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Multiple orthogonal polynomials associated with confluent
hypergeometric functions

Hélder Lima* and Ana Loureiro*

August 16, 2020

ABSTRACT. We introduce and analyse a new family of multiple orthogonal polynomials of hypergeomet-
ric type with respect to two measures supported on the positive real line which can be described in terms
of confluent hypergeometric functions of the second kind. These two measures form a Nikishin system.
Our focus is on the multiple orthogonal polynomials for indices on the step line. The sequences of the
derivatives of both type I and type II polynomials with respect to these indices are again multiple orthogo-
nal and they correspond to the original sequences with shifted parameters. For the type I polynomials, we
provide a Rodrigues-type formula. We characterise the type II polynomials on the step line, also known as
d-orthogonal polynomials (where d is the number of measures involved so that here d = 2), via their explicit
expression as a terminating generalised hypergeometric series, as solutions to a third-order differential equa-
tion and via their recurrence relation. The latter involves recurrence coefficients which are unbounded and
asymptotically periodic. Based on this information we deduce the asymptotic behaviour of the largest zeros
of the type II polynomials. We also discuss limiting relations between these polynomials and the multiple
orthogonal polynomials with respect to the modified Bessel weights. Particular choices on the parameters
for the 2-orthogonal polynomials under discussion correspond to the cubic components of the already known
threefold symmetric Hahn-classical multiple orthogonal polynomials on star-like sets.
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1 Introduction and motivation

The main aim of this paper is to investigate the multiple orthogonal polynomials with respect to two abso-
lutely continuous measures supported on the positive real line and admitting an integral representation via
weight functions # (x;a,b;c) and # (x;a,b;c+ 1) where

()

W(x;a,b;c) = W

e x U(c—b,a—b+1:x). (1.1)

with a,b,c € RT such that ¢ > max{a,b}. The weight functions involve the confluent hypergeometric func-
tion of the second kind U (c, 3;x), also known as the Tricomi function, which is a solution of the second-
order differential equation (see [6, Eq. 13.2.1])

2
X%Jr(ﬁ—x)%—ay:o, (12)

and, provided that Re(or) > 0 and |arg(x)| < g, it admits the integral representation (see [0, Eq. 13.4.4])

U(o,B;x) = ﬁ[t“”(wl)ﬁf"‘*e*’xm, (1.3)

provided that Re(a) > 0 and | arg(x)| < g, whilst (see [6, Egs. 13.2.7 & 13.2.40])

U0,8:x)=1 and U(o,B:x)=x""PU(a—B+1,2—B:x).

Note that the latter identity implies that % (x;a,b;c) = # (x; b, a; c). Furthermore, the conditions a,b,c € R*
and ¢ > max{a, b} guarantee the convergence of the integral of the modified Tricomi weight over the positive
real line. More precisely (see [12, Eq. (7.621.6)]),

I'(a)I'(b)

T (1.4)

/Ome_"x“U(cfb,aber L;x)dx =
Therefore the weight function # (x;a,b;c) is a probability density function whose moments are given by
/Omx”V/(x;a,b;c)dx:M, neN, (1.5)
where, as usual, (z) ,» denotes the Pochhammer symbol defined by

(z2)p=1 and (z),:=z(z+1)---(z+n—1), ifneN\{0}. (1.6)

Here and throughout the text, N = ZJ = {0,1,2,---}. When referring to {P,(x)},cy as a polynomial se-
quence it is assumed that P, is a polynomial of a single variable with degree exactly n and we consistently
deal with monic polynomials, unless stated otherwise.

Research on multiple orthogonal polynomials has received a focus of attention in the past decennia, partly
motivated by their applicability to different areas of mathematics and mathematical physics. In particular,
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they have been utilised in the description of rational solutions to Painlevé equations [4] as well as in ran-
dom matrix theory. For instance, the investigation of singular values of products of Ginibre matrices uses
multiple orthogonal polynomials associated with weight functions expressed in terms of Meijer G-functions
[18]. If only two measures are involved, then those Meijer G-functions are hypergeometric or confluent hy-
pergeometric functions. This research offers a thorough investigation of a collection of multiple orthogonal
polynomials that fits within this category.

Multiple orthogonal polynomials are a generalisation of (standard) orthogonal polynomials. Their orthogo-
nality measures are spread across a vector of » € Z measures and they are polynomials on a single variable
depending on a multi-index 7 = (ng,--- ,n,—1) € N" of length |7#| = ngp+ - - +n,_1. There are two types of
multiple orthogonal polynomials with respect to a system of r measures (L, , lUy—1)-

The type I multiple orthogonal polynomials for i = (ng, - - - ,n,—1 ) € N" are given by a vector (A(()), ‘e ,A(ffl))

)

of r polynomials, with degA
tion conditions

<n;—1, foreach 0 < j <r— 1, satisfying the orthogonality and normalisa-

0, if0<k<|i|-2,

r—1
FAY) () (x) = 1.7
jg/x 7 k) 1, ifk=|i 1. D

If the measures (1;(x) are absolutely continuous with respect to a common positive measure i, that is, if we
can write dptj(x) = w;(x)du(x), for each 0 < j <r—1 and for some weight functions w;(x), then the type I
function is

r—1 .
0i(x) = Y A (x) wj(x) (1.8)
Jj=0
and the conditions in (1.7) become
0, ifo<k<|i|-2
k ’ )
X Qp(x)du(x) = (1.9)
/ (e)dp (x) {1, if k= [fi] — 1.

In the case of » = 2 measures, we use the notation Ay for Aé0> and By for A(ﬁ]).
The type Il multiple orthogonal polynomial for 7 = (ng,- -+ ,n,—1) € N" consists of monic polynomials p; of
degree |7i| which satisfies, for each 0 < j < r— 1, the orthogonality conditions

/xkpﬁ(X)duj(X)=0, 0<k<n;—1. (1.10)

For both types of multiple orthogonality, the case where the number of measures is r = 1 corresponds to

standard orthogonality. A polynomial sequence {P,(x)}, .y is orthogonal with respect to a measure p if

0, ifo<k<n—I,

/ka,,(x)du(x): {N 20 fnk (1.11)



Multiple orthogonal polynomials for confluent hypergeometric functions

The orthogonality conditions for type I and type II multiple orthogonal polynomials give a non-homogeneous
system of |7i| linear equations for the |7#| unknown coefficients of the vector of polynomials (Aéo) o ,Af{fl))
in (1.7) or the polynomials P;(x) in (1.10). If the solution exists, it is unique and the corresponding matrices
of the system for type I and type II are the transpose to each other. However it is possible that this system
doesn’t have a solution, unless further conditions are imposed (unlike standard orthogonality on the real line,
the existence of such solutions is not a trivial matter). If there is a unique solution, then the multi-index 7 is

called normal and if all multi-indices are normal, the system is a perfect system.

An example of systems known to be perfect are the Algebraic Tchebyshev systems, or simply AT-systems. A
vector of measures (Lo, - - -, y—1 ) is an AT-system on an interval A for a multi-index 7 = (ng,--- ,n,—1) € N
if the measures pj(x) are absolutely continuous with respect to a common positive measure (L on A, that is,
duj(x) =wj(x)du(x), foreach j=0,--- ,r— 1 and for some weight functions w;(x), and the set of functions

r—1
U {Wj(x)’ij(x)v"' >xnjile(x)}
j=0

forms a Chebyshev system on A, that is, if for any polynomials f;, j =0,---,r — 1, of degree not greater

r—1
than n; — 1, and not all equal to 0, the function Z fi(x)w;(x) has at most |7i| — 1 zeros on A. A vector of
=0

j
measures (Lo, -, y—1) is an AT-system on an interval A if it is an AT-system on A for every multi-index in

N,

Another special example of a perfect system is a Nikishin system (first introduced in [25]). We say that two
measures (U, 1) form a Nikishin system of order 2, if they are both supported on an interval Ay and if there
exists a positive measure ¢ on an interval A; with Ag NA; = @ such that

dwi(x) [ do(r)
3500 _/A1 S (1.12)

The definition of a Nikishin system can be generalised to define a Nikishin system of r > 2 measures. It
was proved in [10] that every Nikishin system is perfect (see also [11] for the cases where the supports of
the measures are unbounded or where consecutive intervals touch at one point). More precisely, it is proved
in [10] and [11] that every Nikishin system is an AT-system, therefore it is perfect. Moreover, for every
AT-system and for any 7 € N”, the type I function for Q5 defined by (1.8) has exactly |7| — 1 sign changes on
A and the type II multiple orthogonal polynomial P; has |7| simple zeros on A which satisfy an interlacing
property as there is always a zero of P; between two consecutive zeros of Pz foreach0<k<r-—1,
where €, € N” is the multi-index that has all entries equal to 0 except the entry of index k which is equal to
1. As a Nikishin system is always an AT-system, the same properties hold for Nikishin systems.

The main contribution of this paper is on multi-indices on the step line. A multi-index (ng,--- ,n,_) € N”
is on the step-line if ny > n; > --- > n,_| > ng— 1 or, equivalently, if there exists m € Nand 0 < j <r—1
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such that

1, if0<k<j,
nk:{m+ Ho=k<y (1.13)

m, ifj<k<r—1.

For any r € Z" and for each n € N, there is a unique multi-index of length n on the step line of N". More
precisely, if n =rm+ j, withm, j € Nand 0 < j < r— 1, the multi-index of length nis7i = (ng,--- ,n,—1) € N
with entries as described in (1.13). Hence, when the number of measures is fixed and we only consider multi-
indices on the step line, we can replace the multi-index of the multiple orthogonal polynomials of both type
I and type II by its length without any ambiguity. When r = 2, the indexes on the step line are illustrated in
Figure 1.

For the type II multiple orthogonal polynomials on the step line, we obtain a polynomial sequence with
exactly one polynomial of degree n for each n € N. These are often referred to as d-orthogonal polynomials
(where d is the number of measures, so here d = r), as introduced in [21]. A great deal of research in multiple
orthogonality is often specialised on d-orthogonality. For this, the corresponding polynomials satisfy higher
order recurrence relations and they have been referred in the literature as vector orthogonal polynomials (see
[16, 29]), as well as subcases of multidimensional orthogonal polynomials, Hermite-Padé polynomials or
simultaneous orthogonal polynomials, among others.

In the case of r = 2 measures, the type Il multiple orthogonality conditions (1.10) on the step line correspond
to say that if we set
Pzn (x) = Pn,n (x) and P2n+1 (x) = PnJan (x), (1.14)

then the polynomial sequence {P,(x)},cy is 2-orthogonal with respect to a pair of measures (Lo, i1 ):

0, ifn>2k+1,
N, #0, ifn =2k,

and /ka,,(x)dul (x) = {0’ ifn 22642 15)

/ka"(X)dﬂo(X)Z{ N, #0, ifn=2k+1

In (1.14) and throughout we have considered the step line to be the lower step line as illustrated in Figure 1.
If we were to consider the polynomials on the upper step line, then these happened to be 2-orthogonal with
respect to the vector of measures (U, Uo)-

There is a well-known connection between orthogonal polynomials and recurrence relations. The spectral
theorem for orthogonal polynomials (also known as Shohat-Favard theorem) states that a polynomial se-
quence {pn(x)}ren is orthogonal with respect to some measure y if and only if it satisfies a second order
recurrence relation of the form

Prr1(x) = (= Bn) pn(x) = YaPn—1(%); (1.16)

with 9, # 0, for all n > 1, and initial conditions p_; = 0 and py = 1. Moreover, if B, € R and ¥, > 0, for
all n € N, then u is a positive measure on the real line.
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no ¥ --

Figure 1: Upper and lower step line for the multi-index (ng,n;) in solid and dashed black line, respectively,
when r = 2.

Multiple orthogonal polynomials also satisfy recurrence relations, known as nearest neighbour recurrence
relations (see, for instance, [27]). In particular, when the multi-indexes lie on the step line, a polynomial
sequence {P,(x)},cp is r-orthogonal if and only if it satisfies a higher order recurrence relation (precisely of
order r+ 1) of the form

Buy1(x) = (x— Ba) P Z’}ln+] j P j (1.17)

with % # 0, for all n > 1, and initial conditions P_(,_) = --- = P_; = 0 and Py = 1, see [21, Th. 2.1].
Naturally, when r = 2, the relation (1.17) reduces to the third order recurrence relation

B (x) = (x = Bu)Pu(x) — 0Py 1 (x) — Va1 Pr2(x), (1.18)

with §;, #£ 0, for all n > 1, and initial conditions P_, = P_; = 0 and Py = 1. As such, a polynomial sequence
{P,(x) } >0 satisfying the latter recurrence relation is 2-orthogonal, and therefore a pair of measures (o, i)
exists so that (1.15) holds.

For the type I multiple orthogonal polynomials on the step line for » = 2 measures, we have, for eachn € N,

deg(An) < V;J and deg(B) < |51,

that is, deg(A,) =m—1,ifn=2morn=2m—1, and deg(B,) =m— 1, if n = 2m or n = 2m+ 1. Moreover,
assuming that there exists a positive measure 1 and a pair of weight functions (wg,w;) such that we can
write dpo(x) = wo(x)dp(x) and dpy (x) = wy (x)dp(x), the type I function is

On(x) = An(x)wo(x) + Bp(x)w; (x) (1.19)

and the orthogonality and normalisation conditions correspond to

[#0u0dux) =

0, if0<k<n-—2,
(1.20)

I, ifk=n—1.
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For further information about multiple orthogonal polynomials and Nikishin systems, we refer to [14, Ch. 23]
and [19].

In Section 2, we prove that the weight functions # (x;a,b;c) and # (x;a,b;c + 1) defined in (1.1) form a
Nikishin system. This readily imply that the multiple orthogonal polynomials of both type I and type II with
respect to these weight functions exist and are unique for every multi-index 7 = (19, 71) € N? and their zeros
satisfy the properties mentioned before for Nikishin systems (and AT-systems in general). Then we obtain
differential equations satisfied by these weight functions, which we use to deduce differential properties for
the multiple orthogonal polynomials of both type I and type II on the step line (see Theorem 2.9) and a
Rodrigues-type formula for the type I polynomials (see Theorem 2.10).

Section 3 is devoted to the characterisation of the type II multiple orthogonal polynomials on the step-line
(ie, the 2-orthogonal polynomial sequences). A remarkable property of these polynomials (a straightforward
consequence of Theorem 2.9) is that they satisfy the so called Hahn’s property, meaning that the sequence
of its derivatives is again 2-orthogonal. As such, they stand as an example of a Hahn-classical 2-orthogonal
family. Our detailed characterisation of these polynomials includes: an explicit expression for these polyno-
mials as a terminating generalised hypergeometric series, more precisely a o> (see Theorem 3.1); explicit
third order differential equation (in Theorem 3.3) as well as a third order recurrence relation (in Theorem
3.4) to which these type II polynomials on the step-line are a solution; an asymptotic upper bound for their
largest zeros; limiting relations between these polynomials and multiple orthogonal polynomials with res-
pect to weight functions involving the modified Bessel function of second kind K, (x) (see (3.11)) studied
in [3] and [28]. It turns out that each of the sequences of recurrence coefficients is unbounded and asymp-
totically periodic of period 2. As such, we believe this is the first explicit example of a Nikishin system
associated with such periodic unbounded recurrence coefficients.

Earlier we mentioned generalised hypergeometric series, which are formally defined by

ety & (), (), 2
oy (ﬁla"',ﬁq’z> _r;)(ﬁl)n(ﬁq)n n’ (1.21)

where p,g €N, z,at1,---, 00, € Cand By,---, B, € C\{—n: n € N}. If one of the parameters o, - -, Qp is
a negative integer the series (1.21) terminates and defines a polynomial.

In Section 4 we explain that particular cases of the type II polynomials on the step line, characterised here,
have appeared in [20] as the components of 3-fold symmetric Hahn-classical 2-orthogonal polynomials on
star-like sets. A polynomial sequence {P,(x)},cy is said to be 3-fold symmetric if, for any n € N,

4nmi

3 Py(x).

P, <e 3 x) =e¢ 3 Py(x)and P, (e 3 x) =e

This property is commonly referred to as 2-symmetry, as introduced in [7, Definition 5.1]. We opt to follow

the terminology in [20], as it gives a better picture of the intrinsic symmetry. The definition is equivalent to

say that there exist three polynomial sequences {P,Ek} (x)} . each supra indexed with k € {0, 1,2}, which
ne

are called the cubic components of {P,(x)} such that

neN»

Pyr(x) = PP (3), forall neN. (1.22)
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Whenever a 3-fold symmetric is 2-orthogonal, then each of its cubic components are 2-orthogonal polyno-
mials [7, Théoreme 5.2]. In this section we give a result of independent interest, Theorem 4.1, where we
show that all the three cubic components of 3-fold symmetric Hahn-classical 2-orthogonal polynomials are
themselves Hahn-classical.

The main contribution of this paper are the results in Sections 2 and 3 characterising multiple orthogonal
polynomials with respect to the Nikishin system. The centre of the analysis is for the indices on the upper
and lower step line (see Fig 1). The study of the multiple orthogonal polynomials with respect to the same
system for indices out of the step line and, in particular, the study of the (standard) orthogonal polynomials
with respect to the weight function % (x;a,b;c), defined by (1.1), remains an open (and challenging) prob-
lem. Partly this is due to the fact that when the weight function is a solution to a second order differential
equation, then known techniques to obtain closed or explicit formulas for recurrence coefficients of standard
orthogonal polynomials is, up to now, an onerous task. An example of such weights are those studied here
and given in (1.1) or those expressed in terms of Bessel functions in (3.11). Notwithstanding, a deep grasp of
the multiple orthogonal polynomials on the step line is at the core of applications. The present investigation
focus essentially on the latter.

2 Multiple orthogonality

The starting point of this investigation is on the weight function # (x;a, b;c) in (1.1). The goal is to describe
a system of multiple orthogonal polynomials with respect to # (x;a,b;c) and # (x;a,b;c + 1). The first
question to address is on whether such a system exists and, if so, whether it is unique. We are able to
answer afirmatively to both issues because we are dealing with a Nikishin system of measures, as explained
in Section 2.1. From this we want to move on to the characterisation of such system of polynomials. We
succeed in doing so for the case where the indices lie on the step-line. Using key differential properties
for the vector of weights, derived in Section 2.2, we obtain differential properties for the corresponding
polynomials of both types in Section 2.3. We continue the analysis by providing a Rodrigues-type formula
for the type I functions in Section 2.4. Concerning the type II, we defer their investigation to Section 3.

2.1 Nikishin system

The vector of weight functions [V/(x;a, bic), W (x;a,b;c+ 1)] forms a Nikishin system, as stated in Theo-
rem 2.1. An important consequence of this result is that both type I and II multiple orthogonal polynomials
with respect to the weight functions appearing on Theorem 2.1 exist and are unique for any multi-index
(no,n1) € N2. Moreover, the type I multiple orthogonal polynomials A(ng.ny) and B, ) have degree ex-
actly nop — 1 and n; — 1, respectively, and the type II multiple orthogonal polynomial P, ,,) has no +n;
positive real simple zeros that satisfy an interlacing property: there is always a zero of P, ,,) between two
consecutive zeros of P, 1 ) OF Py py +1)-
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On the one hand, the Nikishin property can be deduced through the connection between continued fractions
and Stieltjes transforms, by guaranteeing the existence of a generating measure, as described in (1.12) .
On the other hand, this property can be proved by providing an integral representation for the generating
measure o in (1.12) for this Nikishin system as given in Proposition 2.2.

To start with, we recall some properties from continued fractions and we follow the notation in [5] to describe
a continued fraction:

K(“’) = % . 2.1)

=0 ﬁn [30 n o
Bi +

=

(0%)
ﬁ2+...

Particularly relevant are the so-called S-fractions or Stieltjes continued fractions, which are obtained if in
(2.1) we set, for any n,k € N, @, = 1 and oy = an;z and Bory1 = ariy1, With az,as1 € R, to obtain

1

(2.2)

apz +
a;+

arz+

1
a3+...

Stieltjes showed in [26] that S-fractions can be represented as a Stieltjes transform of a measure with support
in (—oo,0], that is, an integral of the form

/0 do(—1) :/O“ dc(u), 23)

o X—1 xX+u

1
where o is a non decreasing bounded function such that 6(0) = 0 and lijn o(u)=—.
U—yoo ap

Another special type of continued fractions, known as J-fraction and introduced by Jacobi, is obtained if, for
some ¢, b, € C, we set, in (2.1), o = cg, O = —cy, forany n > 1, and , = z+ by, for all n € N, to obtain

€o

(2.4)
cl

z+bo—
(&)

Z4b -
by

If every c,,b, € R then the J-fraction generated by them can be obtained by contraction from a S-fraction
(see [26]) and, as a result, it can also be represented as a Stieltjes transform with support in (—eo,0] as in

1
(2.3). Moreover, if (2.4) was obtained from (2.2) by contraction then ¢o = — hence 1211 o(u) = cop when
a U—roo

we represent the continued fraction (2.4) as in (2.3). These results about continued fractions and Stieltjes
transforms can also be found in [30, Ch. 13] and they are used here to prove the following result.
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Theorem 2.1. For a,b,c € R™ such that ¢ > max{a,b}, let W (x;a,b;c) be defined by (1.1), we have

W (x;a,b;c+ 1) —c Im{ —(n+c—a)(n+c—>b)
= 2.5
W (x;a,b;¢) (c—a)(c—=b)n=0\ x+2n+2c—a—b+1)’ 2:5)
and there exists a probability density function ¢ in R™ such that
W (x;a,b;e+1) (0 do(—r1)
W (x;a,b;c) C.[oo x—t (2.6)

As a result, the vector of weight functions [W(x;a,b;c), W (x;a,b;c+ l)] forms a Nikishin system in RT.

Proof. Following the definition of # (x;a,b;c),

W (x;a,b;c+1)  cU(c—b+1,a—b+1;x)
W (x;a,b;c)  U(c—b,a—b+1;x)

2.7

According to [6, Eq. 13.3.7], we have

(c—a)(c=b)U(c—b+1l,a—b+1;x)=(x+2c—a—b—1)U(c—b,a—b+1;x)—U(c—b—1l,a—b+1;x),

2.8)
R abiet 1) Ulc—b—1,a—b+1:x)
x;a,b;c+ c c—b—1l,a—b+1;x

= 2c—a—b—1-— 2.9

W (x;a,b;c) (c—a)(c—Db) (x+ o U(c—b,a—b+1;x) ) 29)

Furthermore, based on [5, Eq. 16.1.20], we also have

U(c—b—1,a—b+1;x) K —(n+c—a)(n+c—>b)

= 2c—a—b—1 . 2.10

Ulc—ba—b+1x) ¢ Tad \xt2nt2c—a—bt1 (2.10)

Combining the two latter equations, we derive (2.5). Moreover, n+c—a,n+c—b,2n+2c—a—b+1>0,
for any n € N, because ¢ > max{a,b}. Therefore, (2.5) implies (2.6), which in turn shows that the vector of
measures [# (x;a,b;c), # (x;a,b;c+ 1)| forms a Nikishin system. O

The generating measure ¢ in (2.6) can be found via the Stieltjes-Perron inversion formula. As such, we have

do(r) — o(t) = 1im c G(—t—ig) ¢ G(—t+ig)
dr =0T 2mi

@2.11)

where
Glx) = W (x;a,b;c+1)  U(c—b+1,a—b+1:x)
~ c¥(xa,bic)  Ulc—b,a—b+1;x)

and it is well defined if ¢ > max{a,b} where U (c —b,a — b+ 1;x) has no zeros in the sector |arg x| < 7 (see
[6, §13.9(ii)]). We use the identity [6, Eq. 13.3.10])

xU(c—b+1,a—b+2;x)=U(c—b,a—b+1;x)+(a—c)U(c—b+1,a—b+1;x) (2.12)

10
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followed by the expression for the derivative of the function U(a, B + 1;x) [6, Eq. 13.3.22], to write
1 U'(a,B+1;x)
G(x) = o
0= a5 U a1 %)
where o = c—b and B = a—b. Hence, (2.11) reads as

1 Gle™(t+ig))— G(e™(t —ig))
Eg(t) N .slg(l)l+ 2mi

— lim (em(t +ig)U’ (o, B+ 1;e ™ (1 +ig))U (a0, B + 1:e™ (1 — i€) )

2mic(a—B)|U (at, B+ 1;e™ (1 — ig))|?

e—0t

e(t—ie)U (o, B+ ;e ™ (1 +ig)) U'(at, B + 1;e™ (1 — i€))
2ic(o—B)|U (e, B+ 1;e™ (1 —ig))|* '
In [15, (3.4)-(3.5], it was shown that, for noninteger values of 3, we have
i U'(at, B+ 1;e ™ (t +ig))U (o, B+ 1;e™(t —ig)) — U (ar, B+ 1™ (t +ig)) U' (o, B + ;™ (1 — i€))
im
27 [U (a0, B+ 1;e%i(t —ie)) |

e—0t

_p(BH1) ot
I(o)T(a—B)[U (e, B+ 1;e%ir)[*

The latter was obtained by expressing the function U as a linear combination of two independent solutions
to the confluent differential equation as in [6, Eq. 13.2.42] to then use the expression for the wronskian of
those two functions given in [6, Eq. 13.2.34]. As a result, we conclude

Bet
Do+ 1D)(e—B+1)|U (e, B+ 1:e™ir)[*

from which we deduce the following result.

%g(t) =

Proposition 2.2. For a,b,c € R such that ¢ > max{a,b} and a— b ¢ 7Z, the relation (2.6) can be written
as

W (x;a,b;c+1)  cU(c—b+1,a—b+1;x) /’0 c(—1)P=9€ U (c—b,a— b+ 1;1)| 2 dt 2.13)

W (x;a,b;c)  Ulc—b,a—b+1;x) Jw (x—)T(c—b+DI(c—a+1) ~’
where W (x;a,b;c) is given by (1.1).

2.2 Differential properties of the weight functions

From this point forth, we will index the vector of weights [”‘//(x;a,b;c) W (x;a,b;c+ l)} with an extra
parameter d € {0, 1}, by considering

P (x.a,b;¢) = . (2.14)

W (x;a,b;c+d)
W (x;a,b;c+1—d)

11



Multiple orthogonal polynomials for confluent hypergeometric functions

The parameter d € {0,1} embodies the flip between the lower and the upper step line indexes of the corre-

sponding multiple orthogonal polynomials of both types. As a consequence, if {P,Ed] (x;a,b;c)} N is the
ne

monic 2-orthogonal polynomial sequence and Q,[fi ] (x;a,b;c) the type I function for the index of length n on
. g
the step-line for 7 (x;a, b;c), then

Pz[,ll] (x;a,b;c) = P2[2] (x;a,b;c) and Q[21r1 (x;a,b;c) = Q[z(ﬂ (x;a,b;c).

There are further motivations for the introduction of this parameter d. Under the action of the derivative

ld]

operator, the multiple orthogonal system for % (x;a, b;c) bounces from the lower to the upper step line

(and reciprocally) with shifted parameters, as perceivable in Theorem 2.9. A result that comes as a conse-
quence of Theorem 2.5 where the vector of weights (2.14) is described as a solution to a matrix first order
differential equation. Its structure fits into the category of Hahn-classical type vector of weights, in the sense
expounded in [7]. Beforehand, in Proposition 2.3 we describe the weight function # (x;a,b;c) in (1.1) as a
solution to a second-order differential equation.

Proposition 2.3. Let a,b,c € R" such that ¢ > max{a,b}. Then # (x;a,b;c) defined in (1.1) satisfies the
differential equation

W (xa,bic) + (x— (a+b—3))x#'(x;a,b;c) + ((a—1)(b—1) — (¢ = 2)x) # (x;a,b;c) = 0. (2.15)

Proof. To simplify the notation, let U(x) := U(c —b,a+ 1 —b;x) and # (x) := # (x;a,b;c).
We differentiate (1.1) with respect to x to obtain
= e ¥y (xU'(x)+(a—1-x)U(x)). (2.16)

Another differentiation brings

I'(c)

70 = Far)

e ¥y (sz"(x) +2(a—1—x)U (x) + (P = 2(a— Dx+ (a— 1)(a—2)) U(x)) .
Based on (1.2), we have

xU"(x) = (x—a—1+b)U (x) + (c — b)U(x)

so that
" F(C) —x,a—3 / 2
7' = Farm S ((a+b—3—x)xU @) + (P +(c—b—2a—2)x+ (a— 1)(a72))U(x)).
Finally, combining the latter expression, (2.16) and the definition of % (x), we deduce (2.15). O]

d
To prove Theorem 2.5 we need the following result, which allows us to write — (x# (x;a,b;c+d)), with

d €{0,1}, as a linear combination of # (x;a,b;c) and # (x;a,b;c+ 1).

12
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[d]

Lemma 2.4. Fora,b,c € RT such that c > max{a,b}, let ¥ (x;a,b;c), d € {0,1}, be defined as in (2.14).

Then
g xW (x;a,b;c)) = —(x+c—a—b)¥# (x;a,b;c +WW x;a,b;c+1 2.17)
dx
c
and
i x¥ (x;a,b;c+ 1)) =cW (x;a,b;¢c+ 1) —cH# (x;a,b;c). (2.18)
dx

Proof. From [6, Eq. 13.3.22],

d
&<U(cfb,afb+l,x)> =(b—c)U(c—b+1,a—b+2:x).

Therefore, recalling (2.16), we obtain

W (xia,bic) = me—xxa—2<(bc-)xu(cb+ La—b+2x)+(a—1-x)U(c—b,a—b+ 1;x)>.
and (2.12) implies
W' (x;a,b;c) = r‘(lcz)(lc_)(l))e_xx”_z((ca)(cb)U(chrl,ab+1;x)(x+cab+l)U(cb,ab+l;x)),

which leads to (2.17).
The shift c — ¢+ 1 in (2.17) brings

%(XW(X;%b;CJr ))=—(x+c—a—b+D)#(x;a,b;c+1)+ (c—at li_(‘i_b‘F 1)
&

W (x;a,b;c+2).

Using (2.8) with ¢ — ¢+ 1, the last term in the latter expression becomes

(c—a+1)(c—Db+1)
c+1

W (x,a,b;c+2) = (x+2c—a—b+1)# (x;a,b;c+ 1) —c W (x;a,b;c).

and, combining the two latter equations, we derive (2.18). O

. . . —ld . .
Based on the previous, we can write the vector of weights W[ ](x;a, b;c) as a solution to a matrix first order
equation of Pearson type. More precisely, we have:

Theorem 2.5. For a,b,c € R" such that ¢ > max{a,b}, let 7 (x;a,b;c), d € {0,1}, be defined as in
(2.14). Then

% ( ) (x;a,b;c)W[d] (x;a,b;c)) +pld] (x;a,b;c)W[d] (x;a,b;c) =0, (2.19)

13
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where
c+1 c(c+1) _c(e+l)
(0] — ab O]\ — ab ab .
B T e R v ]
ab ab T ab
c+1 0
ol (x) = ab and
(c+D(c+2)(x+2c—a=b+1) c(c+1)(c+2)
ab(c—a+1)(c—b+1) ab(c—a+1)(c—b+1)
I _cle+1) c(e+1)
1] ab ab
FRO= e+ L. ab cle+12(c+2)
| ab(c—a+1)(c—b+1) c+1 ab(c—a+1)(c—b+1)
Moreover,

x @l (x;a,b;c)W[d] (x;a,b;c) = W“fd] (x;a+ 1,6+ 15¢+144d). (2.20)

Proof. To simplify the notation, let 7 (x) = 7 (x;a,b;c), d € {0,1}. Then equations (2.17) and (2.18)

in Lemma 2.4 can be rewritten, for d € {0,1}, as

% ( 7 (x;a,b;c)) =l (x)W[d] (x;a,b;c),
with
(c—a)(c=b) ¢ —c
0 () — —(x+c—a->b) an 1] () —
e —c ] ¢ et {(c—a)c(c—b) —(x+c—a—b)] .

d /
Multiplying the expressions for o (xW[d] (x;a, b;c)) by @ (x), we obtain

i (910 7 wa) = (x g (990) - 0000 7,

which corresponds to (2.19), after observing that, for both d € {0,1},

Pl (x) = ) (1) Q) (x) — x % (cp[dl (x)) .

Now, let

W (x;a,b;c+d)

, de{0,1}.
W (x;a,b;c+1—d)

14
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In order to prove (2.20), we need to check that

[zﬁk@]_[ W (x;a+1,b+ L;c+2)

2 , de{0,1}.
71 (x) W (xv;a+1,b+1;¢+1+2d)

Indeed, we have

Wy = 910y = €F1 4 b: _ W2 g bt
Yy (x) =7, (x) = p xV/(x,a,b,chl)fF(a+1)r(b+])e xX'U(c—b+1,a—b+1;x),
hence
#0) = 10 ) = # (wat Lo+ Lie+2),
as well as
0 ¢ F(C+l) —x_a
“I/l[](x):%x”//(x;a,b;c):me xX'U(c—b,a—b+1Lix) =% (x;a+1,b+ ;¢ +1).
and
Wy~ (et Dlet+2)x e ab: W e abe
¥, m4ﬁMﬁﬂ+U@—M4KQ+h ab+nW@%aH4)cW@%aq)
B I'(c+3) eﬁxa(x—l—ZC—a—b—I—l)U(c—b—i—l,a—b—l—l;x)—U(c—b,a—b—i—l;x)
- T(a+1)T(b+1) (c—a+1)(c—b+1) ’
which, recalling (2.8) (with the shift ¢ — ¢+ 1), can be rewritten as
My o T3 U b2 a b lox) = W (a1 boils
V4 (x)_F(a+l)F(b+l)e XU(c—b+2,a—b+1;x)=# (x;a+ 1,b+ 1;¢+3).

2.3 Differential properties of the multiple orthogonal polynomials

The main result of this section is Theorem 2.9, where we present a differential relation for multiple orthogo-
nal polynomials on the step line of type Il in (2.25) and of type I in (2.26). More precisely, we show that the
differentiation with respect to the variable gives a shift on the parameters as well as on the index. Therefore,
we can see these polynomials as part of the Hahn-classical family, since both type II and type I multiple
orthogonal polynomials on the step line satisfy the Hahn-classical property.

To derive this theorem, we first prove Propositions 2.6 and 2.7 that give us differential properties for type II
and type I multiple orthogonal polynomials on the step line in more general contexts. Proposition 2.6 is a
consequence of the alternative characterisation of the Hahn-classical property for 2-orthogonal polynomials
(ie multiple orthogonal polynomials on the step line) derived by Douak and Maroni in [7] (see also [8,
Théoreme 3.1] or [23, Proposition 6.2]). Here, we present an alternative proof, restricting ourselves to the
use of weight functions instead of linear functionals. Incidentally, evoking similar arguments, Proposition
2.7 is an analogous result for type I polynomials, which we believe to be new.

15
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wo(x)

Proposition 2.6. Let w(x) = [
wilx

] be a vector of weight functions satisfying a differential equation

d

o (x®@(x)w(x)) + ¥ (x)w(x) =0, (2.21)
. [ 00 ¢01] Mo Th]
with ®(x) = and ¥(x) = , for constants ¢oo, ¢o1, P11, No, N1 and & and polyno-
o(x) ou v(x) ¢

mials ¢ and y such that deg @ < 1 and degy = 1. Suppose that all multi-indices on the step-line are normal
with respect to both w(x) and x®(x)w(x) and let { P, (x)},cx be the 2-orthogonal polynomial sequence with
respect to W(x). Then {n+l I (Pur1(x)) }nEN is 2-orthogonal with respect to xP(x)w(x).

vo(x)

Proof. Let v(x) = x®(x)w(x) = l )1 . Based on the assumption (2.21), we have % (V(x)) = =¥ (x)w(x)

Vi(x
so that

d k— _ Kk —
o (x v(x)) = x"(k®(x) — W(x))w(x)
holds for any k € N, and it amounts to the same as
d
o (kaO(X)) =x* ( (k¢oo — 10) wo (x) + (ko1 — 11) wi (x))
and
d
= (#1®) =2 ( (ko) = y () wol) + (kgn1 = &) wi (x) ).
Performing integration by parts and then using the latter identities, we respectively have
P o = [ 0 ko) ¥ P (Omwoe)dr-+ [ 1 o) 2Py (6w (1)
and
| P ar= [ (00 —kp() PP wo(idet [ (€ —kon) 2P () ()
which are valid for any k € N.
Arguing now with the 2-orthogonality of {P,(x)}, .y With respect to w(x), combined with the degrees of ¢

and y not being greater than 1, we conclude that the polynomial sequence {n b + 1 (x)}nEN is necessarily
2-orthogonal with respect to v(x). O

A similar result can be deduced regarding multiple orthogonality of type I.

16
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Proposition 2.7. Let w(x) be a vector of weight functions satisfying (2.21) with ®(x) and ¥(x) being two
polynomial matrices as described in Proposition 2.6. Suppose that all multi-indices on the step-line are

normal with respect to both w(x) and x®(x)w(x) and let Q,(x) be the type I function for the index of length

n on the step-line with respect to x®(x)w(x). Then f%% (Qn(x)) is the type I function for the index of

length n+ 1 on the step line with respect to w(x).

Proof. By a simple integration and then by definition of Q,(x) we have

=

| amar= 0. 0.
whilst, after performing integration by parts to then argue with the definition of Q,(x), we obtain

/(;mxk+lQ£,(x)dx:—(k—l—l)/:kun(x)dx: {07 if0<k<n-—2,

—n, ifk=n—1.

Hence, it follows

/m—fo:’(x)dx: 0, ifo<j<n-—1,
0 n 1, ifj=n.

Therefore it is sufficient to show that there are polynomials A, (x) and B+ (x) such that

1
- ﬁQ;(x) = Ant1(x)wo(x) + Bp1 (x)wi (x) forall neN, (2.22)
and
deg (Azm(x)),deg (Bom(x)),deg (Bom+1(x)) <m—1and deg (Azputi1(x)) <m, forany meN, (2.23)

because this implies that (A, (x),B,+1(x)) is the vector of type I multiple orthogonal polynomials for the
index of length n+ 1 on the step-line with respect to w(x). Consequently, this means that f% % (Qn(x)) is
the type I function for the index of length n+ 1 on the step line with respect to w(x).

Consider the vector of weights v(x) = x®(x)w(x) and let v(x) = [ ] . Then,

vo(x) = x (¢oo wo (x) + o1 w1 (x)) and vy (x) = x(@(x)wo(x) + @11 wi(x)). (2.24a)

d
By virtue of equation (2.21), we have o (¥(x)) = =¥ (x)w(x), which means

/

Vo(x) = —nowo(x) — w1 (x) and v} (x) = —y(x)wo(x) — Ewy (x). (2.24b)

For any n € N, let (C,(x),D,(x)) be the vector of type I multiple orthogonal polynomials for the index of
length n on the step-line with respect to v(x). Then, by definition of the type I function,

On(x) = Cp(x)vo(x) + Dy (x)v1 (x),

17
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with

deg (Com(x)),deg (Dap(x)) ,deg (Dapms1(x)) <m—1 and deg(Capy1(x)) < m, for any m € N.

Differentiating the expression for Q,(x), we obtain
0, (x) = G, (x)vo (x) +An (x)v (x) + Dy, (x)v1 (x) + Dy (x)V} (x)

hence, using (2.24a) and (2.24b), we derive

046) = (8003CL (x) — M) +¥0()D, () — W) () ) wo )
+ (¢01xC;,(x) —MCu(x)+ ¢11xD,,(x) — ED, (x))wl (x).

The uniqueness of type I multiple orthogonal polynomials leads to (2.22) where

Ansa (5) = = (031 () = MG x) +x0(0D, () — WD, ()
and

Bus1(x) = = (014G, (x) = MCa(x) + 113D} (x) — ED, () ).

!

n
Finally, the conditions on the degrees of C,(x) and D, (x), combined with the degrees of ® and ¥ not being
greater than 1, imply that (2.23) holds. O

Remark 2.8. As a straightforward consequence of Proposition 2.7, the type I multiple orthogonal polyno-
mials (Ay(x), B, (x)) and (C,(x),Dy(x)) for wW(x) and for x®(x)w(x), respectively, are related by

(i) (5 ) v (583 et 0

where @ and V' are the transpose of the matrices given in Proposition 2.6.

Combining Propositions 2.6 and 2.7 with Theorem 2.5, we deduce differential and difference properties for
type I and type II multiple polynomials, which are described in the following result.

Theorem 2.9. Fora,b,c € R" such that ¢ > max{a,b}, let {P,gd] (x;a,b; c)} N and {QLd] (x;a, b;c)} N be
ne ne

the sequences of type Il multiple orthogonal polynomials and type I functions, respectively, on the step-line

with respect to W[d] (x;a,b;c¢), defined as in (2.14). Then

d B

= (P,Eiﬂl(x;a,b;c)) =+ )P at 1,b+ 10+ 1+4), (2.25)
and

d o d, . — 00 (va b

dx(Q,, (x,a+l,b+1,c+1+d))f nQ | (x;a,b;c). (2.26)

18
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Proof. Let ol (x;a,b;c) be defined as in Theorem 2.5. Then Proposition 2.6 ensures that

{ﬁ % (Prﬂ (x;a,b;c)) }ﬂeN is 2-orthogonal with respect to xl] (x;a, b;c)W[d] (x;a,b;c¢). Besides, from

Proposition 2.7, we know that, if QLd] (x;a,b;c¢) is the type I function for the index of length 1 on the step-line

with respect to proid (x;a,b; C)W[d] (x;a,b;c), then — % % ( NLd] (x;a,b; c)) is the type I function for the index

of length n+ 1 on the step line with respect to the vector of weights W[d] (x;a,b;c). Therefore, by virtue of
(2.20), we conclude that both (2.25) and (2.26) hold. O]

The differentiable properties described in Theorem 2.9 are the main pillars for further characterisation of the
multiple orthogonal polynomials under analysis. These intrinsic properties resemble those found within the
context of the very classical standard orthogonal polynomials.

2.4 Type I multiple orthogonal polynomials

Let us revisit Proposition 2.7 and Remark 2.8 for the case where the vector of weights w(x) is replaced by
W[d} (x;a,b;c) defined by (2.14). We recall (2.20) in Theorem 2.5 and (2.26) in Theorem 2.9 to conclude

that if (ALd] (x;a,b; c),B,Ld] (x;a,b; c)) is the vector of type I multiple orthogonal polynomials on the step line

for W[d] (x;a,b;c), then

] A (at+1,b+ 150+ d)

AL (xa,b;c) d
e - (xop(x)f lP(x)’> , forall n>0.
Bﬂ](x;mb;c) dx B,[f*d](x;a—i— 1,b+1;c+d)

The type I multiple orthogonal functions on the step line can be generated by concatenated differentiation of
the weight function or, in other words, via a Rodrigues-type formula.

Theorem 2.10. For a,b,c € R™ such that ¢ > max{a,b}, § € {0,1} andn € N, let {QLd] (x;a,b;c)} N be
ne
the sequence of type I functions on the step-line with respect to W[d] (x;a,b;c). Then, for any n € N,
—1)" d" n+1+d
Qﬂl(x;a,b;c) = ( n!) e (W (x;a+n,b+n;c+n+ \‘ZJ )) . (2.27)
Proof. We proceed by induction on n € N. For n = 0, the relation (2.27) reads as
Q[ld} (x;a,b;¢) =W (x;a,b;¢+d), (2.28)

which holds trivially.
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Using (2.26) and then evoking the assumption that (2.27) holds for a fixed n € N, we obtain

1 d _
Qiﬂz(x;a,b;6)=——n+la (Q,[f+ld](x;a+1,b+l;c+1+d))
(=1t gt . . n+2+d
= (b 1)1 do ] W\ x;a+n+1,b+n+1l;c+n+1+ > .

If we equate the first and latter members, we readily see that (2.27) holds for n+ 1 and, as a result, we can
state that it holds for all n € N by induction. O

From this point forth the focus will be on the type II multiple orthogonal polynomials.

3 Characterisation of the type II multiple orthogonal polynomials

One of the defining properties of the four families of the very classical orthogonal polynomials (of Hermite,
Laguerre, Bessel and Jacobi) is that the sequence of their derivatives is also orthogonal (ie, they satisfy
Hahn’s property). Together, these four families share a number of other properties. We highlight two of them.
They are polynomial solutions to a second order linear differential equation with polynomial coefficients (the
so called Bochner’s differential equation). Their orthogonality weight functions are solutions to a first order
homogeneous linear differential equation with polynomial coefficients (commonly referred to as the Pearson
equation).

) (x,a,by¢) in (2.14) also
satisfy a number of properties that resemble those found among the classical polynomials. The relation be-

The type II multiple polynomials on the step line {P,Ed] (x)} N orthogonal for #
ne

tween {P,Ed] (x;a,b;c)} N and its sequence of derivatives given in (2.25) clearly shows that
ne

{P,Ed] (x;a, b;c)} satisfy the Hahn’s property. Additionally, we show in Section 3.2 that they are solution
to a third order linneel\a]lr differential equation with polynomial coefficients and we have described the vector of
weight functions to be a solution to a first order homogeneous linear matrix differential equation resembling
a matrix version of the Pearson equation. Therefore, it makes all sense to perceive these polynomials as
(Hahn)-classical polynomials in the context of multiple orthogonality. (However, within this context, it is
worth to note that in the literature there are other notions of “classical”.) As a matter of fact, such properties
are also shared by other Hahn-classical 2-orthogonal polynomials. In [20] the equivalence between these
three properties was proved for the threefold symmetric case.

3.1 Explicit expression

Based on (1.5), we deduce an explicit expression for the type II multiple orthogonal polynomials on the step

line {P,Ld] (x;a,b; c)} N as a generalised hypergeometric function.
ne
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Theorem 3.1. Let a,b,c > 0 such that ¢ > max{a,b} > 0 and d € {0,1}. If the polynomial sequence
{P,gd] (x) := P,Ed] (x;a,b;c)} N is monic and 2-orthogonal with respect to W[d] (x;a,b;c¢), then
ne

n - n+d
Py = U @, (0), 2F2< +bL 3 J;x> Gla)
a?

or, equivalently,

] e . [d] (n) (a+n—j);(b+n—j),; (3.1b)

[d]
Pn = . 5 h . = —1 J .
()C) ZTH’JX wit Tn,J ( ) j (C‘FL#J‘FH_J.);

To prove this theorem we need to check that {P,Ed] (x)} N in (3.1b) satisfies the 2-orthogonality conditions
ne

with respect to W[d] (x;a,b;c), which are:

oo 0, if n>2k+1,
/ LR (xsa,bsc 4+ d)dx = n (3.2a)
0 Ny #0, ifn=2k
and
- 0, if n > 2k 42,
/ FPI W (xa,bie+ 1 —d)dx = thn = 2l (3.2b)
Jo Ny #0, ifn=2k+1,

where it is understood that N, := Ny (a,b;c) #0foralln € N.

Actually, as we are dealing with a Nikishin system, the existence of a 2-orthogonal polynomial sequence
with respect to W[d] (x;a,b;c) is guaranteed. By virtue of the known differential formula for a generalised
hypergeometric series (see [6, Eq. 16.3.1]), it is rather straightforward to show that the polynomials given
by (3.1a) satisfy the differential property (2.25) stated in Proposition 2.6. A property that a 2-orthogonal
polynomial sequence with respect to W[d] (x;a,b;c) must satisfy. Therefore, it would be sufficient to check
the orthogonality conditions (3.2a)-(3.2b) when k£ = 0 to then prove the result by induction on n € N (the
degree of the polynomials).

However, we opt for checking that the polynomials P,Ed] (x) in (3.1a) satisfy all the orthogonality conditions
(3.22)-(3.2b). On the one hand, this process enables us to show directly that the polynomials in (3.1a) are
indeed 2-orthogonal with respect to W[d] (x;a,b; c) without arguing with the Nikishin property. On the other
hand, it provides a method to derive the following explicit expressions for the nonzero coefficients N, in
(3.22)-(3.2b):

(2k>' (a)Zk (b)2k if d= 07

Ml =] (3.20)
(2k)!(a)g (D) g (c —a+ 1) (c—b+1); £ d=1
(ct+k)y (c+1)3 .
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and
kD) @)y D)y ()i (e —a+ 1), (c—b+1), d—=0
7 (C)3k+1 (c+ 1)3k+1 7 7
Nyyi(a,bse) = (3.2d)
(2k+ 1)1 (@) g5 1 (B) gy s g
, ifd=1.
(C)3k+2

Note that Nz[ﬂr j(a,b;c) is negative when j = 1 and d = 0 and positive for all other cases. The explicit
d]

expression for N,g (a,b;c) readily gives an explicit expression for the nonzero y-coefficients in the third
order recurrence relation (1.18) satisfied by these polynomials. Such relation is discussed in Section 3.3.

In order to prove Theorem 3.1, we need the following result.

P

Lemma 3.2. Let n, p, and my,--- ,m, be positive integers such that m := Zmi <nandB,fi,--,fp be
i=1

complex numbers with positive real part. Then

_ 0 ifm<n,
17+1Fp ( n?fl +m17 7fp+mP; 1) _ i . B (33)
fisody G Uy 7"
and
_n7ﬁ7f1+m17"'afp+mp n'(fl_ﬁ)ml(fp_ﬁ),np
F, 1] = . 3.4
e P“( B+ fie fy ) CEDRG ST G4

Proof. Formula (3.4) was deduced by Minton in [24] (see also [17]) and (3.3) can be obtained by taking the
limit B — o0 in (3.4). O

Proof of Theorem 3.1. We evaluate the left hand side of (3.2a) for any k,n € N, by using the expression for
the moments (1.5) and the polynomial expansion (3.1b). This successively gives

oo kpld] /. . . . _ < _1\n—Jj n (a+j)n7‘(b+j)n7'(a)k+'(b)k+'
/OxPn (x,a,b,c)W(x,a,b,Cer)dxfZ( 1) ]<]) (CJr{%JJrj)nijJ (c—l—Jd)kﬂ-]

_ C" e, (b), (@) (b); - (=) (a+k); (b+k); (c+[*54]),
c+L%J)n(c+d)k =0 j!(a)j(b)j(c+k+d)j

_ 0@, 0, @ (b)y p (meathbhet [
c+ L”gdj)n(c—i—d)k a,b,c+k+d )

Based on (3.3) in Lemma 3.2, we obtain

—n,a+k,b+k,c+ L%J
4F3

;11 =0, forany n>2k+1,
a,b,c+k+d
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so that -
/ FP )W (va,bic+d)dx =0, forany n>2k+1. (3.52)
JO

Besides,

/ kaz[Z] (x;a,b;c)W (x;a,b;c+d)dx =
0

(@ () @y (B)y . (~2athbthetk
(ct+bylctdy P \at1,b+1,cvktd’ )

For the d = 0 the latter hypergeometric series simplifies to a 3/, which, on account of the identity (3.3), can
be evaluated to

<—2k,a+k,b+k > (2k)!
3k ;1) =
a,b

whilst for the case where d = 1 we have to use (3.4) to get

o (FHeatkbtketk \ @R c—a+ ) (e=b+1),
3 a,b,c+k+1 ’ (a) (B)y (c+k+ 1)y

As a result, we have

/ LP (0,0 (x;a,bs e+ d)dx = NI (a, b; ), (3.5b)

with the values of Nz[i] (a,b;c) being given by (3.2c¢), ensuring that (3.2a) holds for any k and n.

Using similar arguments as before, we recall (1.5) to write the left hand side of (3.2b) as

) - +k,b+k,c+ |4
/ FP (xa,bie) W (xvia,bic+ 1 —d)dx = (=1) (Cfi)n(b)n(a)k(b)k s —n.a ot [% J;l .
0 (c+ ™)), (c+1-a), a,b,c+k+1—d

For any n > 2k + 2, identity (3.3) in Lemma 3.2 implies that

/mka,Ld] () (x;a,b;c+ 1 —d)dx = 0. (3.6a)
JO

When n = 2k + 1, in order to evaluate the terminating hypergeometric series in the latter expression, we use
(3.4) for the case where d = 0 and we use (3.3) when d = 1 to derive

/0 FPY (na, i)W (xa,bye+1—d)dx =N, | (a,bse), (3.6b)

with the values of N, la]

hiey1(a; b;c) being given by (3.2d), ensuring that (3.2b) holds for any & and n. O

3.2 Differential equation

The type II multiple orthogonal polynomials of hypergeometric type described in (3.1a) are solutions to
a third order differential equation. The structure of this differential equation resembles the structure of
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differential equations satisfied by other 2-orthogonal polynomials satisfying the Hahn property, that is, Hahn-
classical polynomials. Examples of such polynomials can be found for instance in [3, 7, 28] among other
works.

In a way this differential equation can be seen as a Bochner type differential equation satisfied by all the
classical (standardly) orthogonal polynomials.
Theorem 3.3. For a,b,c € R such that ¢ > max{a,b}, let {P,Ed] (x):= P (x;a,b;c)} . d € {0,1}, be
ne
the monic 2-orthogonal polynomial sequence with respect to W[d] (x;a,b;c). Then
a3 d? d n+d
5 (P ) —xp(x) 5 (P)) +vi ()% (P)) 4 (c+ {2J ) Plxy=0, (37

with @(x) =x— (a+b+1) and v\ (x) = Q”“z_dJ —(c+1))x+ab.

Proof. Combining the explicit formula for the polynomials given by (3.1a) and the generalised hypergeo-
metric differential equation [6, Eq. 16.8.3], we obtain

L)oo o oo [ (2 e

Moreover, we have

[(s& a1 (s o) (00

2
= xZ% (P,Ed](x)) +(a+b— l)x% <Prgd](x)) +(a_ 1)(1?— 1)Py£d](x)
nt1-d

d
and, observing that ¢ + V;J —n+l=c+1- { J , the right-hand side of (3.8) is

2

(o)) ()
=2 () + (1= |20 ) L (A00) - (e | 252 ) o

d d
Furthermore, differentiating our expression for [(x P +a— 1) (x P +b— 1)} (P,Ed] (x)) , we obtain

[(fx (xdi—i—a— 1) (x5x+b— 1)} P,(x) :xzd(.j)% (P,Ed](x)) —l—(a—&—b—l—l)x(fx—z2 (P,Ed](x)) +ab% (P,W(x)).

Finally, combining the former and the latter expressions, we derive the differential equation (3.7). O
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The alternative representation (3.8) for the differential equation (3.7) highlights some symmetrical properties
of these polynomials that may be worth to explore.

3.3 Recurrence relation

One of the main features of the 2-orthogonal polynomials is the third order recurrence relation. The hyper-
geometric type polynomials defined by (3.1a) necessarily satisfy a recurrence relation of the type

d d)\ pld d) pld d] pld
B ) = (= BI") B ) — ol B, () — 2 P, (). (3.9)
The key point here is to obtain explicit expressions for the recurrence coefficients triplet ( ,Ed], oc,Ld] , }/,Ed]) in

(3.9). For simplification, we have written ﬁ,ﬁd] = ﬁ,&dl (a,b;c), Oc,[,d] = Oc,[,d] (a,b;c) and }/,[,d] = }/,[,d] (a,b;c).
Their expressions can be derived through the explicit expression given in (3.1a) or in (3.1b). As the poly-
nomials are terminating generalised hypergeometric series, one can use some well known symbolic com-
putation packages available in Maple (for instance) to deduce a difference equation on the parameter of the
hypergeometric function corresponding to the index of the polynomial. Ultimately, this gives a recurrence
relation and expressions for the recurrence coefficients. However, for a matter of completion, we deduce ex-
pressions for the recurrence coefficients via a standard algebraic method. In the recurrence relation (3.9) we
replace the polynomials P,E‘ﬁl_ j(x) (with j = 0,1,2,3) by their corresponding expansion expression (3.1b).
The linear independence of {x"},cn implies that we can equate the expressions of both sides of the recur-
rence relation. After equating the coefficients of x" in (3.9), we obtain

d d d
[3,£ = TH - Tr[wiu-

Similarly, a comparison of the coefficients of x"~ ! combined with the latter formula, brings the identity

y . g a1\ 2 d _|d
aif ==, ()" +ilell

Based on the expression for these T-coefficients in (3.1b), we have

nla+n—1)(b+n—1)
c+ |4 +n—1

‘L’ﬂ (a,b5¢) = —

nd
' 0 (i) In(a+n—1)(b+n—1)(n—1)(a+n—2)(b+n-2)
n2\* %> 2 (c+ LIhZLdJ_i_n_l) (C_FL#J +n_2) s

which leads to

Qm+d+1)(a+2m+d)(b+2m+d) (2m+d)(a+2m+d—1)(b+2m+d—1)

[d] bee) = _
Bom+alabic) c+3m+2d c+3m+2d—1

(3.10a)
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and
Bl a,bic) = @2m+d+1)(a+2m+d)(b+2m+d) (2m+d)(a+2m+d—1)(b+2m+d—1)
2m+d c+3m+d+1 c+3m+d—1 ’
(3.10b)
as well as
a[l d] (a,b;c+d) = a[] (a,b;c) (3.10c)
2m+-d\% V> — M2m+d\" .
_@mid)(at2mid-1)(b+2mtd-1)((mtd-1)(at2mtd-2(b+2m+d=2) 0,
= e Am T4 —1 2(c+3m+2d —2) '

_@mtd)a+2m+d=1)(b+2m+d—1) | @m+d+1)a+2n+d)(b+2m+d)
c+b+3m+2d—1 2(c+3m+2d) '

[d]

The expressions for the coefficients 7, ' could also be obtained in an analogous way after comparing the
coefficients of x"~2 in (3.9). However, it is rather easier from the computational point of view, to derive such
expressions directly from the 2-orthogonality conditions. Indeed, the 2-orthogonality conditions applied to
the recurrence relation (3.9), straightforwardly imply that

I x”*'PZ[ZH(x;a,b;c)W(x;a,b;c+d)dx

Iy x”Pz[n] (x;a,b;¢) W (x;a,b;¢+d)dx

B 1 (a,bic) =

and

Iy )C”“PZ[ZJr3 (x;a,b;¢)¥ (x;a,b;c+ 1 —d)dx
I x"Pzn+1 (x;a,b;0) W (x;a,b;¢+ 1 —d)dx

y2[n]+2 (a b )

Based on the latter alongside with (3.2a)-(3.2d), we deduce

2m+d),(a+2m+d—1),(b+2m+d—1),(c+m+d—1)(c—a+m+d)(c—b+m+d)
(c+3m+2d—2);(c+b+3m+2d—1), ’
(3.10e)

Y£ﬁ+d (a,bic) =

and

2m+d), (a+2m+d—1),(b+2m+d—1),
(c+3m+d—1), '

B (abye) = (3.100)

As a consequence, we have just proved the following result.

Theorem 3.4. For a,b,c € R" such that ¢ > max{a,b}, let {P,Ed] (%) := P (x;a,b;c)} . d €{0,1}, be
ne

. . . —d .
the monic 2-orthogonal polynomial sequence with respect to 7/[ ](x;a,b;c). Then the recurrence relation
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(3.9) holds and the recurrence coefficients are given by (3.10a)-(3.10f) with }/,[lﬂl(a,b;c) >0 forallneN.
Furthermore, the coefficients have the following asymptotic behaviour of period 2:

B [d] 28

1—d 20
ina(a:bi) ~ Tm, By (a,bie) ~ Tom,

1-d d 208
ol bietd) = ol (abie) ~ 2,

26 - 26
)/2[[,1,1+d(a,b;c)N3—6m‘g and )/2[}71er[],(cz,l9;c)N3—311137 as m— oo,

3.4 Asymptotic behaviour of the largest zero

We have already stated that, because # (x;a,b;c) and # (x;a,b;c + 1) form a Nikishin system, then, if
{P,(x)},cp is the 2-orthogonal polynomial sequence with respect to these weight functions, B, has n real
positive simple zeros and the zeros of consecutive polynomials interlace as there is always a zero of B,
between two consecutive zeros of P, . An asymptotic upper bound for the largest zero of 2-orthogonal
polynomial sequences is intimately related to the asymptotic behaviour of their recurrence relation coeffi-
cients, as explained in the following theorem.

Theorem 3.5. Let {P,(x)},cr be a 2-orthogonal polynomial sequence satisfying (1.18) with y, > 0, for all
n € N. Suppose there exists a non-decreasing positive sequence g : N — R™ and real constants v > 0 and
o, B >0 so that

Bl < Bg(m) +o(gm),  Ioa] < & ((8(n)* +0 ((8(n)) ), and [nl < ¥((s(n)* +0 ((s(n)*)).

3

o
and such that A .= 72 ~ 57 >0. If xﬁ,") denotes the largest zero in absolute value of P,(x), then, with

T:€/Y+\/K+</}’*\/K, we have

(n)

Xn

< (3eB g ) e tolelm). asnos b

Recalling the asymptotic behaviour for the recurrence coefficients obtained in Theorem 3.4, finding an
asymptotic upper bound for the largest zero of P,gd] (x;a,b;c) is an immediate consequence of Theorem 3.5.

Corollary 3.6. For a,b,c € R such that ¢ > max{a,b}, let {P,Ld] (x;a,b;c)} . d € {0,1}, be the monic
ne
2-orthogonal polynomial sequence with respect to W[d} (x;a,b;c). Then P,Ed]

and, if we denote by xg,") the largest zero of P,Ed] (x;a,b;c), then

has n simple real positive zeros
A < M-n+o(n), as n— oo,

27



Multiple orthogonal polynomials for confluent hypergeometric functions

3 o 52 14 8 o3 1119104
here M = = — 3484, withoo ==, B="—, y=— A=y ——=———>0and
where M= ST+ + o Wi s P= 9 V=5 A=Y~ 55 = Taaamogy 0

T=</’}’+\/K+€/'}’—\/K.

We illustrate the latter result in Figure 2, produced in Maple. The curve y = 3.484n gives clearly an up-

per bound for the largest zero of P (x;a,b;c) for each d € {0,1}. As already explained, the even order

polynomials do not depend on d. Therefore, the zeros of Pz[?l] and Pz[il] coincide, but a similar remark does

not apply for the odd order polynomials because Pz[(r)l] 7 PZ[LL 1- A sharper upper bound could be obtained
if we consider further terms in the estimation and adapting the proof accordingly. For the purpose of this

investigation this is not so relevant.

300 —

200 —

Largest zero for d=1

largest zero

— y=3.484 n

-+ Largest zero when d=0

100 H

Figure 2: Joint plots of the largest zeros of P,Ed] (x;3,2.5,7.5) for d = 0 (crosses) and d = 1 (dots) for each

n=1,...,100 with the upper bound curve y = 3.484n in solid line.

Observe that Theorem 3.5 is a generalisation of Theorem 2.2 in [20], since the latter can be obtained from
the former by setting ot = B = 0 and g(n) = n* with A > 0. Its proof is inspired on the one for [20, Th. 2.2].

Proof of Theorem 3.5. Consider the Hessenberg matrix

Bp 1 0 0 0
o ﬁ] 1 0 0
n o B 1
H,
0 0
V-3 Op—2 Bn72 1
L 0 0 Yn—2 Op—1 ﬁn—l_
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so that the recurrence relation can be expressed as

Py (x) Py (x 0

Pl (X) P1 (x 0

H, : =x : —Py(x) | :
P, » (x) P, > (x) 0
Pn,1 (x) Pn,1 (x) 1

and each zero of P, is an eigenvalue of the matrix H,. Then, if p(H,)) = max{|A|: A is an eigenvalue of H, }
(n)
< p(Hp).

is the spectral radius of the matrix Hy,, |x,

Moreover, p(H,) is bounded from above by the matrix norm (see [13, Section 5.6])

H,lls = [|S7'H,,S||e = S'H
[Hulls =[S~ H,S|| 1r1<1§<xn{2 Sul}

for a non-singular n X n matrix S. In particular, if we set S = diag(sy,---,sy), with det(S) = s;---s, # 0,
then
H, s = 1‘22(,,{ 52 —ZFOSI |2 +ﬁ1§z +ousi| |54+ Pas3 -1;3062S2 sl
Sn+ Bu2Sn—1+ 02502+ Y3503 | | Buo18n+ Q1801+ Ya28n2 }
Sn—1 ’ Sn '

k
If we take s, = H (sg(j)) = s Hg( J) > 0, for some s > 0, then, using the asymptotic behaviour of the
j=1 =
recurrence coefficients in (3.9), as k — oo we have

Skt Br-ask—1 + Q—ask—2 + Yi35k—3 +|l3k o+ o 2|7+‘ Y B‘Sk 3
Sk—1 — _
a3
<sull) + stk ) +a BE ) yﬂg$f252_1)+o@w»

< (s+B+ 5+ %) et +o(s(k).
As a result,

[Halls < (s+B+=+ 5 ) gn) +0(g(n)), n— +o=

o

To find a sharper upper bound for |H,||s (and, as a consequence, for |x,

) given by this formula we need

o
to find the minimum value of f(s) =s+f+ — + 12 on R™. With that purpose, we look for the roots of
s s

o 2y
fls)=1-5—

1
=3 (33 —os — 2}/). Due to the condition A > 0, we know that f’ has one real root
K s

S3
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and two complex roots. Moreover, the real root is T = \3/ v+ VA+ {/ Y— VA > 0 (where we are taking real

20 6
and positive square and cubic roots). Furthermore, f”(s) = —+ —Z hence f”(7) > 0 and, consequently,
s s
o 2 o
the choice s = T gives a minimum value to f(s) =s+f + — + 12 Finally, f'(7) = 0 implies T—Z =1- <
s s
3 o
therefore f(7) = 57 +B+ 77 which implies the result. O

3.5 Confluence relation with the modified Bessel weights

There is a clear relation by confluence of these multiple orthogonal polynomials to those studied indepen-
dently in [3] and [28]. In the latter, the study addressed multiple orthogonal polynomials of both types,
while the former concentrated on the type II. In both works, the focus was on weights involving the modified
Bessel functions and defined on the positive real line, for parameters a,b € R, as follows

2 ath

)x > K (2v5), (3.11)

YV (x;a,b) = NOR0)

where, as mentioned in the introduction, Ky, (x) is the modified Bessel function of second kind (also known
as Macdonald function).

Let {R,(x;a,b)}, . be the 2-orthogonal polynomial sequence with respect to the vector of weight functions
[V (x;a,b), ¥ (x;a,b+ 1)] supported on the positive real line. Similar to the 2-orthogonal polynomials with
respect to the modified Tricomi weights, this sequence can also be explicitly represented as a sequence of
generalised hypergeometric polynomials by

a,

Ry(x;a,b) = (—1)"(a), (b), | F> <_n;x> . (3.12)

As a direct consequence of this representation, combined with the differential formula for the generalised hy-
pergeometric series (see [6, Eq. 16.3.1]), the sequence of derivatives of {R,(x;a,b)},  is also 2-orthogonal
and it corresponds to the same sequence with shifted parameters. More precisely, for any n € N,

%(Rwl(x;a,b)):(n+1)Rn(x;a+1,b+1). (3.13)

So, it fits within the family of Hahn-classical 2-orthogonal polynomials.

To obtain a limiting relation between the 2-orthogonal polynomials with respect to the modified Bessel and
Tricomi weights, recall that, if p < g, then the generalised hypergeometric series ;11 F; satisfies the confluent
relation (see [6, Eq. 16.8.10])

a’...’a’a a’...’a
lim ,iFy | AR PN 7. x). (3.14)
|af e ﬁla"'aﬁq o ﬁla"'aﬁq
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Using this formula to compare (3.1a) and (3.12), we obtain the confluent relation

) (X e
lim P} (C,a,b,c)_Rn(x,a,b). (3.15)

c—o0

As expected, we can also obtain an equivalent confluent relation for the weight functions ¥ (x;a,b) and
W (x;a,b;c) as
1

lim — % ({;a,b,c) =Y (x;a,b),

¢ C c
which is obtained after taking v = b — a in the following limiting relation between the modified Bessel
function and the Tricomi function (see [9, p.266])
limI'(c+v)U (a, 1—v; f) =2x7K, (x).

c

C—o

4 Connection with Hahn-classical 3-fold symmetric polynomials

There are four distinct families of Hahn-classical threefold symmetric 2-orthogonal polynomials, up to a
linear transformation of the variable. A fact that was highlighted in [7] and all these families were studied
in detail in [20]. The four arising cases were therein denominated as A, B1, B2 and C. The simplest is
case A, which consists of 2-orthogonal Appell polynomials, with no parameter dependence, and whose
cubic components are particular cases of the 2-orthogonal polynomials mentioned in Section 3.5 involving
modified Bessel weights and previously studied in [28] and [3]. The cases B1 and B2 have a richer structure,
depend on a parameter and are related to each other via differentiation articulated with parameter shift.
Their three cubic components are particular cases of the 2-orthogonal polynomials studied in Section 3.
In other words, particular choices on the parameters (a,b,c,d) in (3.1a) allows to describe the three cubic
components P,gk] as in (1.22) for these two cases. More precisely, for each of the cubic components indexed
with k € {0,1,2} we have

P'Ek] (xu) = Prgdk] (x;ak,bk, % +bk) in case B1
and
Plgk] (x;p) = Prgl_dk] (x;akabka P ; +ak> in case B2,
where

12 42 45 1—(=1)
(a07b0): (373>7 (Cll,b]): (373>7 (a27b2): (373> and dk:% (4])

As reported above, the cubic components P,gk] (x) for case A are obtained from particular choices on the
parameters of the 2-orthogonal polynomials {R,(x;a,b)},cy in (3.12). Precisely, for each k € {0,1,2} we

have P,Ek] (x) =Ry (g;ak,bk) with (ay,by) as in (4.1). As expected, the confluent relation (3.15) generalises
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a limiting relation observed in [7] for Hahn-classical 3-fold symmetric 2-orthogonal polynomials: by taking
u,p — oo in cases B1 and B2, respectively, leads to case A.

Another observation lies on the fact that the cubic decomposition of threefold symmetric 2-orthogonal poly-
nomials preserves the Hahn-classical property. It is certainly true for cases A and B, if we take into account
the identities (3.13) and (2.25), respectively. This property is rather intrinsic to all threefold symmetric 2-
orthogonal polynomials Hahn-classical polynomials, as we show below in Theorem 4.1. As a consequence,
the cubic components in case C are also part of the Hahn-classical family. A further benefit from this result
is on the techniques involved. Among other things, they can be adapted to prove analogous results regarding
Hahn-classical polynomials with respect to other annihilating operators such as the g-derivative.

Theorem 4.1. Let {P,(x)},cy be a 3-fold symmetric Hahn-classical 2-orthogonal polynomial sequence
satisfying (1.18) with B, = a,, = 0 and Y1 > 0, for all n € N. Then each of the three cubic components
{P,Ek] (x)} N given by (1.22), with k € {0, 1,2}, is Hahn-classical.

ne

ntl dx” ntl
orthogonal. The result has already been proved in [7, Corollaire 5.1] for the case k£ = 0 and here we extend

for the remaining cubic components (when k = 1 or 2). To do so, we first need to derive the orthogonality
weights for the cubic components of a 3-fold symmetric Hahn-classical 2-orthogonal polynomial sequence,
which are explained in Proposition 4.4. For that purpose, we recall two auxiliary results obtained in [20] and
[21], respectively. The first providing the structure of the 2-orthogonality measures for threefold symmetric

The proof of Theorem 4.1 consists of showing that, under the assumptions, { L_d pll (x)} is also 2-
n

Hahn-classical polynomials. The second to give the structure for the measures, written in terms of linear
functionals, associated with the corresponding cubic components. We recall the following result, which is
written here with a minor correction: it should be taken the maximum of the limit of the even and odd order
subsequences of the coefficients %,.

Proposition 4.2. (cf. [20, Theorem 3.3]) Let {P,(x)},cn be a 3-fold symmetric Hahn-classical 2-orthogonal
polynomial sequence satisfying (1.18) with B, = o, = 0 and Y41 > 0, for all n € N. Then {P,(x)},cy is
2 .
2-orthogonal with respect to a pair of measures (U, 1) supported on S3 = U [0,y 0"] with @ = e and
k=0
admitting the integral representations

2

1

[, Feus) = 5 ( [ 1wz o [T rozetoaer ot [T ) %(wx)dx> @)

27
foreach j € {0,1}, where y= vy lgn Yo and %; - [0,y] — R are twice differentiable functions satisfying the
n—oo

matrix differential equation

1(x)

) ) [%(x)] o, 43)
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where
0, (17@1))6 0 1
D(x) = — and ¥(x)=|2 , 4.4
R E(EL R 0=12, o @4
1 1

n—1
for some constants ®1 and @, such that ®|,0, # ——, foranyn > 1.
n

In [7, Théoreme 5.2] is shown that the cubic components of a threefold symmetric 2-orthogonal sequence
are also 2-orthogonal. The structure of the vector of two linear functionals for which the cubic components
are 2-orthogonal polynomial is also explained. We recall this result in Lemma 4.3. Beforehand, and for a
matter of completeness, we note that for any measure p such that all moments exist and are finite, we can
naturally define in 92’ (the dual space of the vector space of polynomials £?) a linear functional u such
that (u, p) = [ p(x)du(x), for all p € &. Given a polynomial sequence {F,(x)},cy in &, we can build its
corresponding dual sequence {uy, },c in &’ through (u,, Py) = O

Lemma 4.3. [7, Proposition 6.2] (cf. [20, Lemma 2.3.]) Suppose {P,(x)},cy is a threefold symmetric
2-orthogonal polynomial sequence with respect to a pair of linear functionals (ug,u;) and let {uy }nen be

the corresponding dual sequence. Then, there exist three cubic components {P,Ek] (x)} . withk € {0,1,2},
ne

satisfying (1.22) and they are 2-orthogonal with respect to the vector of linear functionals (ug{] , u[lk]) given
by u[k] = 03 (**uy) and u[ =6y (uyy3), where 03 : P' — P’ represents the linear operator defined in &'

by<63() p(x)) := (v, ( 3)) foranyve P and p € 2.

As explained in [22, 23], all elements of the dual sequence of a 2-orthogonal polynomial sequence can be
written as a combination of the first two elements. Namely, there exists polynomials E,(x), a,(x), F,(x) and
bn(x) such that degE,, = deg F,, = n, dega, < n and degb,, < n such that

upy = E,(xX)up 4 a,—1 (x)ug and up, 1 = b, (x)ug + F,(x)uy, forall neN.

We have just used the product of a polynomial f by a linear functional u, which is defined by duality:
(fu,p) :==(u, fp), for any p € &. The polynomials E,,, F;, a, and b, satisfy recursive relations, which can
be found in [22]. For our purpose, we need the expressions of the following ones:

uy = Eyuo +aouy = 3-uo,

M3=b1uo+F1M1=—iuo+im=%(xu1—uo)7

4.5
, R “.5)
Ug ug+ajuy = y”@u() Y3u1 nh X uy — Yuy

us = bauo + Fouy = (7174 + 7274>x”°+ 37 7274 (x2u1 (1 + %)WO) :

The latter allows us to describe for each k € {0,1,2} the vector of functionals (u([)k] , u[lk]) in Lemma 4.3,

which are used to derive the following result.
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Proposition 4.4. Suppose {P,(x)},cy is a 3-fold symmetric polynomial sequence satisfying (1.18), with

Brn = &, =0 and v,41 > 0, whose 2-orthogonality measures o and L) admit the integral representations

given by (4.2). Then the cubic components {P,Ek] (x)} . k € {0,1,2}, are 2-orthogonal with respect to the
ne

pairs of measures (,u([)k] , u{k]> admitting the integral representation
,y3
[r@afo) = [* rzfiea j=ot, “6)
where the weight functions 0Z/j[k] (x) are
0 | 1 0 1 1 1 _2 1
%OH()C)ng 3% <x3) and | ](x)—%(x S, (x3> X3y xz)), (4.72)
(1] I 1 o 1 1 N 1
Uy ' (x) X 3%1(x3> and % (x) 3%}/3( 3 0(x3> Nnx"3 % (x%)), (4.7b)
2] 1 2] 1 2 I * 1

H (X)) = i X3 U (x*) and %, (x) nm ( U (x3) <l + " > X3 U (xS)) (4.7¢)

Proof. Note that it is sufficient to prove (4.6) for f(x) = x", for all n € N. Observe that the integral repre-
sentations given by (4.2) imply that, for j € {0,1} and n € N, (u;,x>"**) =0, if k € {0,1,2}\{/}, and

. Y
/5 ) A 3n+j n+/
(uj, 3 /0 Uj(x) 3/ )dt. (4.8)
Then, using Lemma 4.3, we have
1 17
[ 2l ) = (300, 2) = (w0} = 5[5 () “9)
0
and
3n 3n+1 17,1 1
/x”d,uo = (o3(xuy),x") = (xup,x”") = (ug,x”") = g/ X394 (x3)dx, (4.10)
Jo

which give the expressions for %0[0] (x) and 42/0[1] (x) in (4.7a) and (4.7b), respectively.

Additionally, using the expressions for the elements of the dual sequence us, u3, s and us given in (4.5), we
successively get:

1 1
—<x3u0,x3") = —(up,x
N

3n+3>
N ’

./xndu([)z] (x) = (03(FPuz), ¥") = (FPup, x") =

[l @) = (o300 ) = (2. ) = - ({0 ) = 0. 5™).
/.xnd‘ul[l](x) = (03 (xug),x") = <xu4’x3ﬂ> _ % (;<M07x3n+3> _ <u1,x3n+l>> 7
/x"dl.tl G3(x us),x") = <x2u5,x3"> _ ﬁ <<u17x3n+4> _ (1+7§> <u0’x3n+3>) 7
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which, because of the last identities in (4.9)-(4.10), lead to

2\ _ X o [0 o\ _ 1 (1 0] PR P (1)
%W =0, 1w = (%0 -2 ), ww = (%70 - %" ),
2y _ X M _ AP
, (x)_yzy4(az/0 (x) (1+%)62/0 ()).

Finally, (4.7a)-(4.7¢) follow directly from the latter identities, after we take into account the already obtained
expressions for %0[0] (x) and %0[1] (x). O

We can now prove the main result in this section.

Proof of Theorem 4.1. 1f {P,(x)},cy is a 3-fold symmetric Hahn-classical 2-orthogonal polynomial se-
1 d

quence, then the sequence of derivatives ¢ 0, (x) := —— — (B, (x))} is also 3-fold symmetric and 2-
n+1dx neN
orthogonal and, recalling Lemma 4.3, the same holds for the cubic components {QLk] (x)} N ke{0,1,2}.
ne

1 d
As aresult, it is straightforward to check that Theorem 4.1 is valid for k = 0, that is, ¢ —— —P[O] (x)
n+1dx "+
neN

is a 2-orthogonal polynomial sequence because

2
d d 1 X3 1 _2 1 2
= (Pf’j](x)) - (P3,,+3 (xs)) = Pluss (x3) — (4 Dx 3 Q3n10 (xs) — (n+ 102 (x). @.11)
This observation was already made by Douak and Maroni in [7, Corollaire 5.1]. However, an analogous
1 d
procedure does not give an obvious way to conclude about the 2-orthogonality of { Pl (x)} ,
neN

n-+1 a n+1
for k € {1,2}. So we take a different approach to prove this.

According to Proposition 2.6, to prove the Hahn-classical character of {P,Ek] (x)} , it is sufficient to find
ne

matrices &M (x) = l%o ¢01] and W (x) = Mo
Plx)  ou y(x) ¢

and polynomials ¢ and y with deg ¢ < 1 and deg y = 1, such that

] , for some constants @oo, Po1, P11, Mo, M1 and &

d _ _
= ( ol ()77 (x)) el ()77 () =0, 4.12)
%] o [aw
where we use the notation % (x) := . Similarly, we also consider % (x) := .
%][k] (x) % (x)

To find the matrices @ (x) and i (x), we start by rewriting formulas (4.7b) and (4.7¢) as

75 = 17 (54,
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where

1 1 1

O s 3 ?53 0

Ti(s) Loy 1 fadD=| 1
—§3 ——g§ 3 N <+)s~% 7S%
Ny P& n\r n Y

These equations are naturally equivalent to

with

W=

1
_ ns3 o opns
Tl l(s): [ 1
s3 0

] and T, ' ()

WAL
LI

N

718% 0 ]
m+nr)s 3 pus:

If we consider the change of variable s = x% in matrix differential equation (4.3) and then use the previous
formula, we obtain, for both k € {1,2},

o 1 (@ () 1 (07" () 3 (4) 1 (07 ) =, @.13)
or, equivalently,
3k (x%) Tk‘l(x)% (W[k](x)) i <‘I’ (x%) Tk_l(x) +3x%% (cp (ﬁ) Tk—l(x))> 7 (x)=0. (414

For k = 1, relation (4.14) reads as

4 1 1
3 (1-0)x3 +0 x5 Ompxs | d (@mm)
X 6(1—0,)px dx
1 2 2
N (3-201)x3 —Opx 3 Oy px 3 @[1]()() 0
3 2020, — 1) 13 ’
0 1
which, after a multiplication by | , 0 , leads to (4.12) for k = 1, with
X3
1 1-0, 0 1
q)[l] (x) =3 2 (2@2 — 1) Y3 20, —1| and \Pm (x)

(1-0)x+0171 Ny (401 -3)x—40171 —40inp|

As aresult, {P,El] (x)} N is a Hahn-classical 2-orthogonal polynomial sequence.
ne
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1
To prove the result for kK = 2, we start by using the relation y; = 3 (407 —3) 7, (see [20, Theorem 3.2] with
n = 0) to rewrite
1 _1
g (4@1 - 3) Vs 3 0
n ()= 4 2 2
§®17’2S7j Yvas 3
Therefore (4.14) becomes
1 1 1
§®13’2x3 Pu(1-01)x3| 4 ]
3 z(77®)

4
2(1-0)x+5720:-1) %20~ 1)

@1}’236_% O1phYsx
+ 8 1 1
2(2—@2)4—57/2(1—2@2))( =297 (20, — 1)x~

WAL

which, after a multiplication by v O] , corresponds to (4.12) for k = 2, with
0 x
®
) 2 e ) 1
o (x)= | 3Inm " and  WP(x) = 2] ,
o) 30— 1)nm Vil S50 = hmmn

where 2(x) = 6(1 —@,)x+4(20, — 1)y and Y2 (x) = 2 (50, —4) x — ? 0,20, — 1) p.
Hence, {P,P] (x)} N is Hahn-classical. O

ne

We have shown here that the type II multiple orthogonal polynomials characterised in Section 3 generalise
the cubic components of cases B1 and B2 of the Hahn-classical 3-fold symmetric 2-orthogonal polynomials
in a similar way to how the type II multiple orthogonal polynomials on the step line with respect to the
modified Bessel weights, defined by (3.11), generalise the cubic components of case A. As proved in The-
orem 4.1, the cubic components of case C are again Hahn-classical. It remains an open question if there
is an analogous generalisation for these components and, in case there is one, if that generalisation can be
such the differentiation gives a shift on parameters. In this scenario, we also expect the confluence relations
between case C and cases B1 and B2 to be preserved. We defer this investigation to a forthcoming work.

The study we have carried on Section 4 can be adjusted to more than two measures. Taking into account
results given in [1, 2, 8], the structure of the proof of Theorem 4.1 can be (routinely) adapted to study each
of the (d + 1) components of Hahn-classical d-orthogonal polynomials satisfying a (d + 1)-fold symmetry
(therefore satisfying a three term recurrence relation of order d + 1).
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