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ABSTRACT. Suppose that for an arbitrary function f(z,y) of two discrete
variables, we have the formal expansions.

F@y) = 3 amn Pu(@)Pa(y),

m,n= 0
VEVY f(z,y) = fPD (z,y) = Z ap’q)P (z)Pn(y) aldY) =q
zVy ) m s OGm,n m,n;
m,n=0

where P, (z), n =0,1,2,... are the Hahn, Meixner, Kravchuk and Char-
lier polynomials.

We prove formulae which give a%;%), as a linear combination of a; j;, 1,
j=0,1,2,... . Using the moments of a discrete orthogonal polynomial,

Z Am, n +7n n(x)

we find the coefficients bz(pj’q’e’ T> in the expansion

o0
VRV () = 2ty PO (@y) = 3T 05T Pi@)Pi).
i,j=0
We give applications of these results in solving partial difference equa-
tions with varying polynomial coefficients, by reducing them to recurrence
relations (difference equations) in the expansion coefficients of the solu-
tion.
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1. Introduction

Classical orthogonal polynomials of a discrete variable (the Hahn, Meixner,
Kravchuk, and Charlier polynomials) which are solutions of difference equations
of hypergeometric type on uniform lattices [32, Eq. (2.1.4)] are widely used
in various fields of physics and mathematics (see [20,29,32,39,41,53]). These
polynomials have long been used in two dimensional problems of approximation
theory and numerical analysis. In the last three decades, many authors aimed
to generalize the construction of the theory of classical orthogonal polynomials
of a discrete variable as solutions of a difference equation of hypergeometric type
from one to several variables, see for instance, Rodal [33-35], Tratnik [412,43],
Van Diejen [44] and Xu [45,46]. They presented a multivariable generalization
for all the discrete families of the Askey-Wilson tableau (see [24]), giving for
each family an hypergeometric representation and the orthogonality weight
function, proving that these are orthogonal with respect to subspaces of lower
degree and biorthogonal within a given subspace. These results motivate the
researchers interested in multidimensional mathematical physics problems to
use expansions in terms of orthogonal polynomials of several discrete variables
(see, for instance [29,41,53]). According to this situation, the generation of
recurrence relations for the expansion coefficients of multivariable orthogonal
polynomials like in the one continuous/discrete variable case, see, Ahmed [1],

Ahmed and El-Soubhy [2], Area et al. [8], Doha [13-15], Doha and Ahmed
[17-19], Godoy et al. [21-23], Koepf [25], Lewanowicz [26,27], Lewanowicz and
Wozny [28], Ronveaux et al. [36-38] and Wozny [51] is a problem of great
interest.

Up to now and to the best of the author’s knowledge, explicit formulae for
the expansion coefficients of general-order difference derivatives of an arbitrary
function of two discrete variables and for the evaluation of the expansion co-
efficients of the moments of high-order difference derivatives of such function
in terms of the product of two classical orthogonal polynomials of a discrete
variable (the Hahn, Meixner, Kravchuk and Charlier polynomials), similar to
those obtained by Doha [10-12] and Doha et al. [16], for classical orthogonal
polynomials of continuous variable (the Chebyshev, Legendre, ultraspherical
and Jacobi), respectively, are not well-known and traceless in the literature.
Another motivation is that the theoretical and numerical analysis of numerous
physical and mathematical problems very often require the expansion of an
arbitrary polynomial or the expansion of an arbitrary function of two discrete
variables with its difference derivatives and moments into a set of orthogonal
polynomials. This is also true for the product of two Hahn, Meixner, Kravchuk
and Charlier polynomials. To be precise, these polynomials form a set of or-
thogonal polynomials on the set [0, N] x [0, N], [0,00) X [0, 00), [0, N] %[0, N]
and [0,00) x[0,00), respectively.
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In this paper, some basic results about the product of two classical orthog-
onal polynomials (see [34,45,46]) of one single discrete variable :

where T' = {P,(z) : Hahn, Meixner, Kravchuk and Charlier}, are provided,
mainly to show that the exact explicit formulae for the coefficients of differ-
entiated expansions in P,(x) obtained by Doha and Ahmed [18, 19] can be
extended to expansions in F,,(x,y).

This paper is organized as follows. In Section 2, we recall some relevant
properties of the Hahn, Meixner, Kravchuk and Charlier polynomials. In Sec-
tion 3, we give relevant properties of Fy, ,(z,y). In Section 4, two corollaries

are proved: the first expresses the relation between the coefficients ag,fj%) and

@, n, Whereas the second expresses the P, (z)P,(y) expansion coefficients of
the moments of general order difference derivatives of an arbitrary function
of two discrete variables in terms of its P, (z)P,(y) original expansion coeffi-
cients. Application of these corollaries for solving partial difference equations
with varying coefficients, by reducing them to recurrence relations in the ex-
pansion coefficients of the solution, is discussed in Section 5. Two applications
of the work developed which provides an algebraic symbolic approach (using
Mathematica Version 8) in order to build recurrence relations for the coeffi-
cients appearing in the two problems

(x+y"= Z a; j(n) Pi(x)P;(y),
i+j<n
where 2 = (=1)"(—x), (with (a), = T'(a + n)/T'(a)), denote the falling fac-
torial polynomials, and
Qu(z+y)= Y ai;j(n)Pi(x)Pi(y), QET,
t+j<n

are discussed in Sections 6 and 7, respectively, and the analytical solutions of
these recurrence relations are provided.

2. Some relevant properties of discrete polynomials

Let {P,(z) : Hahn, Meixner, Kravchuk and Charlier} be one of the families
of monic classical discrete orthogonal polynomials. These polynomials are so-

lutions of the second-order difference equation of hypergeometric type [24, pp.
204-247],
(2.1) [0(z)VA+T(x) A+ N\, |Pp(z) =0,

where o(x) and 7(x) are polynomials of degree not greater than 2 and 1, re-
spectively, A, = —nA7(z) — $n(n — 1)A?0(z), and

Vy(z) = y(z) — y(z — 1), Ay(z) = y(z + 1) — y(x),
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denote the backward and forward difference operators, respectively. Doha and

Ahmed [18,19] showed that the difference equation (2.1) can be written in the
form
(2.2) [o(z — 1)V? +[r(z — 1) — \]V + A\y] Pu(z) = 0.

The orthogonality relation of the polynomials P, (z) is

b—1
S Pa(@i) Pu(i)p(ai) = Opm d2,  wis1 =i + 1,

r; =a

where the weight function p(z) defined on [a,b — 1] must be a solution of the
Pearson-type difference equation:

Alo(z)p(x)] = T(z)p(x),
provided that the following condition
p(x)a(x)xﬂw:a , =0, VE >0,
holds. The monic classical discrete orthogonal polynomials P, (z) may be gen-
erated by using the Rodrigues formula
B
Pn(x) = V" pn(x) s
oy )
where the function p,(z) is defined in terms of the weight function p(z) and
the polynomial o(z),

pula) = pla+n) [ oo +m).
m=1
The four referred families of monic discrete orthogonal polynomials: Hahn
h%a”g)(:c;N), Meixner M,gﬂ””)(:c), Kravchuk K (z; N) and Charlier éfl”)(x),
have the following hypergeometric representations [24, pp. 204-247]:
(>\+n)n 342 1_N76+1 ) )

B (a3 N) =

1
MO (z) = (7)0(—2 "F{ " x,1—],
() = (7) (M—l) 2171 ~ "
—p)2N! n. -z 1
0 (e Ny = P 7 ;
(Jf, ) (N— )'2 1 -N 7p ’
—n, — 1
C ) = () 2 | T e
The following two recurrence relations are of fundamental importance in
developing the present work. These are (see [24,25])

T P (%) = Poy1(2) + BnPo(@) + yn Po-1() (n>0),

@3 P =0; Re) =1,
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and
1
T n+1

(2.4) P,(x) AP,1(x)+ F,AP,(z) + G,AP,_1(x), n>0.
Remark 2.1. For the sake of completeness, the expressions of o(z), 7(z),
(), Ay d2, By Yn, Fn and G, for each one of the referred monic classical
discrete orthogonal families can be found in [18,19], [24, pp. 204-247], [25, pp.
58-61], and [32, p. 44].

Lemma 2.2. P,(x) has the V-difference representation

1

n+1

(25) Pu(x) =

V Ppii(z) + (F, + 1)V P, (2) + G,V P_1(z), n > 0.

Proof. By replacing « by  — 1 in (2.4) and using the property
Ay(z —1) = Vy(z),
we obtain

1

Using the definition of the backward difference operator gives immediately
relation (2.5) which completes the proof. O

Now, suppose a function f(z) of a discrete variable z is given, which is
formally expanded in an infinite series of monic discrete classical orthogonal
polynomials P, (x) € {P,(x) : Hahn, Meixner, Kravchuk and Charlier}; in the
case of Kravchuk and Hahn polynomials, which are orthogonal on a finite set,
we assume that f is a polynomial. Let

(2.6) f@) =" anPu(x),
n=0

and for the pth backward-difference derivatives of f(x), i.e., VP f(z),

oo

(27) fP(@) =V f(x) =) alf) Pa(), af = an,

n=0
then it is possible to derive a recurrence relation involving the expansion coef-
ficients of successive backward-difference derivatives of f(x). Let us write

\Y lz aP VP, (z)| = Z aP) P, (),
n=0 n=0

then the use of identity (2.5) leads to the recurrence relation

1
(2.8) ﬁa(p) +(F, + 1)a£f’> + Gn+1a£lp_~)_1 = an*U, p>1,n>1.

n—1
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Lemma 2.3.

n—p

(2.9) VPP (z) =Y Cpi(n)Pe(x), n>0,p >0,
k=0

if and only if

(2.10) a?) =3 Cpn(n+p+k)anipre, n>0,p>0,
k=0

where the expansion coefficients Cp k(n) are assumed to be known.

Proof. Suppose we are given the expansion (2.9), then by applying the operator
VP to the expansion (2.6), we obtain

(2.11) VPf(x) = anVPPy(x).

Substituting (2.9) into (2.11), expanding and collecting similar terms, we
obtain

(2.12) Vi) = 3 | S G+ p+ ) sy | Pala).
n=0 L k=0

Identifying (2.7) with (2.12) gives immediately (2.10).

On the other hand, suppose we have (2.10). Substituting (2.10) into (2.7)
gives (2.12). Expanding (2.12) and collecting similar terms and identifying the
result with (2.11), we get (2.9) which completes the proof. O

Using Lemma 2.3, for the case of Hahn polynomials, Doha and Ahmed [19]
proved that the solution of (2.8) is,

aglp) = Z(n + k +p + )‘)p On+k,n(a +pvﬂ +p7a7ﬂv N ey 2 N7 _p) An+p+ks
k=0

n>0,p >0,

where
L—M+0)p—i(L+06+1i)n—;
(W+n+1i)p_;

Cn,i(’%&aaaﬂvM?Nv 8) = (7’)(

K2

" =n)k (ptn+ =N+ e+ B+ Dk

—(n—i—k),p+n+k+i—s

X3Pl N it kit k

i1,
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witha, =0,n> N,and p=~v+d+1and A =a+ B+ 1. While for the case
of Meixner, Kravchuk and Charlier polynomials [18]

alP) = Z Copn(n+p+k)antptr, n>0,p>0,

k=0
where
(—1)"=P=kn! (n—k —1)! I
2.14 C = 0+ 1)" "
( ) P,k(n) (p—l)' (n—p—k)'k"( + ) )
with 6§ = ﬁ, —p, 0, respectively.
Also, for each case of P;(z), they (see [18,19]) proved by the aid of recurrence

relation (2.3) that the coeflicients a,, ,(j) in the expansion

2m
(2.15) 2" Pi(x) =Y am,n(§)Piam—n(x), j >0, m >0,
n=0

satisfy the recurrence relation

am,n(j) = amfl,n(j) + ﬁj+mfnam71,n71(j) + 7j+m7n+1am71,n72(j)7
n=20,1,...,2m,

with ao0(j) =1, am-1,-¢(j) =0, Y€ >0, am-1,(j) =0, r=2m —1,2m.

Remark 2.4. The explicit expression of a, ,(j) for the case of Hahn polyno-
mials, is given in Doha and Ahmed [19, p. 792], while for the case of Meixner,
Kravchuk and Charlier polynomials, the explicit expressions of a, ,(j) are
given in Doha and Ahmed [18, p. 335].

Using formula (2.15), for each case of Pj(x), Doha and Ahmed [18,19] proved
the following theorem which expresses the P, (z) expansion coefficients of the
moments of a general order difference derivative of an arbitrary function of a
discrete variable in terms of its P, (z) original expansion coefficients.

Theorem 2.5 ([18,19]). Assume that f(x), f®)(x) and 2™ P;(x) have the
expansions (2.6), (2.7) and (2.15) respectively, and assume also that

oo

" (Z az(‘p)Pi(l”)> = bR () = 1,
i=0

=0
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say then the expansion coefficients b"™ are given by

m—1 i

> am,kerfi(k)alg,p) + X am kt2m—i(k + m)affﬁw 0<i<m,
k=0 k=0

m—1 i

bgp’m) = Z am,k+m—i(k)a](gp) + Z am,k-l‘QWL—i(k + m)al(czﬁm’
k=i—m k=0
m+1<:<2m—1,
i

2 am skt myag’),. i > 2m.

Corollary 2.6. It is not difficult to show that

2m
bgp,m) _ Zam’r(r +i—m) aff_?i_m, i>0.
r=0

3. Some properties of product of classical discrete orthogonal
polynomials

Comparing to the theory in one variable, the structure of discrete orthogonal
polynomials in several variables is much more complicated. Some basic results
are obtained in Area et al. [1-7,9], Rodal et al. [35] and Xu [16]; the relevant
ones will be recalled in this section. The orthogonal polynomials that satisfy
the second-order partial difference equation

A1 (2, y)AsVau + Ar o (2, y) Az Vyu + As 1 (2, y) Ay Vau

3.1
B Aya(esy)A, Vyu By (2, y)Asu + Bale, ) Ayu — M= 0,

will be discrete orthogonal polynomials of two variables, where A; ; are poly-
nomials of second degree and B; are polynomials of the first degree, A is a real
number and

In particular, for the special case A1 2(x,y) = A21(z,y) = 0, A11(z,y) =

O'(l‘), A2,2($7y) = U(y)v Bl(xvy) = T(J?), BQ(xay) = T(y) and A = —(7?,—|- m),
Eq. (3.1) becomes

(32) [0(2)AzVa +0(y)AyVy + T(2)Ar + 7(y)Ay + (n+m) | Frn(z,y) =0,

where Fy,n(2,y) = P (2)P,(y). These types of orthogonal polynomials satisfy
the orthogonality relation
(3.3)
Z Fon (23, 95) Frs (4, y;) U4, Yj) = OmkOn s dfndi, m,n,k,s=0,1,2, ...,
G
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where Q(z,y) = p()p(y), (z,y) € G={(z,y): 2,y € [a,b]}.
Replacing « and y by z — 1 and y — 1 in (3.2), respectively, and using

AIU,(J? - 17y) = ku(x7y)7
Ayu(x’y - 1) = vyu(l‘;y)a

we get
[o(x ~ 1)V + oy — )V + [r(z — 1) = m|V, + [r(y — 1) = 0]V,
+(m + n)]Finp (2, y) = 0.

Now, suppose a function f(z,y) of two discrete variables z and y is given,
which is formally expanded as follows

(34) f(‘% y) = Z aman(x)Pn(y)7

m,n=0

and for the partial backward difference derivatives f(z,y), i.e., VEVI f(z,y),

(35)  fPD(z,y) = VEVEf(z,y) Z aLD P, (2)Po(y), al%Y = apn

m,n=0

In view of (2.5) with the two relations

o0

Ve Z ggnl 9P, (@) Puly) = Z ag,’:;?)Pm(x)Pn(y),
m,n=0 m,n=0
and
' Z a(pvq 1) Z a(p,q P.(y),
m,n=0 m,n=0
it is not difficult to derive the recurrences
(3.6)
1
—al D+ (Fop+ 1) ald) + Grralf) = al M9, mp>1,n,¢>0,
and
(3.7)

1
Sag )+ (ot 1) a4 Gopraly = ali™), nog21,m,p20.

4. Relation between the coefficients agﬁj%) and a,, , and explicit

formula for the expansion coefficients of z™y™2 nggf(x,y)

The main objective of this section is to state and prove two theorems such
that the first expresses the relation between the coefficients aﬁ,ﬁ’;?) and Gy, p,
whereas the second expresses the Py, (x)P,(y) expansion coefficients of the mo-
ments of general order difference derivatives of an arbitrary function of two

discrete variables in terms of its P, (z)P,(y) original expansion coefficients.
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Theorem 4.1. The coefficients a(p ) are related to the coefficients asn’,?), agﬁ;?)
and the original coefficients ap,, by

(41) ap’q ZCpm P"‘m‘i‘l) 1(7+n)1+zn’p>]‘
=0
oo

(4.2) Zc’qn q+n+ja Enqln+]a qg=>1,
7=0

and

(4 3)

mn Z Z Cp,m (p+m+i) Cq,n(‘]"’n"’j) Aptmi, g+ntjs Pyq = 1, myn >0,
1=0 5=0

where the coefficients Cp(p + m + 1) and Cyn(q + n + j) can be defined
according to formula (2.13) for the case of Hahn and formula (2.14) for the
cases of Meixner, Kravchuk and Charlier polynomials.

Proof. We can write equation (3.5) as

oo

FODy) = 3 808 (1) Pae),
m=0
where
(4.4) b(p,q) Z a(p,q)p

and keeping y and ¢ fixed. In view of formula (2.10), we can deduce that
(4.5) DEDW) =D Comlp+m+ Db, ).
i=0
Using (4.4) and (4.5) yields the formula

Z a(p,q n( ) = i:O:O Cp,m(p +m + l) |:E am’f’)ﬂriﬂ’ P (y):|

-5 [2 Coomlp+m +) Efifzﬂ,,n} Paly).

which implies that

oo
~ (0,
a®:? =" Cpmlp+m+i)ali® . p>1,
1=0

and the proof of formula (4.1) is complete.
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It can be also shown that formula (4.2) is true by the same procedure as
outlined for (4.1), keeping = and p fixed. Formula (4.3) is obtained immediately
by substituting (4.2) into (4.1). This completes the proof. O

Theorem 4.2. Assume that f(z,y) and f®9 (x,y) have the expansions (3.4)
and (3.5) respectively, and suppose that

2m1
(46) mlp Z aml,El z+m1 21( )
[1 0
2m2
(47) "LZP Z amg,lz ]+m2 Lo (y)
52_0
and
xMym2 Z a(p’q)P Z b(p’q’ml’m2)P( )Pi(y)
(48) 2,7=0 ,j=0
— I(ID#I,mlﬂ”ﬂz)7 say,
then the expansion coefficients b(p GMLM2) e given by
2m1 2m2
bg?}q7m1,m2) — Z Z ) (61 +17— ml) Uy, by (52 + 45— mg)
(4.9) £1=0£5=0
(p.9) ;
X aéﬁfz ma,la+j—m2’ 6320

Proof. In view of Corollary 2.6 and formula (4.6), we get

I(p7q,m1’m2) _ ymz Z ( (p q) m1P )) P] (y)
=0

(4.10) -
3 SR B ),
i=0 j=0
where
27711
(4.11) b =N g 0 (i =) e

£1=0
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In view of Corollary 2.6 and formula (4.7), Equation (4.10) takes the form

oo o0

[(Pamime) _ Z P;(z) Zbg?q’ml)ymzpj(y)
i=0

=0

— Z bl(_fojﬂ,mhmz)Pi(x)Pj (y)7

i,j=0
where
2mo
(412) BT = 3 am (e 5 - m2) T,
£2=0
By substituting (4.11) into (4.12), we obtain (4.9). O]

5. Construction of recurrence relations for the coefficients of
expansions in series of the product of two classical discrete
orthogonal polynomials

Let f(z,y) have the expansion (3.4), and assume that it satisfies the linear
nonhomogeneous partial difference equation

m n
(5.1) D> pis(@y) fO (@, y) = g, y),

i=0 j=0
where p; ;(x,y), 1 =0,1,...,m, § =0,1,...,n, are polynomials in « and y such
that py,.0,P0,n # 0, and the coefficients in the expansion

o0
g(@.y) = > gi;Pi(x)P;(y),
4,j=0
are known, then Theorems 4.1 and 4.2 enable one to construct in view of
equation (5.1) the linear recurrence relation of order (di,ds),

di  do

(5.2) ZZ%J(T, k)artij+x = B(r,k), 1.k =0,

i=0 j=0

where o; ;(r, k), i =0,1,...,d1, = 0,1, ..., ds, are polynomials in r and k such
that o, 0(r, k), aoa,(r, k) # 0.

An example dealing with a nonhomogeneous partial difference equation of
two discrete variables is considered in order to clarify application of the results
obtained.
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Example 5.1. Consider the nonhomogeneous partial difference equation
(5.3) eVou—yVyu+ (z —yu=d(z,y), u(0,y) =y, u(z,0)=

where d(z,y) = 22 — y?> +  — y and u(z,y) are expanded as follows
(5.4)

ZamC(a )G (), = Y dCi(@)C ),
4,7=0 i+5<2
then by virtue of formula (4.8), equation (5.3) takes the form
7(1.0.1,0) _ 7(0.1,0.1) 4 7(0,0,1,0) _ 7(0,0.0,1) _ Z d: ’JC(O‘ C‘ a) (¥),
i+5<2
which in turn gives
1,0,1,0 0,1,0,1 0,0,1,0 0,0,0,1 o
(5.5)  biLOTO plO 0D OO0 000D — g, i =0,1,2, ...,

where
_2(a+1)7 2207.]:17

-1, i1=0,7=2,

dij=192(a+1), i=1,;=0,

1, i=2,7=0,
otherwise.

By making use of formula (4.9), equation (5.5) takes the form
(5.6)
(= Daig + ali+ D@ +ainy) + 6+ ayy” + (@17 +ai,)

. 0, 0,1 0,1
—a(j + 1)’ + aij1) — G+ a)a®? — @O0 +ai) = diy

Using formulae (4.1) and (4.2) with (5.6)— and after some manipulation-yield
the following recurrence relation.
(5.7)
aij+2(i = j+ a1, + 2a(i + 2)ai12,5 — aiv1,j—1 — 2a(j + 1)ait1,541
= di—&-l,j? iaj > 0.
The complete solution of this example, may be obtained by solving the

recurrence relation (5.7). It is worthy noting that the analytical solution for
this recurrence relation is given explicitly by [see Appendix A]

oo 4 2, i=0,7=0,
a2-a) —a ;= -
——e %41, i=1,75=0,
5.8 i =R e . :
( ) a’x] (28 )*044,1 1:07]:17
% )(2i—a a) .
=2)" +J+2Z,§2, )(Zj=a) c—a otherwise.

Note 1. The solution of this example can also be obtained by using the
Hahn, Mexiner and Kravchuk polynomials, but details are not given here.
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6. The expansion of (z + y) in series of the product of two classical
discrete orthogonal polynomials

In the problem

(6.1) (z+y)" = Z ai j(n)Pi(x)P;(y),
i+j<n

u(z,y) = (x + y)= satisfies the homogeneous partial difference equation
(6.2) [V, + 5V, — n]u(z,y) =0.
By virtue of formula (4.8), equation (6.2) takes the form
7(1,0,1,0) 4 7(0,1,0,1) _ ) 7(0,0,0,0) _

which in turn gives
(170a170) (0,1,0,1) (0707Oa0) — y ) —
(6.3) bi +b; ; —nb; =0, 4,5=0,1,2,....
By making use of formula (4.9), equation (6.3) takes the form

(6.4)
1,0 1,0 1,0 0,1 0,1
a7 () + (B 4+ Dagy” (n) + el (0) + a5 (0) 4 (8 +1) 0V (n)
(071) p—
+'yj+1ai7j+1(n) —na;;(n)=0.
Now, using formulae (4.1) and (4.2) with (6.4)— and after some manipulation-
yield the recurrence relation satisfied by a; ;(n).

Note 2. Repeated use of (3.6) and (3.7) to eliminate the coeflicients agli’(l)?j (n),
(0,1)

ag}jo) (n), ag?j’i)l(n) and a;;’(n) yields the recurrence relation satisfied by
ai’j(n).

6.1. The link between (z + y)* and Charlier-Charlier polynomials.
In the problem

(6.5) (@+y== 3 a7 @0 ),
i+j<n
the coefficients a; j(n) satisfy the recurrence relation

(n—i—j)ai;(n) —a(j+1)aij+1(n) —ali+1)air1,5(n) =0,

(6.6) i, j=n—1n-2,..0,

with a; j(n) =0, i +j > n and ay0(n) = agn(n) = 1. The solution of (6.6) is
given by [see Appendix B|
(_1)i+j
a; 5 (TL) = Z'j'
0, otherwise.

(—n)isj(20)" "9, i+ j<m,
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In particular, for the special case y = 0, Eq. (6.5), after some manipulation,

becomes
no_ N\ n—iAa)
= Z (i)a C; " (x),
=0
which is in agreement with the result obtained by Alvarez-Nodarse et al. [3, p.

180] and Zarzo et al. [52, p. L38].

6.2. The link between (z + y)* and Meixner-Meixner polynomials.
In the problem

(6.7) (4= 3 a0 @M ),
i+j<n
the coefficients a; j(n) satisfy the recurrence relation
(B=1)(n—i—j)ai;n)+B(i+1)(i + a)ait;(n)
+/6(j+1)(]+a)a2,3+1(n)207 i7j:n_lan_2a"'507
with a; ;(n) =0, i+ j > n and ay0(n) = ag,n(n) = 1. The solution of (6.8) is
D ()i n—i=j
( 1)‘ ( n)z+](2a)n ( B ) 7 Z+j§’l7/,
ai,j(n) = ilj1(2a)it; 1-p5
0, otherwise.

(6.8)

In particular, for the special case y = 0, Eq. (6.7), after some manipulation,

becomes .
~(n BN\ yen
= ) n—i M;® )
=3 (Ferin(725) e
which is in agreement with the result obtained by Alvarez-Nodarse et al. [3, p.

180] and Zarzo et al. [52, p. L38].

6.3. The link between (z + y)* and Kravchuk-Kravchuk polynomials.
In the problem

69 @+yr= Y a;mE @K @N), n<N,
i+j<n
the coefficients a; j(n) satisfy the recurrence relation
(n—i—jaij(n) —s(i+ 1)(N —i)air1;(n)
—s(G+1D(N —jaijt1(n) =0, 4, j=n—-1n-2,..0,
with a; j(n) =0, i+ j > n and an0(n) = ap,n(n) = 1. The solution of (6.10) is

(6.10)

(=1)"s" I (=n)iy; (2N — i — j)!
a; ;(n) = i!j1(2N — n)! ’
0, otherwise.

1+7<n,
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In particular, for the special case y = 0, Eq. (6.9), after some manipulation,
becomes

n - Y\ n—i (s
x:Z(i)s (N—n—i—l)n,iKi()(x;N), n <N,
i=0

which is in agreement with the result obtained by Alvarez-Nodarse et al. [3, p.
180] and Zarzo et al. [52, p. L38], .

6.4. The link between (x + y)* and Hahn-Hahn polynomials.
The problem

611) (@t ym= Y a0 " @ N) ROy N), n <N -1,
i+j<n

where A" (z; N) = t,,(z) is an important special case of the Hahn polynomials

which is called the Chebyshev polynomials of a discrete variable (see [32, p.

33]). The coefficients a; ;(n) satisfy the recurrence relation

(6.12)
Vij Qii () + Yig1, -1 Git1,-1(0) + Yig1, 5 Git1,5(1) + Vit1, 41 QGit1,j+1(n)
+ Yit2, -2 Qit2,j-2(0) + Vit j-1 Giv2,j-1(n) + Vit2,;j Qit2,5(n)

+ Yit2,j4+1 Git2,41(N) + Yig2, j+2 CGip2j42(n) =0, i,j =n—1,n—2,..,0,
where

Yig = —16(2i 4+ 3)(2i + 5)(25 + 3)(25 + 5)(n — i — j),
Yij+1 =8 +1)(2¢ +3)(2i +5)(2j + 3)(25 + 5)(N — n + 1),
Vipjrz = =40 +1)2(20 +3)(2i + 5) (=N +j +2)(N+j +2)(n+j —i+3),
Yitt,; =81+ 1)(20 +3)(20 + 5)(25 + 3)(2j + 5)(N —n+j),
Yist, o1 =40+ 1)+ 1)(20 + 3)(2i + 5)(2j + 3)(27 + 5)(2N — n),
Yit1, 42 = —2(0 + 1)(5 4+ 1)2(2¢ + 3)(2i + 5)(2j + 5)
X(—N+j+2)(N+j+2)(—N+n+j+3),
Yito,; = =4 +1)2(27 +3)(2) +5) (=N +i +2)(N+i+2)(n+i—j+3),
Yit2,j+1 = —2(i + 1)2(j + 1)(25 +3)(2] +5) (=N + i+ 2)(N +i +2)
X (n+i—N+3),
Vit2,j+2 = —(E+1D2(f+1)o2(-N+i+2)(N+i+2)(N+5+2)
X (n+i+4j+6),



2601 Ahmed

with a; j(n) =0, i+ j > n and ay0(n) = ap,n(n) = 1. The solution of (6.12) is

() =) (7 Dl Doy

i (2i42)n_i_;

o | it -NAL G- (tit 1) i+
e N —n+j, j—n2j+2 l
1+7 <n.
In particular, for the special case y = 0, equation (6.11) becomes
(6.13) 22 =" MR (@ ),
i=0
where
n — 7(0,0 7(0,0 (1) '(1 —N)j
(6.14) e =Y ais () BP0 N), BP0 N) = S i3
=0 (J+ )]

The formula (6.14), after some manipulation, can be written in the form

(n). (n) (N =n)i(n—i+1),
2n — 2i + 2);

i (a1)j(az) (1),
2 OG0, 00);

x4 F. _i+j7j+a17j+a27j+a1.1
s 2+v+1,j+b,j+b |

where v =1,a1 =1—N,as =1, =N —n,bs = —n, a1 = —2n+1i— 1.
Using relation (4) in Sdnchez-Ruiz [10, p. 262], (see also, Luke [30], Volume II,
p. 7) with suitable choices of the parameters (p =¢=2,r=s=u=0,2z =
1, w = 0), one can obtain the following identity
i () (a1)j(a2)il0n); - o { —itj,jtan, jtayjta .1] 1
V(3 +v)j(b1);(b2); 2j+v+Llj+bjt+b 7 ’

=0
then the form of cz(-") becomes

(n) — (n) (N - n)nfz(l + 1)n7i
! : (20 +2)p_s ’

and hence Eq. (6.13) takes the form

C

=3 () {;37:;311”"—1‘ RO (@ N),
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which is in agreement with the result obtained by Alvarez-Nodarse et al. [3, p.
181] with o = 8 = 0.
Note 3. It is worth mentioning here the problem

(6.15) (x+y)*= Z a; ;j(n) }NLE(X’B)(:E; N) %aﬁ) (y;N), n< N -1,
i+j<n

could be also considered in a similar way as in the above example. In fact,

the corresponding recurrence relation for the expansion coefficients a; j(n) can

be obtained by inserting the data of monic Hahn polynomials ﬁga’ﬁ) (z; N).
However, this recurrence relation is very lengthy, but the expansion coefficients
a; j(n) in (6.15) has the formula:

n\ (n—1i (N_n+.j)n—i—j(i+5+1)n—i—j
ai7,*(’l’},): i . -
J ()( 7 ) (21+)‘+1)n7i7j
—n4i4+4,j—N+1,8+7+1, j—A+n+1i)

X 4 F . . i1
s 2]+A+1,N*TL+],]*TL*5, 7 ’
1+j5<n.
Moreover, for the special case y = 0, by following the same manipulation
and using relation (4) in [10, p. 262] with suitable choices of the parameters

p=qg=2,r=s=u=0,2=1Lw=0v=Na=1—N,aa=1+08,b1 =
N —n,bo = —n—f,a1 =X —2n+1i— 1), one can obtain

n = n N — n—i.+ +1n—i~o¢,
m=2 )( (7217);'1-)5:-1?711') W i ),

which is in agreement with the result obtained by Alvarez-Nodarse et al. [3, p.
180], and Zarzo et al. [52, p. L38§], .

7. Connection problem in the sense of the product of two classical
discrete orthogonal polynomials

The connection problem in this case is to determine the coefficients a; ;(n)
in
Qu(z+y) = > aij(n)Pi(z)P;(y),
i+j<n
where @, () is a classical orthogonal polynomial of a discrete variable.

We know that the classical orthogonal polynomials of a discrete variable
satisfy the second order difference equation of the form (2.2), then we get

[z +y—DV2+[r(z+y—1) = AV + A] Qulz+y) =0.
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7.1. The Charlier— Charlier-Charlier connection problem.
In the problem

(7.1) COVa+y)= Y ai;(m)C (@) (y),
i+j<n
where ¢ (x + y) satisfies the difference equation
(z+y—DVi+(y—2z—y—n+1)V,+n]C(z+y) =0,
the coefficients a; j(n) satisfy the partial difference equation

(7.2)
(n—i)a;;(n) = (i+1)aiy1j-1(n) = ((+ 1)1 +i4+7 —n+2a = 7)ait1,;(n)
—a(i+1)(j + aiv1j4+1(n) = (@ =) (i + 1)@ + 2)ait2,;(n) =0,
j=n—-1,n—-2..0,
with a; j(n) =0ifi4+j > n,a_1,j(n) = a;,—1(n) = 0and a, o(n) = ag »(n) = 1.
The solution of (7.2) is [see Appendix C]
(_1)i+j
ai,j(n) = ’L']'
0, otherwise.

(_n)i-‘rj (20( - V)n_i_ja { +.] < n,

In particular, for the special case y = 0, Eq. (7.1), after some manipulation,
becomes

ow =3 (1) - Ve,

which is in agreement with the result obtained by Alvarez-Nodarse et al. [3, p.
187], and Area et al. [3, p. 316].
For the case v = 2a, we get

n

O (e +y) =) (”) O @) 0 ).

=0

7.2. The Meixner— Meixner-Meixner connection problem.
In the problem

(7.3) MO (@t y) = Y aig (M @) (),
i+j<n
where M{*" )(x + y) satisfies the difference equation

[(@+y—1Vi+[af+ (8 —1)(z+y+n—2)]Ve+n(l—B)M" (z+y) =0,



Formulae for the product of two classical discrete orthogonal polynomials 2604

the coefficients a; j(n) satisfy the recurrence relation
(7.4)
(8= 1)*(n —d)aij(n) — (B = 1)*(i + 1)ait1,-1(n)
=B+ D0+ 10 + )it +(n) = (B -1+ 1)(n—28 - (B+1)(i+ )
+ B+ a—=29))airr;(n) = (0 +1)2(8( —n —a+v+3) = 1aie;(n) =0,
j=n—-1,n-2,..0,
with a; j(n) =0,i+j >n,a_1,;(n) =a;,—1(n) =0 and ano(n) = apn(n) = 1.
The solution of (7.4) is given by
( . ) T D) (@) (@ = 29
aij(n) =9 \B—1 il a)ivj (@ + i+ J)n—ivj
0, otherwise.

;i +j<n,

In particular, for the special case y = 0, equation (7.3), after some manipula-
tion, becomes

) ) = g (Y

which agrees with the result obtained by Alvarez-Nodarse et al. [3, p. 188],
and Area et al. [3, p. 318].

For the case a = 2+, we get
MED (4 y) =Y ( >M(v BN ().
1=0

7.3. The Kravchuk— Kravchuk-Kravchuk connection problem.
In the problem

(75)  EP(@+yN)= Y )K" @ NED g N), n < N,
i+j<n

where IN(,(IS)(:C + y; N) satisfies the difference equation
[(1=s)(@+y—DVI+[Ns— (z+y+n— 1]V, + 0K (z+y:N) =0,

the coefficients a; j(n) satisfy the recurrence relation

(7.6)

(0= )iy (n) — (i + Dace1y-1(n) + s(s = V(i +1)(G + DN = f)ar1,41(n)
—(@+1)A+(1-25)(+j) —n+s(N+2n—2))a1,;(n)
+s(s—=1)(i+1)2(n—1i—2)aj12,;n)=0,4,j=n—-1,n-2,..,0,



2605 Ahmed

with a; ;(n) =0,i4+j >n, a_1, ;(n) =a; —1(n) =0 and a, o0(n) = ag.n(n) = 1.
The solution of (7.6) is given by

i G (N ()i (N)n—iey

s =4 N g (N + ey IS
0, otherwise.
7.4. The Hahn— Hahn-Hahn connection problem.
In the problem
(7.7)
ROty M) = Y aig () (@ N (y; N), n < min{N —1,M -1},

i+j<n

where BEJ"” (x 4+ y; M) satisfies the difference equation

(+y—1)(M+y—2—y+DV2+[+1)(M—1)— (p+1)(z+y— 1)V,
+n(p+n)h @4y M) =0, p=~+0+1,
the coefficients a; j(n) satisfy the recurrence relation
(7.8)

Vij @i (N) + Vi1, -1 Qir1,5-1(0) + Yit1,5 Giv1,5(n) + Vit1, 41 Giv1,j+1(n)

+Yit2, -2 Gitej—2(n) + Yite, j-1 Gir2-1(n) + Vite, j air2i(n)

+Vit2, j+1 G2, j+1(0) + Yit2, j+2 Giteji2(n) =0, 4, j=n—1,n-2,..,0,
where

Yig = (i + 3)a(u +n+i)(n — i),

Yittj—1 = —(i +1)(i + 3)2(2i + p + 1),
Vit2,j-2 = —(z +1)a,
1)

’)/H_Q’j_l—*( 4(5+2M*N(N+2)+’7*6)7

Vit1,j = i( +1)(i+4) [I*(4M +4(y = 1) = N(u+5)) +2((1 = 6N) (u + 1)
+6n(n 4 p)) +i(12M — N(19 + Tp) + 2(=8 4+ 5y — 6 + 2n(n + u)))],
Yirrgr = (0 + 1) +3)o[-20 +[(1+5)*(G = N+ 1)(j + N +1)(u + 1)]
x [4B+45(j +2)] 71,
Yit2j = 116(2-1-1) [~16(M +1) —8(N —1)2 + 161 (n + p)
+4(pu+nn+p) —3) — 167+ 8(N — 1)(M —§)
+4(N —1)(2M — 2N 4y — 6) + 4(y — 36 + 4M + N(u — 3)
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8i(N+i+2)(—N+i+2)
(26 +3)(2i + 5)
8+ 1)(N+i+3)(-N+i+3) 45%(N*-j°)
(20 +5)(20 4+ 7) 452 -1
N 4G +1P(N+j+ DN+ +1) 16(u+ 1)+ 2)
3+45(+2) (3+1)2
(i+1)2(i+3)(N+j+1)2(-N+j+1)(u+1)
a (20 + 1)(2i + 3)2(2i + 5)
dn(n+ p)(N +i+2)(-N+i+2)

—dn(n+p)+6) +

(20 4 3)(2i + 5)
dn(n+p)(N +i+3)(-N+i+3)
(20 4+ 5)(2i + 7)
16(3+v+20+ M5 +1)—n(n+p)
(1+3)
4(81 42724 + 316142 + 1684° + 42i* + 44°
(20 4+ 3)(2i +5)(2i +7)

49+ 2i(16 + (23 + 11)))N?)
(20 +3)(20 +5)(20 +7)
Yoz = 70+ a2 = V)
+ 225 +1)(25 +3)] "
[+ DN+ + D(=N+j+1)(0 —y+2N - 2M — 4)],

o D+ D)PE 2PN DN 5+ 1),
Tzt 16(27 + 1)(2) + 3)2(2j + 5) ’

I,

with a; j(n) =0,i4+j >n, a1 j(n) =a;—1(n) =0 and a, o(n) = agn(n) = 1.
The solution of (7.8) is given by

(=) (1 = M) (1 +0)n(=n)irs (N4 p)iy;
g = M)igj (L4 6)ivj (n+ pn

Xni 1 (-n+it+j)e(m+p+iti)e (G+De(=N+j+1)
a; j(n) = = Y (M +i+7+1)e(2§+2)(0+i+75+1)
< 1Py —l,—N+i+1,i+1,-2j—4—2 1l iti<n,

N—l0—j,—j—4£,20+2
0, otherwise.
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Note 4. The problem

(7.9)

RO (@ +y M) = Y ang ()R (@ )RS (4 N), n < min{N, M},
i+j<n

could be also considered in a similar way as in the above example. In fact,

the corresponding recurrence relation for the expansion coefficients a; j(n) can

be obtained by inserting the data of monic Hahn polynomials ﬁga”g )(x;N ).
However, this recurrence relation is very lengthy, but the expansion coefficients
a;, j(n) in (7.9) has the formula:

(D)™ (1 = M)n(1 4 0)n(=n)it; (n+ p)iv
WL = M) (L4 0)igj(n 4 p)n

ai, j(n) =

"Il (ntit e (ntptiti)e(G+HB+ 1) (N +j+ 1)
i (M +i+7+0D)e2j+ A+ 1)(0+i4+5+ 1)

0, -N+i+1,8+i+1,-2j—£—X—1

xaFy N—l—j—j—B—02+\+1

;1

Remark 7.1. Up to now, and to the best of the author’s knowledge that an-
alytical solutions of the recurrence relations of variable coefficients with two
indices may be very difficult in general (see [417-50]), but the authors in these
papers present the formulae of general solutions for some definite classes of ho-
mogeneous and non-homogeneous recurrences of variable coeflicients with two
indices. Hence, the given analytical solutions of the recurrences (5.7), (6.6),
(6.8), (6.10), (6.12), (7.2), (7.4), (7.6) and (7.8) may be obtained by alternative
method. This method depends on using some algebraic manipulation, the aid
of the symbolical expression of Newton’s formula for a function f(x),

oo

(7.10) f@)=3" (jj) Ak (0),

k=0

and the known representations for the falling factorials in terms of the classical
discrete orthogonal polynomials (see [25, pp.85-6]), to find the expansions (5.4),
(6.5), (6.7), (6.9), (6.11), (7.1), (7.3), (7.5) and (7.7) [see Appendices A, B and
C]. Then, the obtained expansions coefficients will be actually the analytical
solutions of these recurrences.

Remark 7.2. It should be mentioned that one of our aims here is to empha-
size the systematic character and simplicity of our algorithm to build linear
recurrence relations of the form (5.2), which allows one to implement it in any
computer algebra (here Mathematica Version 8) symbolic language has been
used.
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Appendices
Appendix A

The analytical solution of (5.3) is u(x,y) = vy 2~*27¥Y4z+y. The analytical
solution (5.8) can be obtained as follows
First, we show that
(A1) f@)=227 =3 0} ()
i=0
where
) 1—1
fi= ( )' (2i — o) e= /2,
1!

It is easy to see that AFf(z) = (—1)*27*"%(x — k), then [AFf(z)]
(—1)k*12=* k. Using (7.10) and the equality

yield the formula

1 — xk
(A.2) =3 E —'
k=0
Substituting the formual [3, p. 180]
Zk k ()
k k—i Ao
’ i=0 (i>a e

(A.2), expanding and collecting similar terms, lead to

_9)—(i+1) > (—a/2)%\ -
=S (mﬂ*(% S </2>>
i=0 ’

o) GV@)
k=0
—(i+1)
—Z( (21 —a)e” )c“*()

then (A.1) is obtained. Now, in view of (A.1), one can see that

[ee]

— (=2)= 0+ 2)(21 @)(2j—a) Ala) (@)
ulr,y) = 7 C’ C
(!.3) ( ) MZO 51 ( ) ( )

+2aC5 (2)C8 (y) + C1 (2)C5 (y) + C5 (2) O\ ().
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The expansion (A.3) can be written in the form

Zauq” )C5 (),

2,7=0

where the coefficients a; ; are given in (5.8). By using Mathematica, it can be
checked that the formula (5.8) satisfies the recurrence relation (5.7).
Appendix B

In the expansion

—i

1’+y Z ai, ‘T)Pj(y)a

=0

S

<.
I
=)

the coefficients a; ;(n) have the form

n—i—j ' -
(B.1) a;j(n) = Z ( n >d7(:n—3—r)d§ﬁ+r)7

r=0 ]—|—T’

where dz(-") (i=0,1,...,n) are the coefficients in the expansion

(B.2) 2 = f: d\"™ Py().

=0

The formula (B.1) can be proved as follows:
By using (7.10), it is not difficult to show that

n — n\
(8.3 @4y Zb< )k, 600 = () o2

Substituting (B.2) in (B.3), expanding and collecting similar terms give

n

(B.4) (@+yt=> "y Pi(),

=0

where
(n) (HJ
Z bZ+J

(n) (y) can be written in the form

The coefficients c;

n—1

n 3 i n n—iq
) = S AD () A§-><n>=(j)d§ »

<.
I
o
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Using (B.2), expanding and collecting similar terms, yields the formula

(B 5) -
=3 <Zd ) A (n) = ( Z] Agﬁj(n)dy“)) P;i(y).

Jj= r=0

Substituting (B.5) in (B.4) leads to

B6)  (r -ty i (nzj AL (n) d”*”) P(2)P;(y),

then (B.6) takes the form

(@ +y)™ Z ai, )P;(y),
=0 j5=0

where

S0 (g S () g g

aij(n) = Y Nmd™ = Y7 ( >din T

r=0 r=0 g+
The solution of recurrence relation (6.6): In this case dgn) = (?)a”’i,
then

(B.7) a;j(n) = ngj (j i T) (n —Z’ — r> (j er r) e

The formula (B.7), after some manipulation, can be written in the form

a1 = (1) T i Z (")

(B.8) i
_ (71)i+j (Z';:-H (2a)n7ifj.

By using Mathematica, one can see that the formula (B.8) satisfies the recur-
rence relation (6.6). Similarly, the analytical solutions of recurrence relations
(6.8), (6.10) and (6.12) can be obtained.

Appendix C
In the expansion

= Y A j(n)Pi(z)P;(y),

i+j<n
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the coefficients a; j(n) have the form

~— T+Z+.] r+i—s +s
) 2)2:(. Y s o),

=0 s=0 j+8

where ax(n), k =0,1,...,n, are the coefficients in the expansion
(02) Qn Z ak

The formula (C.1) can be proved as follows:
By using (C.2), one can see that

(C.3) Qu(z+y) = ar(n) (= +y)~
k=0

Substituting (B.1) in (C.3) yields,

N

—1i

n k
Quiz+y) = ar(n) | D> ai;(k)Pi(x)P;(y) | ,
k=0

1=0 7

Il
o

then expanding and collecting similar terms lead to

(C.4) Qu(z+y) = B (y) Pi(x),
1=0

where

(C.5) BM(y Z Z a j(r ar.

Again, by expanding and collecting similar terms, the formula (C.5) takes the
form

n—i /nm—i—j
(CG) Bz(n) Z ( Z [ T+Z+])ar+l+J> P (y)

7=0 r=0

Substituting (C.6) in (C.4) gives

Qn(z +y) =ZZ< > ai,j(r+i+j)ar+i+j> Pi(x) P;(y).

=0 j=0 \ r=0
Using (B.1) yields the formula

n n—i

n(@+y) =Y A ;(n) Pi(x) Pi(y),

=0 j=0
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where o

n—i—j r . .

T4+ J r+i—s 45
Austr) = 32 5 (T A

r=0 s=0 Jts

The solution of recurrence relation (7.2): In this case dﬁ”) = (})a!
1)k (=

and ax(n) = ()lﬂw(—"y)"”c then

=3 (S(()05)
“ ar(__v)nrij(_q)r+i+jé;_:2;1j;;.

By using Mathematica, one can obtain

i<r+z‘+j><r+z‘s>(j+s> e (r+i>(i+j+r)
—\ jts i j i j
then

Aiy(n) = n_i] (’“ * ’) (Z Al r) (20) (—)n—r—id (1)t ZWrties

o i J (r+i+j)!
Using the equality (—n), = (—1)*k! (}) leads to the form

r=0

Using Mathematica, after some manipulation, yields the formula

(_1)i+j
5!

(G.7) Aij(n) = (—=n)it; (20— 7).

By using Mathematica, it can be seen that the formula (C.7) satisfies the

recurrence relation (7.2). Similarly, the analytical solutions of recurrence rela-
tions (7.4), (7.6) and (7.8) can be obtained.
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