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Abstract. In this contribution, a new set of d-orthogonal poly-
nomials of Meixner type is introduced. Some properties of these
polynomials, including an explicit formula, hypergeometric repre-
sentation, as well as higher-order recurrence relation, and difference
equation, are analyzed.
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1. Introduction and basic background. The vector space of poly-
nomials with coefficients in C is denoted by P, and its algebraic dual is
denoted by P’, We state that a polynomial sequence {P,},., in P is a
polynomial set (PS, for short) if deg P, = n, n > 0. It is also assumed
that P, is a polynomial of a single variable and a monic when its leading
coefficient is equal to one.

The associated dual sequence {u,}, -, in P' of a PS {F,}, ., is defined
by

<un7Pm>:5n,m:{ é’Z;?’L s n,m}O

Here 6, ,,, is the Kronecker delta, where (u, f) is the action of u € P’ on
feP.

Multiple orthogonal polynomials, whether of type I or II, extend the
concept of standard orthogonal polynomials. Initially developed within
the framework of the Hermite-Pade approximation to achieve a simulta-
neous rational approximation to a vector of functions [19], these polyno-
mials became a focal point of research. While numerous type II multiple
orthogonal polynomials have been explicitly discovered, particularly those
related to discrete variables, a wealth of literature exists on the subject,
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found in several contributions,such as articles [1, 2, 3], [19] and books [14,
Chapter 23|, [17], among others.

Here we give a brief introduction to type II multiple orthogonal poly-
nomials. For further information, please refer to the above references.

Let r > 1 and let fi = (uo, ..., pr—1) be a vector of measures supported
on the real line with finite moments. Let also 77 = (ng,...,n,—1) € Nj be
a multi-index of length |7i| = ng+ - -+ n,_1. The monic polynomial Py is
called the type II multiple orthogonal polynomial if its degree is |7| and
it satisfies the simultaneous orthogonality conditions:

kaPﬁ(a:)duj(x) =0, 0<k<n;—1, 1<j5j<r.

However, the existence of Py is not guaranteed but it holds under some
additional conditions imposed on the moments of the measures. Clearly,
these conditions extend the notion of standard orthogonality when r = 1.

In the same vein of generalizing orthogonal polynomials, Maroni and
Van Iseghem [15], [21] introduced a subclass of type IT multiple orthogo-
nal polynomials on the step-line, known in the literature as d-orthogonal
polynomials (d > 1), as follows.

Let {P.},5, be a PS in P, {P,}, ., is a d-orthogonal polynomial set
(d-OPS) with respect to the d-dimensional functional vector
I' = (ug, u1,...,uq—1) if the following conditions hold:

(up, Po(2) P (7)) = 0, n=md+k+1, m=0,
<Uk,Pm($)Pmd+k(I>> #* O, m 2 O, 0 < k < d—1.

(1)

This is equivalent to the existence of coefficients {Bn11},0, {7 }nsos

k = 1,...,d, satisfying the following (d + 1)-order recurrence relation
[15], [21]:
d
an-‘ran-‘rl(x) = (I’ - Bn-&-l) Pn(m) + Z ’YI?Pn—k(x)a n = 07 (2)
k=1

with a1 #0,n 20,797 #0,n >d, and P_,(z) =0, n > 1.

When d = 1, (1) reduces to standard orthogonality, while the for-
mula (2) represents the three-term recurrence relation characterizing or-
thogonal polynomial sequences (Favard’s theorem), see [12].

In this paper, we introduce a new sequence of d-orthogonal polynomials
of Meixner type, where a parameter § remains fixed throughout. In the



A d-OPS of Meixner type 3

case d = 1, they are expected to yield the discrete Meixner polynomials,
which are well-known for being orthogonal with respect to the Pascal
probability distribution [12], [16]. This approach contrasts with [2], [3],
[14], [23], where type IT multiple orthogonal polynomials are explored with
varying parameters of 3.

The operational rules governing lowering and raising operators have
been instrumental in our studies because many properties of polynomial
sets can be inferred by applying these rules. These rules, associated with
the operators ¢ and p, are known as the quasi-monomiality principle.
A polynomial set {Pn}n>0 is called quasi-monomial under the action of o
and p if

oP,(x) =nP,_1(x), pP.(x)= P,11(x), n>0. (3)

1.1. Sheffer type polynomials.

Definition 1. [14], [18] A PS {P,},., is called of Sheffer type if it is
generated by a function of the form:

D Pale) o = A (1) exp (2H (1) (4)

where
tx +0
At)=Dlapt, A0)#0, H(t)=> ct*, H'(0)#0. (5
k=0 k=1

Let us now introduce a fundamental result about Sheffer type polyno-
mials that we need for the remainder of this paper.

Proposition 1. [6] Let A(t) and H(t) be as in (5) and the PS of Sheffer
type generated by

D Pale) o = A1) (1+ H (1)

Then the lowering operator o and the raising operator p of the PS {P, }
are given in the sense of formal power series in A, respectively, by

n=0

Ao) | H'(0) "

o=HA): r=Ty PR
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Here H* denotes the compositional inverse of H, i.e.,
H(H*(t)) = H* (H(t)) =t
and A is the forward difference operator
Af(z) = flz+1) = f(z), feP.
In the notation of [12], the standard Meixner polynomial set is given by:

n,

Mn(xaﬁvc):(ﬁ)n 2F1(_ ﬁ_le_%)’ B>170<C<17

where o F} is a particular case of the well-known generalized hypergeomet-
ric function (see [18])

_ aq,02,...,Q - 'rL (ap)n x”
qu - R
,ul,,u2,...,,uq n n -(,uq)n n!

n:O

where p; # —1,-2,-3,... for j =1,...,q.
Here (a),, denotes the Pochhammer symbol defined by:

1, n=0,
(a)nzz{ ala+1)(a+2)...(a+n—-1), n=1,2,3,...

Using the Pochhammer symbol, we obtain:

! cand (—2), = (1) (z —k+1),.
0, k>n+1.

Whenever one of the numerator parameters is a negative integer or
zero, the generalized hypergeometric series terminate. The series ,F, con-
verges for all finite = if p < ¢, converges for || < 1 if p = ¢ + 1 and
diverges for all x, x # 0, if p > g + 1.

The Meixner polynomials, a significant subset of Sheffer polynomials,
can be defined through their generating function as follows (see [14]):

Ix xT
5 Oty - (1-8) a0, 5o <o

n=0
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The multiple orthogonal polynomial set generalizing Meixner polyno-
mials has been given [3]. Moreover, several generalizations to d-orthogo-
nality have been treated [11], [22].

The paper is structured as follows: Section 2 introduces a new d-OPS

of Meixner type denoted by {M ff : d)} . Additionally, we explore vari-

n=0

ous aspects of {M ff ;d)} , including its explicit formula, hypergeometric
n=>0
representation, connection formulas, addition formula, and other related

properties. We prove that {M 515 : d)} is a d-orthogonal polynomial set,
n=0

provide the (d+ 1)-order recurrence relation, deduce the classical property.
Moreover, we derive the corresponding d-dimensional functional vector,
and the (d 4+ 1)-order difference equation, respectively.

2. d-OPS of Meixner type. In this section, we define a new
d-orthogonal polynomial set of Meixner type by using a generating func-
tion of Sheffer type (which satisfies conditions (4) and (5)). Many of their
algebraic properties are analyzed therein. Meixner polynomials can be
generalized as follows:

G (2,1) EOMWW)% _
- (1—t)‘5[1+ Czl ((1—t)’d—1>]z, c¢ {0,1}. (7)

In the following theorem, we present the explicit formula, hypergeometric
representation, some connection formulas, and addition formula of M 7(1'8 1)

Theorem 1.

(1) Explicit formula and hypergeometric representation:

M) = 3y ED R =Ygy g

k=01=0
. N\ g Bin Bntdo
MED (@) = (8), (—) (U -e), 0
C d+1 dr o d

where 4.1 F; denotes the generalized hypergeometric function.
(2) Connection formulas:

MEO @) = 3 (1) (B )y MEV@),  (10)

k=0
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(3) Addition formula:

n

MBred) (3 4 2) Z( )de) z) M (). (12)

Proof. (1) According to the generating function (7) and by using binomial
expansion and shifting indices, we get

+00 g +00 c 1 n
E MBD () = E —k), _ o
s <x)n' P k‘ ( c ) (id +B), n!

D% 1D
i M:

Zk: (C;1>k(id+ﬁ)n%.

n

t
Identifying the coefficients of — in both sides, we obtain (8).

The following characteristics of Pochhammer’s symbol [20]:

N = A +m)n (A,
()\)mn _ 1:[ ()\Jrj 1)

give us

Mgf;d)(il}) _ +ZOO (_x)k

o0 1 ’:_: Z'k < <6Ei;+n;jl>
= ﬁ)nkz_;(_:ﬂ < > ;)<_il)ig (ﬂ+j—1) l
d i

Then, changing the summation order and shifting &k, we get
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PN
B+n+j—1 c—1\F
T [ e
RON: D (Loey [ e 3w -
. - . B+n+j—1 | o
Z xi (1 c> E ( 54_3['_1 )Z <1ccl> ‘
’ < d >z
Thus, we derive (9).
(2) The generating function (7) can be written in the form:
imﬁ%d)(@% L A (Rl — ! (a-n=1)| -

+o0 B-a),, mioMa;d )tk B

| Il
; m) = k!

3
I

t’I’L

) +2 Z () (9 =@y M)

n

t
Then, by comparing the coefficients of —, we get (10).
n!
Further, we have
tn

+00
DIATMMP D ()= =

|
ot n.

- (C_ 1>m (1-t-1)"(1 —t)‘ﬁ[l + <

Cc

;1((1—t)—d—1)r:

- (c; 1)mi<—1>m—i (")« —t>—di§M;ﬁ%d><x>Z—f.

1=0

Using the binomial expansion, we obtain

+o0 i
Z Amef?d)(a:)— =

S [Ser() wn |l o
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Since deg AmM,(f;d) =n —m, we get

+00 n
ford n!
c—1 m TR n—m | m m n (8: d) tn
(/) XX [Z<—1>m2( @- )(k)uz)(n_k)] M @)
n=0 k=0 |i=0
This yields (11).
(3) From (7), we have
+0
) tn B —1 _ T+z
MM (@ 2) S = (1) [1+ (-t d_1)] —
~ n! c
+00 B:d) tk +00 pm
= 2 M @) XM ()
k=0 m=0
0 n n J . 4
=52 ()M @M ()
n—0 k=0

Hence, by identification, we obtain (12). []
Remark 1.

(1) When d = 1 in (9), we get the standard Meixner orthogonal poly-
nomials, according to |20, p. 33|.

(2) If « = 5+ 1, then (10) becomes
MFD (@) = MO @) = nd, 75 (@), (14)
(3) If « = (8 in (12), then we obtain
M (o4 2) = 3 ()M (@) MED (2).
k=0

Moreover, the case z = —x of the last formula gives

(") M () MO (~a) - (25),.
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Similarly, in [4], [10], the connection formula allows us to derive a line-
ar operator to transform any Meixner type polynomial set into another
Meixner type polynomial set. Thus, we have

Proposition 2. For fixed [3, we define the operator Cf by:
CfM(B;d) =7 ,0 MB+X d)’

where
Paf@) = fla+ ), feP.

Thus, Cf is independent of [ for any X; so, we write Cy := Cf.

Proof. The connection formula permits us to write

e = 3 (1) (8- a)p ML =

k=0

n n i
=T-)0 Z <k) (ﬁ_a)(nfk) Ml(c D

k=0
=7,0 M7(f+’\5d) _ Cfof;d).

Hence, since {M (8 d)} forms a basis of P, the desired result becomes
n=0

clear. [

Furthermore, from (6) we deduce, respectively, the expressions of the
lowering operator o and the raising operator p associated with {M ff d) }n>0.

Proposition 3. The PS {Méﬁ; d)} is quasi-monomial under the action
n=0

o=1-— (1 - fi)é, (15)

B A \ 4 (c—=1)d = A\ T
'0_6<1 1—0) L 1+A(1 1—c> ' (16)

In the next proposition, we deduce several relations that the polyno-
mials Mff; D n >0, satisty.

of the operators

Proposition 4. For n > 0, we have:

de MY (o 1) = —= | MEP (@) - BMP @], a7)
C J—
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MPED (4 1) = v

[

| MED (@) + (e 1) MEED ()], (18)

d
w910 = s 33 () ()~ o)

gy (M ) - MEw) o

0
Proof. First, we apply the operator T to each side of (7) and obtain

5 B XA @t N I
ZMn+1 — > MP(x ) +$H()ZM%’ ()=, (20)
(1 t) n=0 n—0 n.
where )
Hy (t) = In (1 = ((1 ) 1) )
Then

(B; d) t" o (B+1;d) t" o dc—1)x - (B+d+1;d) "

! n!
n: 0 n:

Thus, we get the first relation.

From the generating function (7) we deduce (18) in a straightforward
way.

Multiplying both sides of (20) by

1 C1-n? 1
A-0H O de-1) @
we get
:cT;)M;ﬁHd)(x)%—
_ 1 1 — )4 1\ < M BD M (B+15d) o
~ (-0 + g) X (M@ -5 () = =
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c t"

by (80w - a5

n

t
Thus, identifying the coefficients of — in both sides, we get (19). [
Next, we present some relations 1nvolv1ng M, (B:d) and AkM 1)
0 < k < n in the following proposition:

Proposition 5. For n > 0, the following relations hold:

< c )mAmMT(Lﬁ;d)(x) = i <m> (_1)m—i MT(lﬂ-i-di;d) (), (21)

c—1 Nt
M(ﬂ+ndd)(x)zz<z> (cfl) AFMBD (1), (22)
k=0
(B-15d) ) = C (%l)k ¢ kA 2 Bsd) ) 23
<x_;0 k! (1—0) ( )
0w = ey -
B (ﬁdzcl_—l-l;l)CAMT({B;d) (l‘) o Q:AMT(Lﬁ—kd;d)(x _ 1)_ (24)

Proof. Replacing 5 by 5 + di and « by 8 in (10), we obtain

7 C e
M Z() Yoy M (@)

By insertion in (13), we conclude (21).
Choosing m = 1 in (21), we get

(=) AMPD (@) = MFD () = MP (@), (25)
c—
Or, equivalently,

M) = [ (=

c—1
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[terating (26), we obtain

M) [ (S5 )a+ 1) M ) -

Cc —

From (3) and (15), we have

(3,

k!

k
(1 . c> MM (),

WV
o

id ; N
nMP D (@) = MPD () -
k=0

Thereafter, using (14) (8 — 8 — 1), we find (23).
By changing 8 by f — 1 in (17) and inserting the operator A, we get

¢ AM(Bfl;d)(@ _

1
C_l n—+

-1
_ (B 1) CAM;B;d)(l‘) 4 dl,AMglﬁﬂi;d) (x —1)+ dM£15+d;d)(x).
c—

Thus, when dM %9 () is removed, by using (25), we see that the
statement holds. []

Remark 2.

(1) Notice that, for d = 1 (14) and (25) yield a classical result for
standard Meixner polynomials [12|, [14]

c—1

AM, (z; 8, ¢) =n< >Mn_1 (x; 8+ 1,¢).

(2) (22) and (23) are connection formulas.

3. Connection between M %’B;d) and some known polynomial

sets. First, we aim to obtain a relation between Mgf; 4 and E&‘”""’“d),

where {Eﬁf‘l"“’a‘i)} is the d-OPS of Laguerre type defined by [8]:
n=0

(alv"'vad) — -n .
b () 1Fd<a1+1,...,ad+1’w>'

Taking into account (see [13])
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Qy, Cr
p+7"Fq+s ( bpd ; w) =

~1F (ap),, 2" ( o, +k ) <_k7c'r' )
= pFy 2 ) X jw
1; k! (bq)), b+ k o ds

where o, is an abbreviation for a4,...,®,, and settingp =d + 1, s = d,
B+n+j5—1
q=r=0,z=1,w=1—c,a1z—x,osz:T,
— 1
dj—ﬁ++,j—1,...,d,weobtain
1\ 3 (D) (—2), (B, 1y (B+n+i—1
M B <_> kO
@ =(2) 4 Kl [ d )
k=0 j=1
_ B+n+kd B+n+kd+d—1 B _ B+d—1
Xd+1FO( R [ ;1>€](€d 1,..., 2xd 1>(1—c)
1 +n+j-1
Next, if r=s=d,p =1, 2= s w=(l-c)x, \=",¢;= p ndj ,
-1
dj=6++,j=1,...,d, in (see [13])
F (a ) 2 (1) (ap), W 2"
P by ds k! (by), 7+k)

Ak o, +k —k,v+k, e,
Xp+1F+1<v+2k+1b+k: )Xr+2Fs+1( o, d, ,w),

with p=q+1, z # 1, |1—w|<}1—§|,Re(c)<1,wehave

n’ ) S (k) k 8
y+kk—z 1 ™ (1 _
X211(’}/—|—2]{j—|—1 ’x XSk ((1 C)Jf)

Here S,(:) (x) are the Srivastava—Pathan polynomials defined by [7]:

—k,y + k2, BndeL )
B+d—1 Y

Sl(:)(x) = (7)k d+2Fas < oy
s dr d
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4. Recurrence relation.
Theorem 2. The PS {M (ﬁ;d)} satisfies the following (d + 1)-order
n=0

n

recurrence relation:

c Bid) oy _ 1 Be d+1 6
(C_l)aanJrl (x)—lird(c_lJrn(C_lJrl M7 (x) +

o nd Z [( )+<d+1>(kil)]Mé::’<x>,

k=1

with M*™ =0, n > 1.

Proof. If we multiply both sides of (20) by then we get

1
H (t)°
+00

1 Z M(ﬁ;d)(m)ﬁ _ L (1-— t)d io M(ﬁ;d)(twt
i &M O~ a0 M

n=0
B N (8;d) "
+ (Em nZ_oM” (x)m.

Using the binomial expansion and shifting indices, we have

T B M ) -
B SIS n d Be p tn
“end& LZI (=) (3 ) Mi20 ) + ((c— na " o) )(1’)] nl

On the other hand,

RN
WZMWA (@) =

n=0
1
:(C—l d+1ZM£Lﬁ+f ZMn-i-l

By employing the binomial expansion and shifting indices, we obtain
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Thus, by identification of the coefficients of the monomials — the
n!

(d + 1)-order recurrence relation is deduced. []
Remark 3.
(1) Under the assumption

575—711,71120,

the order of the above recurrence relation is (d + 1).

(2) When d = 1, we retrieve the well-known three-term recurrence rela-
tion of standard Meixner polynomials [12]:

cMyiq (z;5,¢) = ((c — D)z + fe+n(c+ 1)) M, (x; 8,¢) —
—[Bn+n(n—1)] Moy (2;8,¢), n>0.

By using the above theorem, the following result holds:
Proposition 6. The polynomial sets {Mff; d)} and {AM,(LB;d)} sa-
n=0

n=0
tisfy the following limit relations:

limM,g’B;d)(—x ) = Lf?(f*l’d)(x),

c—1 1—-c¢

- ¢ (8 d) (L) _ (B—1,d)
(1312(1_6) AMY — DL (z).

Here {ﬁﬁ{”d)} denotes the d-OPS of Laguerre type, see [10],

n=0

ioﬁff’d) (x) g —(1—t) " "exp [—:L‘ ((1 —t) = 1)] ,

In addition, we recall that

DL (x) = £ (x) = L0 ().
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When d = 1, we get a very well-known limit result for standard
Meixner polynomials [12, 14]:

c—1

lim M, (%, B, c) = nILP (),
—c

where {L%a)} denotes the standard Laguerre PS.
n=0

In the following, we deal with establishing an operator 7 in P, such
that the PS {M ﬁf : d)} satisfy the classical property with respect to it.
n=0

5. The classical property.

Theorem 3. The PS {Mr(f : d)} is classical with respect to the operator

n=0

where 1, denotes the operator given by
nf(x)=f(x-1), feP.

Proof. Multiplying (24) by (n + 1), we get

. C —1:
(nt DILE) = gy oM )
~1+d . .
- (ﬁd(c—_i))%a M (@) — 2D MUEEY (2 — 1)

Furthermore, (14) gives us

M(ﬁ;d)(x) = (I-0) M(BH;d)(x).

From this identity and relation (26), we obtain

C

(n+1) MED () = T
—(decl—_—'_l?cAaMff_;f) (x)—an(

Apo (I — o) ME (z)—

C

(1)

A+ DM @) =TM D (@)

Then we derive the result. []
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6. The canonical d-dimensional functional vector.

Theorem 4. The components of the d-dimensional vector of functionals
associated with the d-OPS {M,(LB : d)} are given as the following repre-
n=>0

sentation:
&y oy i ()
(5 ) B+ _
w3 EE0 () ) S,

r=0,1,....,d—1.

Here 0; is the Dirac mass defined by {d;, f) = f (j), f € P.

Proof. The components of the d-dimensional vector of functionals asso-
ciated with the d-OPS { M d)} are given by [5], [9]:
n=0

<ur,f>:%l<1_a—r_ﬁf(x)] Cr=01,....d—1,feP.

0) =0

Therefore, we have

G fy = [Z () (~1) (1 B 1_A> (1 s )

Taking into account

we obtain

" =l,z Z;) ( : )(_1)i<1 + i C>(5ZZ+J)<ﬂ;ri>j(:>

This gives the desired result. []
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7. Higher-order difference equation. Here, we rely on the lowe-
ring and rasing operators to determine the difference equation of order
(d+1):

Theorem 5. The d-OPS {Mﬁf : d)} satisfies the following (d + 1)-order

n=0
difference equation:

l((ﬁ+dx)A+B+( )(i

k=1

Proof. From (3), we get
nM7 (z) = po M (2).

Then, replacing (15) and (16) and applying (1 + A) in both hand sides,
we get

n(1+A)MBD(z) =

e e )l (R A
(s (G N () ) o

Thus the statement follows. []
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