(n+1) [2(1 — 5n)r3(n + 1)+ (1 —ep)rag — 7], n > 0.

To get the result we need in this subcase, we put r = 1 and v = 1, under the condition oy # %

In the Subcase IV.2, the polynomials P,, n > 0, satisfy

Qu(x) = Po() + (1 — en)rnPp_1(z), (3.35)
"+ p(@)y" + q(z,n)y +ny =0, (3.36)
where p(z) = —2r(z — Bo) + a1, q(z,n) =—(x — Bo) +7r[n— %(3 +en)ls
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with the recurrence coefficients
1
Bn=—(2—¢ep)rn+ 5(1 +en)r+ Bo, ant1 = (n+1) [2r2n +(1- 5n)r2 + 041] ,n>=0,
Y1 = —r(n+2)(n+1)[2(1 —e,)r*(n+1) — (L +&,)eu], n > 0.

By choosing a1 = 1/2 and 5y = 0, we get that the linear functional ug satisfies the functional equation
ufy + 2zup = 0. This implies that the functional ug coincides with the classical functional of Hermite.

V. For 1 #£ 0,090 = 0 < s = —r # 0, only the subcase relative to n # 0 take place as we will clarify
thereafter (cf. Remark 3.1). To this effect, the polynomials P,,, n > 0, fulfill

Qn(w) =P, — (1 + 5n)rnpn71> (3.37)

—ny" +p(@)y" + q(z,n)y" + ny =0, (3.38)
1
where p(z) =2r(z — Bo) + a1, q(z,n) =—(x—Bo) —r[n— 5(1 —&n)],
with the recurrence coefficients
1
Bn = (2+ep)rn — 5(1 —en)r + Bo, ans1=(n+1)[2rn— (1 —g,)r’ +a1], n>0
Y1 = (n+2)(n+ 1)[2(1 + en)r®n — (1 —en)ras + 7], n > 0.

Subcase V.1. The subcase to be explored in [23| arise when taking » = 1, v = 1, with a3 # %
Remark 3.1:

For s = —r # 0, it is clear that the subcase with 7 = 0 cannot occur. In fact, when the two
restrictions are simultaneously imposed, we get Y41 = 7(1 4 €)(n + 2)(n + 1) (2r?n + o), and

S0 25, = 0 for each n > 1, since &, = (—1)", which contradicts the regularity conditions (2.5).

VI. For §; # 0,09 # 0 < s # +r, only the subcase n = 0 (< v = 2ra;) will be considered. Before

making use these conditions, let us gather the proprieties of the polynomials P,,, n > 0 as follows:

(b(x)Qn(J:) = _5051Pn+1(1') + anPn(fE) + ann—l(x)7 (339)
o(x)y" + p(x)y" + q(x,n)y +ny = 0, (3.40)

where  ¢(z) = —dod1(z — Bo) + doau,
ay, = 0pd1 [sn + %(1 — sn)r] + doa1, by = nrdy [51(r + 6ns)(n — %(1 — en)) +(1- 6n)a1],
p(x) = —2s(z — Bo) — 01 + a1, q(x,n) = —(x — Bo) +s(n—1) — %r(l +ep).
Their recurrence coefficients are given by
Bn = (enr — 28)n — %(1 —en)r + Bo, anp1=(n+1)[(rP+s)n+(1—¢e)rs+a], n>0,

1= (n+2)(n+1) [5n(s — anr)2(rn + %(1 — €n)) +(1+ En)roq], n = 0.
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- Subcase VI.1. As in Subcase II1.2, for 61 = —1 (& s =7r—1) and Sy = a1 = a+ 1, we find once
again that the linear functional ug corresponds to the classical functional of Laguerre, since it satisfies
the first order equation (zug) +(x—a—1)ug = 0. The second functional u; satisfies (2r —1)u] —u; = uy,
provided that r # 1/2 and r # 0. Because » = 1/2 implies s = —1/2, which contradicts our assumptions
s # +r, and r = 0 leads to a contradiction with the regularity conditions. However, it is to be noted

that for r =1 (so s = 0) we recover the result given in Subcase III.2.
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