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Abstract

It is shown that an appropriate combination of methods, relevant to generalized operational calculus and to special
functions, can be a very useful tool to treat a large body of problems both in physics and mathematics. We discuss
operational methods associated with multivariable Hermite, Laguerre, Legendre, and other polynomials to derive a wealth
of identities useful in quantum mechanics, electromagnetism, optics, etc., or to derive new identities between special
functions as, e.g., Mehler- or mixed-type generating functions. (©) 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Glaisher operational rule [18]:

25 1
eacz/cxzefﬂxz — = 4aﬁe*ﬁx2/(1+4°‘ﬁ) (1 )

is a genuine example of how operational calculus applies to the solution of the heat equation
0 02
%f(x,cx) = ﬁf(xaa)a

F(x,0)=e", (2)
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The proof of (1) is fairly straightforward and is based on the Gauss transform

flom) = Nl@ e 0 3)

In this paper we will show that identities of type (1) can be extended to more complicated relations
involving products of Gaussians and of Hermite or Laguerre polynomials.
The first example we consider is

Bu(x,2) = &7 (H,(x)e ), )
where H,(x) are the ordinary Hermite polynomials (HP), specified by the series
R (—1y x>

H,(x)=n! 5
()= ; ri(n —2r)! ®)
and by the generating function
o 1 _p
o H () = )
n=0 """

By multiplying both sides of (4) by #"/n!, by summing up over n, and by exploiting (6) and the
Gauss transform, we get

_ 2rt/(1+4cv,ﬁ)—t2(l—4a/(]+4a/)’)) —Bx? /(1 +4ap)

X, —— e . 7
E ¢ (x,00) = ﬁ ey (7
By expandmg the r.h.s. of Eq. (7) in terms of Kampé de Fériet polynomials (KDFP) [10]:

[n/2] rxn72r

= tn _ xt+ytz — y
;aHn(x,y)—e ,  Hy(x,y)=n! Zm (8)

and by equating the like ¢ power terms, between both sides of Eq. (7), we end up with

- ; — [ /(1+42p) < 2x 4wl - f)— 1)
Pnlx,2) = NN B\ TS ap 17408 ) ©
This last identity is an example of how two-variable HP of the KDF type, can be employed within
the framework of an operational solution of the heat equation.
The use of the H,(x, y) is not strictly necessary for the solution of Eq. (9), which can be rewritten,
albeit in a more involuted form, in terms of ordinary HP only. It is therefore worth considering a
case in which the use of generalized HP forms is crucial. The problem we will discuss is

Gum(x,00) = 71 H (px + 8)H,p(tx + ). (10)

The procedure we follow is the same as before: we multiply indeed both sides of (9) by ¢"/n! and
by u”/m!, sum up over the two indices and eventually get

DX, ) = e P04h g (4,B;C,D|F),

1
V14 4ap

_ Xy Aa(P - p)—1
2<5+1+4aﬁ>’ B= 1 +4ap °
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XT 4o — B) — 1
C=2(41 , D=———-——
( +1+4aﬁ) 1 +4ap
8oyt
= 11
1+ 4ap’ an

where we have denoted by H,, the two-index, four-variable, one-parameter Hermite polynomials
specified by [3]

min(m,n)
Fanfr(AaB)Hmfr(CaD)
Hl,m(A’B;C’D’F):n!m! Z r'(l’l—l’)'(m—l”)' ’

r=0
s " u™ 2 2
Z ;%Hn,m(A,B; C,D ‘ F)= At TBr+Cut D+ Fru (12)
n,m=0 """ :

The previous examples show that it is fairly simple to use the wealth of HP like forms to state
nontrivial generalizations of the operational rule (1), useful to treat problems involving (e.g.) Fokker—
Plank and Schrodinger-type equations.

Let us, furthermore, note that a consequence of the Gauss transform is the following important
identity:

@) = Hyx, ), (13)

which can be easily proved by using the already exploited method of generating functions.
Two-variable Laguerre polynomials have been introduced in [1] and are specified by the series

oy (n+ o+ 1) (—x)

L(x, y) = (14)
= (n—=r)r'l'(r+a+1)
and by the generating function
> 1
tng(%) , — —Xt/(l—)’f). 15
According to this last identity and Eq. (1), we can also conclude that
0 d? ox* > (_ﬁ)n n > n _
€ % ;T-xz :;(_ﬁ) gn( 1/2)(_)‘-2940‘)9 (16)
which, on account of identity (13), yields
Hy,(x,00) = n) LV (—x2, 4ar), (17)

as a further example of the usefulness of the method we are discussing.

The points, we have just touched on, are essentially introductory examples aimed at providing the
feeling of how nonstandard polynomials and operational rules can be combined to treat problems of
different nature, both in pure and applied mathematics. In the following sections we will treat more
deeply these topics and discuss various problems whose solution is greatly simplified by the use of
the methods based on an appropriate embedding of operational rules and of the properties of the
generalized special functions.
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2. Operational rules and generating functions
The Burchnall rule [8] is a fairly interesting relation, involving differential operators, which may

be exploited in different contexts. Below we present some generalizations of this identity, along with
some applications.

The following relation, reducing to the original Burchnall identity for f =2 and o« = —1:
d S 1 d
nesn )= (ag, o) =3 (1) 2 (e y8) g (18)

can be proved by exploiting the generating function method and elementary decoupling theorems;
we get indeed

- tn oL X X
>0 T ) = e e, (19)
n=0 """

The exponential on the r.h.s. of Eq. (19) contains noncommuting operators, therefore the use of the
Weyl decoupling identity [15]

el8 = eleBe 2, (20)
if [A,B]=AB—BA—BA=k keC
yields

I’l

r (ary d°
T _ ot d/dx+pix _ Prc+(1/2)aps? o't d/dx __ H < - ) , 21
3 sy = =3 L () SO

|
s=0 s

which, after rearranging the summations and comparing the coefficients with the same #-powers,
provides Eq. (18).

Let us now consider the possibility of extending identities of the above type. Before discussing
this aspect of the problem, we introduce the three-variable Hermite polynomials and a more general
decoupling theorem.

(a) The polynomials H,(x, y,z) are specified by

o] IV

2,3
§ an(x, y,Z) — ext+yt “+zt ,
=0 n.

[n/3]

n—3r(X, )
Hy(x, yz) =t 3 2= 0), 22
(x y,2) =n! ; rl(n —3r)! (22)
(b) If 4, B are noncommuting operators such that
[4,B]=md”, mecC (23)

then, the following decoupling identity holds [8]:

P A P 25
eA+B:em /12—(m/2)A +AeB. (24)
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The use of the relations given above and the procedure, which we have outlined for the proof of
the previous example, allow to state the identity

dY & /n o\ d
2 — _ r 2 -
(x —i—ocdx) E (r) o H,_, (x ,0LX, 3) P (25)

r=0

which is a further example of the close interplay between operational rules and nonstandard forms
of special functions.

The case we are going to describe is more general than the examples we have given so far and
involves polynomials with many variables and many indices.

We consider indeed the case [6]

Tyn(x,v;a,b,c) = <ax+by— d_6x> <bx+cy— %) , (26)

where
a,c>0, A=ac—b*>0. (27)

We can adopt a slight extension of the previous procedure to get

o m ,n
_'M_'Tm’n(x’ yia, b,C) — et(aerbyfﬁ/ﬁx)eu(bercyf&/ﬁy)
(m,1)=0 m: n:
— e(ax+by)t+(bx+cy)u—(1/2)(a12+2but+cu2)e—t('/‘/(?xe—m?/ﬁy' (28)
By recalling that [3]
)
e(ax+by)t+(bx+cy)u—(1/2)(at2+2but+cu2) — Z Lm'uir:[_]m’n(x’y)’ (29)
g ! 1!
we end up with the identity
m n .
m n aiJrs
T,.(x,v;a,b,c)= — 1) H,, s, , 30
wntiabe) =350 (") (1) <1 Ha )5 (30)

r=0 s=0

which is a two-variable two-index generalization of the one-variable one-index Burchnall identity.
It is worth noting that the H,, ,(x, y) belong to the same family of the polynomials given in (12),
and can be explicitly rewritten as

Hm,n(xa y) = Hm,n(ax + bya —%(l, bx + c), _%C ‘ - b) (31)
In addition, by generalizing the operational rule (13), we write
e—(1/2A)(c82/6x2—2b62/6x(3y+a82/6y2)[(ax + by)’"(bx + cy)n] :Hm’n(x’y). (32)

This fairly important result has been exploited in many different applications. We note that the
operator appearing in the argument of the exponential can be viewed as a generalized Laplacian.
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Relations of the above type can, therefore, be utilized in dealing with multivariable Fokker—Plank
equations.

Just to give an example, we note that the operational rules and the formalism we have developed
can be exploited to evaluate integrals of the type:

" ~ —(1/2)(ax* +2bxy+cy?) n . 2. c a b
/ dx/ dye e (X+OC) (y+ﬁ) :ﬁHm,n a’ﬂ;ﬂ’ﬂ _Z . (33)

This last result is general enough and can be exploited in different contexts involving, e.g., coupled
harmonic oscillator problems.

An interesting by-product of the present formalism is the derivation of Mehler-type generating
functions. We consider indeed the following example:

%)
t"l A ) ) A

S L H, (o p)H 5 w) = @ )

n=0 """

1 e(xzt+t2(wx2+y22))/(l*4tzyw) ‘t’ < 1 ! (34)

V1 —42yw ’ 2. /yw’

which is a fairly straightforward consequence of identity (13) and of the Gauss transform.

3. Operational formalism and mixed generating functions

In the previous section, we have dealt with ordinary generating functions. Here, we will refer to
mixed generating functions (MGF) for cases involving sums of the type

SCey; ) =3 1" fulx +ny) (35)
or their suitable generalizations.

The theory of MGF has been pioneered by Carlitz [2] and Srivastava [5], who employed the
Lagrange expansion as the essential tool to develop a unifying point of view on the problem and
to derive families of MGF in a fairly direct way (see also [18]). In the following we will consider
generalization of the results quoted (e.g.) in [18] (and the references therein) by employing the
two-variable Lagrange expansion [14]

h[U(S,l‘),U(S,t),S’t] . o s 5m+n
A(u(s, 1), v(s,1),5,t) > o {W

u(s,t) =sf(u(s,t),v(s,t)),v(s,t) = tg(u(s,t),v(s,t)),

[ACx, y, 5, 0)(f (%, 7)) (9 (x, y))")]}

m,n=0 x=y=0

a0 = (1-s2 1) (1- t%g(x,y)) s [%f(x,y)} o] (36)

on the basis of the above expansion, we can easily obtain the following mixed generating function
(MGF) [4]:
o0 mogn
Z u_ _Smn(x+mway+nz):
m! n! ™

m,n=0

ell/] (ax+by)+yn(bx+cy)

1 — awyn — czyp + Awzynifs
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Swal%,¥) = (ax + by)"(bx +cy)', A=ac— b,
Y = ue @Iy = pebhitel), (37)

It is quite natural to apply Eq. (32) and derive from Eq. (37) the MGF for two-variable two-index
Hermite polynomials

oo

u™ t" e
Z — —'H,,,),,(x +mw,y+nz)=
ey min!

Yi(ax +by) (b tey)— 3 (@) +2bra +eld)
1 — awyy — ez + Awzinifs

To provide a further example, we also consider the polynomials 4, ,(x, y; T) specified by

(38)

oo

u™ v"
Z “ _hm n(xa v; T) — ext+yu+ruv’
m!nl ™
m,n=0
min(m,n)
R (X, y;T) = m!n! Z

s=0

.L..s'xm—syn—s

sl(m — s)!l(n—s)!

(39)

and by the operational rule
eraz/ﬁx(?y(xmyn) — hm,n(x’ Vi ‘L'). (40)
The combination of Egs. (36) and (40) yields the following MGF:

00 m ,.n 1+ i+t
Z u—v—hmn(x+ocm+ﬁn,y+ym+5n;r): © ,
mlnl " 1 — oy — Ovp + EYnih

m,n=0

E:aé_ﬁ%

Y = ue Py = pethiton (41)

and

o0 m 7

Z u_'v_'(x + am + ﬁn)(m+n)/2hm,n (\/x + am + fn, \/x + om + fn; 'c)

m:n

m,n=0

e+ tfnyn)x
1= — B — (e + By’

Y = ue Wit = pelPWi i) (42)

This last relation generalizes an analogous result due to Srivastava [17,18] and is valid for the
ordinary Hermite polynomials.

So far we have discussed the case of Hermite polynomials and associated generalized forms.
We will discuss MGF associated with H,, ,(x, y) polynomials in the concluding section. Here we
will consider the use of operational methods to derive new families of MGF involving Laguerre
polynomials. To this aim, we remind that the operational rules defining the associated Laguerre
polynomials yield [12]

d

L= (1- 5 ) a-a0 (43)
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where 2! is the inverse of the derivative operator. By recalling that

Gor=T ) = [+ ), (44)

we can use Eq. (43) to derive the following generating function involving both indices m, n:

[ee) tn . 1
Z u" Elm)(x) _ eu(l d/dx)et(l g, ) _ eu+tC [(x o u)t] CO( )_ Z ( )2 (45)
(=0 m! n! — (r)
The same procedure can be exploited to prove that
- u" tn (m) zu+ yt
> (x, y,2) = Co((x — u)t),
(0 m! n!
(46)
(m) — n 1\ ry(m— q)
wer =33 (1) (1) - - 1w,

q=0 r=0

by combining Eq. (46) and the two-variable Lagrange expansion, we are able to derive the following
MGF:

oo

u™ t"
> i L(x, y + am + Bn,z + ym + on)
(m,n)=0

eZ‘Pl +yin

T 1= — B + Aath

= ue”/'//lﬂﬂﬁz’ W = tedhthn

Col(x =¥ )ypl, 4 =7yp — oo, (47)

The results obtained so far will be complemented by further considerations developed in the con-
cluding section where, among other things, we will extend the methods we have developed to the
derivation of higher-order generating functions.

4. Higher-order generating functions

Higher-order generating functions (HOGF) involve sums of the type
S )= " fiu(x), jEN (48)

and have been recently discussed in [7,13,16]. Their importance stems from their use in the theory
of squeezed states in quantum optics and in classical electromagnetism. Initially they were proved
for Hermite polynomials only [13,16]. Subsequently, they have been extended to all the families of
special functions possessing a generating function [7].
The derivation of HOGF is greatly simplified by the use of operational methods. It is indeed well
known that
()" 1 : Yo ok
Z Gyl kg e, T =te™, (49)
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which, according to Eq. (13), yields

Sl 1< >
Z .—[—Ijn(x:y) = - Z ex‘rkJrJJr,“ (50)
= () J i

The above result can be further generalized to get HOMGF. From Egs. (49) and (13) and from the
Lagrange expansion, we find that

s j 1 J exwﬁ»wa, 51
— W
nzo ( ) j,,(x—i—]nz )’) j ; 1 —ZWk’ Wy %€ ( )

Just to provide a further example aimed at stressing the effectiveness of the operational methods, we
note that from Eqs. (32) and (49) we are able to derive the two-variable HOGF as follows [9]:

J

Z Z (km)! (] ) km,jn(X,y) Z Z eZTMW,, 5 /MW, )

m=0 n=0 r=1 I=1

X . a b uei2rrr/k
). (3 0 mm ()

We have used a matrix notation to have a more compact form; note that the superscript T denotes
transpose. The extension to the mixed case can be considered trivial and left out for the sake of
conciseness. For further comments, the reader is referred to [9].

A noticeable example involving the use of operational rules is provided by sums of the type

<. a
Somy =D = (53)
; [n/m]!
We note indeed that [11]
— X X" 1
> , (54)
g [n/m]  x— 1

which, according to Eq. (9), yields

RS i " = [1+xt— 4y3tz]e(xt)2/(lf4yt2). (55)
=0 [n/2]! (1 —4y12)2
The case with m > 2 deserves particular care. We limit ourselves to m =3, but the consideration we
develop is general. We recall the following identity [8]:

2o amfl s
& (fg)) = f (x oy ) &7 (g(x)). (56)
It is, therefore, evident that
> tn A2/ > Xn
H,(x, y) =% 70 x4+ 1)e]
2 i ey 2 Gl ~

(x + 2y§x>2 + <x + Zyai) + 1| (yes(x, ¥)). (57)
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The function yes(x, y) is a Hermite-based exponential function defined as

3n

2jox? X3 y0*fox? = X - H"(xay)
(nes(e,p) =T () =T YT Sr = (58)

— =
n=0 n: n=0
it satisfies the differential equation

0 0

12y2@ +(12xy = D=+ 3¢ +2)| (nes(x,¥)) =0 (59)

and the role played by Hermite-based functions will be discussed it in the next section.

5. Concluding remarks

The introductory remarks of this paper have essentially been devoted to the heat equation (2). In
the following we will consider the fairly straightforward generalization:

0 o"
%f(x,oc) = @Tmf(x’“)’

S (x,0) = g(x). (60)
If g(x) =x", the natural solutions of Eq. (60) are
f(x0) = H{"™(x, ),

[n/m]

H{"(x,0)=n!)

r=0

X (61)

ri(n—mr)!

The polynomials H(™(x,«) are further Hermite generalized form [8,10] and are specified by the
generating function

o 1
> S HM(x,0) = e (62)
“— n!
If f(x) is not a polynomial, but can be expressed through any polynomial expansion, namely
gx) = gux" (63)

we can conclude

f(x,oc) = Hgm(xa OC),

Hgm(X,OC) = ZgnH,Em)(X,OC). (64)

Functions of the type (yg.(x,a)) are called Hermite-based functions [5] and are obtained, e.g.,
from the ordinary functions, after replacing the ordinary monomial with the corresponding Hermite
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polynomial (x" — H"(x, y)), in their Taylor expansion. The importance of this class of functions
stems from the fact that the HP are quasi-monomials under the action of the multiplication (M) and
derivative (P) operators

m—1

M:x—i-mym,

.0
P=_ 6
P (65)

We find indeed
MH™(x,y) = H\!)(x, ),

n+1

PH™(x, y) = nH"\(x, y). (66)

The remarks clarify the role and the meaning of the function (yzes;(x, y)) introduced in Eq. (57).

It is quite natural to ask whether other families of polynomials satisfy properties of quasi-
monomiality. A further elementary example is provided by the two-variable Laguerre polynomials
[12] specified by the generating function

Z P (x y) — 7xt/(17yt)’
n=0 yt
L(x, 1) = Ly(x), (67)

which behaves as quasi-monomials under the action of

M=y—-9",
- d 0

Most of the properties of %, (x, y) as well as of L,(x) can be derived from monomiality conditions
of type (66). A remarkable aspect is the possibility of constructing all the quasi-monomials from the
nth-power of the multiplication operator. In the case of Laguerre polynomials, we get the operational
identity

B ( 1); n— r r
L y)=(y—2;") = 69
()= =27y = Z TR (69)
A further example of quasi-monomials is provided by the Legendre polynomials or better by a
generalized class of Legendre’s. We consider indeed the case

[n/2] n—2r

2La(x, y)—n'z

xi‘

o (r1)*(n — 2r)! (70)
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This class of polynomials shares analogies with Laguerre and Hermite. According to the previous
discussion, we can write (70) in the operational form

2Ln(xay):Hn(y7@;l)' (71)

which suggests that this class of polynomials behaves as quasi-monomials under the action of

M:y+2Dx_1£,
dy
A~ 0
P = % (72)

It is fairly straightforward to exploit the monomiality recurrences to infer the properties of ,L,(x, ),
a few of which are listed below:

0? 0 0
W(an(xa y)) = axa(an(% ),

Z :l_n'(ZLn(xa y)) - eth'O(_Xt2 )a

n=0 """

oo , B 1

;t (La(x,y)) = [+ (2 — 408 — 207 (73)

where Cy(x) is defined in Eq. (45). Furthermore, it is worth noting that

2Ln(_71;(1 - y2), y="Puy), (74)

where P,(y) are the ordinary Legendre polynomials [1].

In this paper we have covered a large number of topics. We have seen that methods based on
operational identities may provide powerful tools to deal with the possibilities offered by generalized
forms of ordinary polynomials. Further progress in this direction can be made by exploiting the
wealth of identities associated with the theory of generalized shift operators [8]. Within such a
context, new polynomial structures emerge with wide possibilities of applications in physics and
engineering.
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