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Abstract

We use operational identities to introduce multivariable Laguerre polynomials. We explore the wealth of differential
equations they satisfy. We analyze their properties and the link with Legendre-type polynomials. (©) 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The use of operational methods of the Lie type in the theory of ordinary [8] and generalized [5]
special functions, offers a powerful tool to treat the relevant generating functions and the differential
equations they satisfy.

In the case of multivariable generalized special functions, the use of operational techniques, com-
bined with the principle of monomiality [4,5] has provided new means of analysis for the deriva-
tion of the solution of large classes of partial differential equations often encountered in physical
problems [3].

The two variable Laguerre polynomials [6]

n (_1)kyn—kxk

offer an efficient example to illustrate the above concepts.
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They are indeed quasi-monomials (q.m.) under the action of the operators

M=y-D.', P=-DxD,; (2a)
in fact,

ML, (x,p) = Lya(x, ), PLy(x,y) = nL,_1(x, y). (2b)
In addition, since

L) =l (), (20)

it follows that the L,(x, y) are the natural solution of
0 A
a—Ln(x, v)=—-DxD.L,(x,y) 3)
V

which is a kind of heat diffusion equation. By setting indeed x = p?, the differential operator on the
r.h.s. of Eq. (3) becomes the transverse Laplacian in cylindrical coordinates. The identities given in
Eq. (2) can be further handled to get the new relations

L,(x,y)=0,

2 0
[)’xaxz —(x— J/)a +n

o 0 0
|?8x8y — (@ + naﬂ L,(x,y)=0.

The considerations, just developed for Laguerre-type polynomials, have also been exploited to
deal with other classes of polynomials, like Hermite and relevant generalizations, and have provided
new and unsuspected possibilities to deal with, seemingly unrelated problems from a unified point
of view.

In this paper we will extend the method to a new class of Legendre polynomials. The results we
will obtain and discuss are a further contribution along the line developed in [3-6]. We will see
that this new class of polynomials yield new and interesting possibilities for dealing with a wide
class of partial differential equations.

The layout of the paper is as follows. In Section 2 we introduce a new class of polynomials
associated with the two-variable Laguerre polynomials and discuss their properties. In Section 3
we discuss the link between Laguerre-type and Legendre polynomials. We devote Section 4 to
concluding remarks, with particular reference to the wealth of differential equations satisfied by the
various introduced polynomials.

4)

2. A useful generalizations of the two variable Laguerre polynomials

It is well known that, along with Laguerre polynomials one can introduce the associated Laguerre
polynomials whose two variable extension has been proposed in Ref. [7] and reads

L(x,y)= (1 — yD,)"(y — DY (5)

"Where Dy is the derivative and D' its inverse.
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The properties of this class of polynomials have been discussed in the reference already quoted
but for the purposes of the present note is more convenient to introduce the following new set,
which will be defined as associated of second kind,

n n!ynkawrk
1Ly, (x, y) = Z . (6)
— (n—k)k!(r + k)!
The reason for the index “1” will be clarified in the following section.
It is not difficult to infer that they satisfy the q.m. properties
X'Dox” " Dy Ly (%, y) = 1Ly (5, ), )

(y + DAx_l ) ILVI,V(x5 y) = an+1,r(x3 y)

which can be combined to prove that they satisfy the following differential equation:

(D + [x + (1 = r)y1D} 1Ly, ¥) = (4 7)1 Ly (3, 9). (8)

Furthermore, since

0
p» 1Ly, (x,¥) =n 1L,y ,(x, ), 9)
Y

it is also proved that this new set of polynomials satisfy the p.d.e.

0 . .
a_ an,r(-xa y) == erxx7r+1Dx an,r(xa y)’
Y Xt (10)

L,, = .
1 n,l(xao) (l’l+l")'

The generating function can also be derived quite straightforwardly. From the second expression
of Eqgs. (7) we get indeed

A X"
(+ D) = 1L (3, 7). (1)

By multiplying both sides of (11) by #*/n! and then by summing up, we find?

o0 n r

t 5— .
S L y) = e S — e (), (12)
“— n! r!
where
= (1)
C(x)=») ———— 13
=3 ot (13)
is the Tricomi function of the rth order [5]. A similar procedure yields
> 1 x"
" Ln,r(x, ): A1y
; 1 g (1 =y 1= (4/(1 = yt))D; " 7!
1 & t* xS 1 | TR < xt )}
= = — e — e, , 14
l—ytsz:;(l—yt)s(r—l—s)! (1= )= r {e I \1 = (14

2 Recall that D, k =x*/k!, for further comments see [6].
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where e,.(x) is the truncated exponential (e_;(x)=0). Further comments will be given in the con-
cluding section.

The link between the two variable associated Laguerre polynomials of second kind and the ordinary
associated Laguerre polynomials is provided by

n!
(n+nr)!

We must emphasize that the formal properties we have discussed, hold unchanged if » is any real
number p. In this case,

L(x) =

XLy (—x,1). (15)

n ynkaerk
Ly, (x, y) = n!
Lnp(,y) = n ;(n—k)!k!r(k+p+1)

(16)

is a function whose properties will be touched on in the final part of the paper.

3. The Legendre generalized polynomials

In this section we will show that a proper generalization of the two-variable Laguerre polynomials
may bring to light unsuspected relations with the Legendre polynomials.

According to the point of view developed in this paper, we can write the two-variable Laguerre
polynomials as?

~—k
n n—kD
X

Lxy) = +Dy=ny 2
k=0 (n

— (n—k)lk!” (17

In this operational form they are nothing but polynomials generated by binomial powers. Within
such a framework the most straightforward extension of (17) is

[n/2] n—2kDA*k
X

_ Ay P
2Ln(-x7y) _H”(y’Dx )—I’l' Z (n — 2k)'k"

k=0

(18)

where H,(y,z) denotes Kampé-de Fériet polynomials [2].
According to Eq. (18), the ,L,(x, y) polynomials are gq.m. under the action of the operators

M:y+2ﬁ;lﬁ, ﬁ:ﬁ. (19)
ay ay
Therefore, the identity
ﬁMZLn(xa J’):(”"‘ 1)2Ln(x>y) (20)
in differential form yields
0 ?
- 2Ln(x, ) = 0. (21

oy? + y@x@y ~"ox

3 Note that L,(x, y) = 1L.(—x, ).
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It can also be easily checked that ,L,(x, y) are the natural solutions of

0? A
w 2L,(x, v) = (DxD,) 2L, (x, y) (22a)
which can also be rewritten in the form
0? 0? 0
a7 Vo ) o) =gl y) (22b)

The generating function of the ,L,(x,y) polynomials can be obtained as in the case of the
Kampé-de Feriét polynomials [4],* namely

o0 n

t 2DV osa 2p—
S oLy y) = ST = e DT — e Cy(—ar?) (23)
n=0 """
it is also worth noting that
_ a n _ as
<y+2D ! ) Zf( ) (DD et (24)

As a further remark, let us note that we are able to derive from ,L,(x, y) the Legendre polynomials
[1], in fact

2Ln(_%(1_y2),y):Pn(y)’ (25)
By setting therefore y = sin ¢, we find from Egs. (25) and (23), the well-known relation [1]

[ee] tn 1 ) o0 tn . .
Z o 2L, (_ZC052 @, sin (p) = Z EPn(sm @) =¢"""?Jy(t cos ). (26)
n=0 """ n=0 """

It is evident that the obvious generalization of Eq. (18)
[n/m] yn—mkD;k

L =H™(y,D;)=n) = 27
(x,y)=H,"(y,D, )=n kz:;(nfmk)!k!’ (27)
satisfies equations of the type
o w00 = (DaxD) w0,
(28)

o 0? 0
<m0y—’" + y&x[}y — na) mLn(x) =0,

the last of which generalizes Eq. (21). The polynomials (27) are indeed q.m. under the action of
the same operator P in Eq. (19) and of

m—1

aymfl :

M=y+mD," (29)

4Recall that

oo tn 5
S =

n=0

and it is clear that at least with respect to the y variable the »L,(x, y) can be viewed as Appell polynomials.
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Fig. 1. (a) contour plot of 2La(x, y); (b) 3-D view of 2La(x, y).

Furthermore, they are specified by the generating function

o0 n

S L Ll v) = e Co(—xt"), (30)

n=0 """

We can also introduce associated Legendre Polynomials linked to ,L,(x, y) by

1
an <_4(1_y2)>y) = mPn(y)a (31)
obeying the generating function
o) Iz )
> — wPi(sin @) =& %.Jy(cos pt"?). (32)
—~ n!

The results of these sections and the implications we have proved, confirm the usefulness of
the researches associated to this class of “exotic” polynomials, in particular for the search of exact
solutions of various forms of p.d.e.

An idea of the behaviour of these functions is provided by Figs. 1 and 2.

4. Concluding remarks

The use of the above polynomials and of the associated operational calculus is particularly useful
to explore the properties of new generalized special functions and also to derive new identities for
already known polynomials. Let us, indeed, consider the Rainville-type generating function

o0 L/

t
Z ﬁ an+/(x: )’) = ISn(x: s t) (33)

/=0
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Fig. 2. Same as Fig. 1 for 7L4(x, y).

By recalling that
La(x,y)= (v + DY, (34)

we can rewrite Eq. (33) in the operator form

1Sn(xa v, t) = et(y+[3;1) an(xa J/) (35)
By noting also that

—r

lax 1Ln(x’y): an,r(xa y)a (36)

we eventually end up with

S

t
1S,(x, y;t) =¢” Z ] 1L (x, ¥). 37

r=0 " °

We can interpret the summation on the r.h.s. of Eq. (37) as an exponential function defined as

> tr Ln,r(xa y)
w0 =3 (38)
This function (E,(x, y;¢) has a number of interesting properties
(a) It is solution of the partial differential equation
0 E.( 1)+ ¢ E.( 1) 0 E.( 1)
AL X, Vs A AL 2\ X, Vs =n_- X, V5 )
' Y y@xay : Y ox ' Y 39)

1El(x,0;1) =x"C,(—x).
(b) It can be formally defined as

(6, yi 1) = (y + D' yred (40)
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(c) It satisfies recurrences of the type

(v + D DE yi D) = 1By y 1),
0 (41)
67 lEn(xa y: 1) = nlEnfl(xa ya 1)
y
A point to be stressed is that we have recognized that the Legendre polynomials are a particular
case of ,L,(x,y) it is therefore, worth noting that, along with Eq. (23) we can recover the further
generating function

> 1
Z tn an(X, y) =
n=0

[1+ ()% —4x)2 — 2yt]'"?

which clearly reduces to that of the ordinary Legendre polynomials for x = —i(l —%).

We have stressed that one of the main motivation of the present work is the analysis of the partial
differential equations, associated with the polynomials we have so far introduced. Let us therefore
go back to Eq. (10), which can also be rewritten as

(42)

xn+r

(n+r)
This equation offers the possibility of much interesting speculation, which will be fully developed
elsewhere. Here we note that in the case of » = 1, we find

Ly (x, y) = 107 DD0) (43)

. n+1
— a)xD;
L) =S (44)
By summing up on the index n and by using the generating function (14), we get
/- _ 1 = e}’xﬁi(ex —1). (45)

It is therefore evident that the polynomials L, ;(x,y) offer the possibility of solving Fokker and
Planck equations of the type

0 A
S y) =D f(x.7) (46)
V

which play an important role in the framework of phenomena related to quantum beam life time in
Storage Rings [9].
The general case (43) deserves particular interest too. Here we limit ourselves to noting that (see
Eq. (12))
(=P Y € (—x) = &7 (x) C(—x). (47)
Before closing this paper we want to add a final consideration we believe important. The polynomials

[n/m] D—(n—mk)xk [n/m] yn—mk k
Yy

~ (m) m)yr A—1 N . X
Hn (y,X):Hyg )(Dy ,X)—n!Zm—n!Zm, (48)

k=0 k=0
can be considered the mirror image of Eq. (27), satisfy the generating function

Ny A "
> HM(D,x) =" (1) 49)
n=0 """
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Fig. 3. Same as Fig. 1 for H; (x, y).
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Fig. 4. Same as Fig. 1 for f~127)(x,y).

and are solutions of the p.d.e.,

6 ~ (m) A A\ ()
aHn (yﬁx):(Dny)/) Hn (y)'x))
\ (50)
r5(m) y
Hn (y,O):—'
n:

See Figs. 3 and 4 to get an idea of the behaviour of the I:I;m) polynomials.
The topics we have treated in this paper, the variety of problems we have connected, going through
the partially unexplored world of generalized polynomials, yield perhaps an idea of the capabilities

of the techniques we are developing. Many of the points just touched in the paper will provide the
basic elements of forthcoming investigations.
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