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LACUNARY GENERATING FUNCTIONS FOR THE LAGUERRE
POLYNOMIALS

D. BABUSCI, G. DATTOLI, K. GORSKA, AND K. A. PENSON

ABsTRACT. Symbolic methods of umbral nature play an important and increasing role in the
theory of special functions and in related fields like combinatorics. We discuss an application
of these methods to the theory of lacunary generating functions for the Laguerre polynomials
for which we give a number of new closed form expressions. We present furthermore the
different possibilities offered by the method we have developed, with particular emphasis on
their link to a new family of special functions and with previous formulations, associated with
the theory of quasi monomials.

1. INTRODUCTION

1.1. Motivation. This work deals with derivation of a number of summation formulas in-
volving ordinary and generalized Laguerre polynomials of degree n, denoted by L,(x) and
L% (x), respectively. More specifically, we are interested in ordinary, exponential and more
general generating functions for polynomials L,,(x), L3, (x), Lo,+(x), L3, (x) etc., and for
their generalized counterparts. In this paper they will be called lacunary generating functions.
The Laguerre polynomials appear quite naturally in the theory of the following differential
operator
w4 .4, 4

DY’ = a’xxdx+adx’ (1.1)
where x is the indeterminate and « is a real parameter [7, 22]]. The specific context is
a less-known formulation of theory of polynomials P,(x, 1) (of degree n in x) which is
based on the action of the exponential of a certain differential operator O(x, ix) on monomials
x" through

exp[10(x, )| ¥ = P,(x, 1), (n=0,1,...). (1.2)
Eq. (I2) is the defining relation of a family of two-variable polynomials and P,(x, 1) appears

to be related to umbral calculus [29, 20]. For the two-variable Hermite polynomials HP(x, )
the following relation holds [[Z, [13]:

exp 14| x" = HY(x, ), (1.3)

where the polynomials H,(,2) (x, A) are related to the conventional Hermite polynomials H,,(x)
through

HP (x, D) = iV H, (), H,(x) = 2" H(x, ~1/4). (1.4)
Relation (I.2) for the operator O(x, %) = D' reads (see, e.g., [22])

exp [A D] " = n! LIP(A, x) = ! A" L (=x/ ), (1.5)
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which justifies the name ‘Laguerre derivative’ for D'*) i) Eq. (L3) was obtained using the
fact, easily shown by induction,

[D§;’>]xﬂ_ (1+a—n—kyx"™*

(n— k)‘ ’
with (a), = I'(a + n)/T'(a) being the Pochhammer symbol. It generalizes Eq. (22) of [22] to
a # 0. As an immediate consequence of Eq. (I.6) the following relation obtains:

1 —X
(@) | o—x _
CXpI:/le ]e —mexp(l_l_/l), (17)

which is equivalent to one of the standard generating functions for the Laguerre polynomials.
In general, the differential operator O(x, d%) can be seen as part of the evolution equation
for a function f(x, r), given by a partial differential equation of the following type:

(1.6)

0 A
o fx,0) =k0x, &) fx,1), x>0, (1.8)
where « is a coupling constant (assuming here k = 1), which for the operator O(x, %C =-p»
becomes the Cauchy problem with the initial condition f(x) [9]:
0 0o 0 0
. Ja 7t:___+ - a ’t, 1.9
55 fal D) (axxax aax)f(x ) (1.9)
Jo(x,0) = f(x). (1.10)

The formal solution of Egs. (I8)) and (I.I0) is obtained via
fulx,1) = exp [~ D] f(x).

Therefore Eq. (IL7) for A = r describes the exact time evolution under the Laguerre derivative
D' from the initial condition f(x) = e™*. Whereas Eq. (IZ) could have been obtained via
conventional and well-known formula for )", x”L,({’) (x), this is not anymore the case for
initial conditions differing from the exponential.

We illustrate this situation by choosing, e.g., f(x) = x™*/2 I,,(8 x), with @, 8 > 0, respec-
tively f(x) = Iy(B x), where 1,/»(z) is the modified Bessel function of the first kind,

x© (ﬁx/z)2n+w/2
I, - .
250 ;n!r(l a2 +n)

‘We obtain

B/ o (1/2),
T(1+a/2) &= (1 +a/2),

exp -1 D | x L, n(Bx) = BO*LY(x/1), (1.11)

1/2), o
exp |-t D] Io(Bx) = Z 14/2) B0 L (x/1). (1.12)
n=0 !
Any further evaluation of Eqgs. (ILIT)) and (I.12)) turned out to be impossible. In addition, an
extensive search in the literature for the appropriate formula gave no results.
We have considered it therefore as our objective to establish the summation formulas of
type Egs. (ILI1) and (I.12)), and more general ones, which involved lacunary Laguerre series.

1Strictly speaking, Laguerre polynomials are one-variable polynomials and are defined as L,(x) = L, (1, —x).
It is also easily checked that L,(x,y) = x”L,l(—')‘—;). We will use two-variable forms for future convenience. In
final results we shall again mostly use the one-variable form.
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(Some lacunary exponential generating functions for other polynomials are known: compare
[27] for Hy,(x), [15] for H3,(x), and various lacunary generating functions for Legendre and
Chebyshev polynomials [[17]]).

Note that the differential equations of type (I.8]) were already considered in a combinatorial
context as a tool to derive generating functions for combinatorial graphs associated with

O(x, L), see [22].

1.2. Description of the method. It has been shown that symbolic methods of umbral nature
provide powerful tools to deal with the properties of special polynomials and functions
5L [8]]. These techniques greatly simplify the problems underlying such studies and allow to
reduce the derivation of the relevant properties to straightforward algebraic manipulations.

Similarly to classical references on the umbral calculus [29] 20], we start our considerations
with the shift operator ¢, defined here by

cl f@ e f(z+a), (1.13)
satisfying c‘;cf = ¢ When ¢ acts on [['(1 + 2)]™', the result evaluated at z = 0 gives
[T(1 + @)]”!. In this context the ordinary Laguerre polynomials Lﬁ,o)(x) = L,(x) can be

obtained with the help of ¢ as

L,(x) = (1 = xc.)"

(1.14)

I'(l1+2)

ny\ .k k
K Y ST

z=0

n

z=0

n p 1
Y)Y TiTkto
n n (—X)k

k) k!

z=0

=~
(=]

In the same vein, the two-variable generalized Laguerre polynomials

1 < (n _
LY(x,y) = = Z (k)(l +a+ k) XY
n! &

_T'(l+a+n)

oy AP (x,y) (1.15)

are obtained via

@ _ n n xn—kyk
INEOEDY (k) Firarh (1.16)

_ Y sk &k k 1
_Z(k)xn )

=(x +ycz)n

=x

(1.17)

_ 1
I'(1 +2)

=a

=cl (x+yc) (1.18)

F(l + Z) z:O.
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Note that with our definition of L (x) given in Egs. (ILI13) with (ITIZ) or (LI8) we can
do about the same as with the definition a la Rota (see p. 198 in [IZII])Q, namely Lﬁf’)(x) =
@ (%C _ I)nxn+a_

Using the method exposed in Eqs. (ILI4) and (LI3), the Laguerre polynomials L,,(x,y)
and Ls,(x,y) can be expressed via Aﬁ,“)(x, y) as follows:

Loy(x,y) = (x + y )

=3 (”) Xy AD(x, y), (1.19)
=0 r

r=0

and

L3n(X, y) = (X + ycz)Sn

Z Z (”) (”) sk yrek A(r+k)(x y).

A further family of polynomials, introduced by the same means as before, is provided by
what we will call, for reasons which will become clear in the following, the two-parameter
family of Laguerre—Wright polynomials, namely

B n n xn—ryr
Z:a_;(l”) I(l+a+Br) (1.20)

AP y) = (x+y )

From Eq. (CI7) A" (x,y) = A»(x, y) follows.

2. STANDARD GENERATING FUNCTIONS OF LAGUERRE POLYNOMIALS

The first family of examples will concern standard generating functions of polynomials
A9(x) and AP (x). In this way we illustrate the usefulness of our approach. We will
consider in the following two types of generating functions, namely the exponential and the
ordinary ones. In the first case, Eq. (L2Q) leads to the following form

Z A“’ﬁ)(xy)—z Gty

n=0

=e" exp [ty cf]

= e WE (1 y), 2.1)

where the Bessel-Wright function W% (x) 2,6, 23] reads

1
I'd+z

SRR
_ercfr(lu)

WhED(x) = exp [x cﬁ]

z=a—1

z=a—1

2We did not attempt to demonstrate rigorously the equivalence of these two definitions.
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Observe that WA®(x) for 5 = 1 is equal to [['(a)]! o F; (;;x). Hence Eq. (Z.1) can be rewrit-
ten as

(o) t” _
o = o (| ] in)
;(1+a)nn( y) 6011+a y
=T +a) (™" e 1,2 V),

where J,(z) is the Bessel function, see Eq. (9.12.11) on p. 242 of or Eq. (5.11.2.5) for
n =0 on p. 704 of [27].
In the case of ordinary generating function, Eq. (I.20) gives

(o)

Z " Agl(l,ﬁ)(x’ y) = Z[I (x+ ycf)]n
n=0

n=0

1
I'l+2)

=a

1 1
- [1 -t(x+yc§)] (1 +2)

=a

1 1 1
1-tx 1_1’__fo ' +z)

z=a
where Eg,(x) is the two-parameter Mittag-Leffler function [22] 16, 23] defined as
Ego(x) = [1 _lx c‘j] r(11+ 7)lz=a-1
- Z:(; d Cfrr(11+ Dleant
_ ZO: rm+ﬁr) 2.3)

The function introduced in Eq. (23) for 8 = 1 is equal to [[(a)]™! | F; ( i;x). Thus Eq. 2.2)
for 8 = 1 goes over to Eq. (9.12.12) for y = 1 on p. 242 of [19], or Eq. (5.11.2.6) for b = 1
on p. 704 of [27], that is,

< ! 1 1 t
Z . tnLila)(l,y)=—1F1( =2 )

i (1+a), 1—1¢ l+a’ 1-1

The ordinary and exponential generating functions of the generalized Laguerre polyno-
mials are accordingly derived as the special case of previous demonstrations; defining] for
B =1

. - n a a, t” o
oGV (x, y 1) = Zo]r L9(xy) and GV(x,y|r) = Z; L),

3The subscripts in G’s indicate the degree of lacunarity: 1-no lacunarity, 2-double-lacunary, etc; see also the
next paragraph.
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we obtain from (L.13), (LI7) and the binomial series expansion:

« o (1 + ), W1
oG eyl =T+ )| Y ——(x+ycd)
4 nl
_ Id+ao [1 _ tye ]‘1‘“ 1
(1 —tx)l*e 1—tx
_ 1 i( ty )”F(1+a+n)cn 1
(1 —tx)l+e -\l —tx n! AT + 2)lz=a

_ 1 Z’O: 1( ty )"
S (-t L\ —rx

_ 1y
T (-t eXp(l —tx)’ 24

which for L (y) = L (1, —y) gives the well-known formula (8.975.1) on p. 1002 of [I8].
Furthermore, repeating a similar calculation for exponential generating function for integer
a=mand B =1, we have

SO eyl

n=0 (n‘)z

= [et(x"'yt 2) Z (m) m [ (X + ycz)]
r=0

(1

GV (x,y 1) :l

_ Alx m @ r—s KR t)c

=e Z(; N [ (tx) (ty)’ ¢ 0

_ alx N m r—s s Atyc;

= — t t z

© ; r [ O ( X) ( y) © :i F(l + Z) Z=m+s

2 !

TN o @y WDy, (2.5)
r=0 r)r s=0

where we used the first Kummer relation for confluent hypergeometric series, see Eq. (9.212)
on p. 1023 of [18], in passing from the first to the second line.

3. LLACUNARY GENERATING FUNCTIONS OF LAGUERRE POLYNOMIALS

In this paragraph we apply our method to treat various lacunary generating functions for
the Laguerre polynomials. The formulas thus obtained appear, for the most part, to be new.
The double-lacunary exponential generating function of ordinary Laguerre polynomials
(@=0)
(L !
(G @yl = ) — La(x,y) (3.1)
n=0
is apparently not known. In the following we obtain the explicit form of the series in
Eq. 3.I) in terms of known functions. According to our procedure, we rewrite Eq. (3.1)
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using Eq. (L19) as
n

(1,1) _ o ! 2n
Gy (x,y|D) = [Z p} (x+yc)

n=0 "

I'(1+z)l=0

X

:et

2exp [ty2 cg +2txycz] 3.2)

|
I'(1+2) =0

We can provide a definite meaning for the previous expression in terms of known special
functions by recalling the expansion
b +az _ i (2)
e = H,”(a,b), (3.3)
n!
n=0
with

ln/2] an—Zr b

HP(a,b) = n! —_—
w@b)=n ZO =21 7]

where |n] is the floor function. The polynomials H'?(a, b) are two-variable Hermite polyno-
mials [[I} [7, 13]], also defined through the operational rule given in Eq. (I3). They reduce to
the ordinary Hermite polynomials H,(z) through the relation (I.4). The above family of poly-
nomials provides a basis for the definition of the so-called Hermite-based (H-based) functions
[8]); for example the Hermite-based (H-based) cylindrical Bessel functions are defined as

o H® ,
i) = -1y g

et 202l (n + 1))

n+2r

They have been obtained by replacing x"**" in the relevant series expansion by Hfi)b(x, y).

According to Eq. (3.3)), we obtain

o Cr
= [Z =H®Q2txy,ty")
i r!

z=0 B

exp [ty2 c? + 2txycz]

1 1
I'(1+2) I'(1+z)l=0

1x) (3.4)

= gCo(-21xYy, lyz),

where o
o H(=x,y)

Colx,y)= ) —/———
#Calx.) “riT(l+a+r)

is the Hermite-based (H-based) version of the Bessel-Wright function

(o)

_ (=)’ _ A _ 1
Calx) = Z:(; AT arn - C Pl Frgly

which goes over to the Bessel-Wright function WA?(x) for 8 = 1 and & = 1 + A. Thus we get
in conclusion
2
GV y 1) = e yCo(—=2xy 1,y 1).
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In terms of standard Laguerre polynomials L,(y) = L,(1, —y) Eq. (3.I) can thus be rewritten
as

>zt ‘{)f) H, (VD) (3.5)
n=0 r=0

which constitutes one of key results of the present investigation. The validity of identity (3.3))
as well as of further results of this type for other generating functions (see Egs. (2.3), and
@GD), B.16), @I), @3) below) can be independently proven by the substitution t — —2,
followed by coefficient extraction and the use of Egs. 2.4) and (3.3)) [24]].

In fact, it turns out that Eq. (3.3) is the special case of a more general relation which extends
this result to the generalized Laguerre polynomials L(“)(y):

o0 1 _2\n n
Z (G (=17) L(a) e Z L)) H,(1). (3.6)

ZiErDgan, 0 nl (1 +a),

Using the shift operator ¢, of Eq. (L13)), the demonstration of Eq. (3.6) works as follows:

Z( LY @l g, i(—ﬂ)na—ycz)z"} !

n! T(l+a+2n) >

I
o
—

=exp|-*(1-yc )2]
2 o Hoy (1) |
oy n.

_ 2 (ry)"

H,(1).

n'I'(l +a+n)

1 1

Note that Eq. (3.6) for @ = 0 and after substitution —#> — ¢, reproduces Eq. (3.3). We note for
completeness another version of the identity Eq. (3.6) rewritten in terms of hypergeometric
representations of Laguerre and Hermite polynomials [27]:

O (1/2),(1+ @) (1) ey )

ZZZ (2t2x)" (n/2,(l—n)/2. 1)

(1 +a),’ 2

— ’ t2 :

Using the above technique, see Egs. (3.1)-(3.4), we derive the exponential double-lacunary
generating function for the generalized Laguerre polynomials LPx), fora = m = 1,2,...
and establish that

(o8]

O Pan(r 3 Xy, 1
Z —L(m)(.x y) - e Z MH@(ZZX}’J)’Z),
n I

] ]
— = r!(r+3m)!

which for standard generalized Laguerre polynomials L (y) = L!(1, —y), using Eq. (LA),
has the form

[

> L 1) - o 3 L 20D e i), (37
r=0

oy r! (r +3m)!
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The polynomials p,,,(r; x,y,t) are of degree 2m in the variable r, with the coeflicients de-
pending on x, y and ¢. For m = 1,2, p,,,(r; x,y,t) have the explicit form
porix,y, ) =[1+2xX°0 7 +[5+4xyt+ 10x%1] r
+[6 + 12x°t + 12x y 1 + 2y*1], (3.8)
pa(rix,y, 1) = [2+ 10Xt + 4 x**] r*
+[36+ (180 x> +20xy) t + (72 x* + 16 X*y) ] 1
+[238 + (10y* + 1190 x> + 300 x y) ¢
+ (240 Xy + 24 X2 + 476 XM 2] 2
+[684 + (110y* + 1480 x y + 3420 x*) ¢
+ (1184 X°y + 264 x°y* + 16 xy* + 1368 x*) ] r
+[720 + (2400 x y + 3600 x* + 300 y?) ¢
+ (1920 X}y + 96 xy* + 720 °y + 1440 x* + 4y4) 7. (3.9)

With a moderate effort the polynomials p,,,(r; x,y,t) for m > 2 can be also obtained. Ex-
plicit forms, various generating functions and combinatorial interpretations of the polynomi-
als (3.8) and (3.9) were recently obtained by Strehl 30].
The current method can be extended to the more general cases like
£GPy 10 = ) S AL (),
n=0

which, according to our procedure, can be written as

@p) N 20

REACSIDEDYETCRS Y

r=0

exp [thycﬁ +1y° czﬁ]

(o)

_ Xt £ ) 2
=¢ Zr!Hr (2txy,t)’)

r=0
= el y,WBU D2 £ xy, 1) (3.10)

with

o HP ()
WD (x. y) = r X5
HWEE ) ;r!r(ar+ﬁ)

being the Hermite-based (H-based) version of the Bessel-Wright function [8]].
We give here without demonstration the following two formulas of similar type

>, 1 oL/ tx |
;t =720 27, [_2(1 —t)]

(3.11)

r=0
and

IR T TR L BTG e
2“3"(")‘1_;2( 1_;) [Z(r_s)'mz)v“ (/3)} (3.12)
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In this section we have shown that the tools of employing the symbolic method to derive la-
cunary generating functions for Laguerre polynomials can easily be applied with a minimum
of computation effort.

We now employ the symbolic method to derive old and further new ordinary generating
functions for the generalized Laguerre polynomials. We start with a simple observation,

namely
S b 1
=0 {Z{ PTE } T +2)

n=

1
I'(1+2)

_ (1+b)
=0 TI(l+a)

cZexp|be:!| (3.13)

See also Ref. for a demonstration. We calculate the generating function gg‘”(x, yl|t) =
Yot L*(x,y), which after applying Egs. (IL13), (II8) and (3.13) can be written as

O (x+ye\| 1
szn'( c. ) f(+2)

n=0 "

GV (x,yl =T +a)

z=0

=(1+rx)"e"”, (3.14)

=TI'(1 +a) e ¢ exp [txcz_l] .
Z=

I'a+z

Formula (3.14) for the ordinary Laguerre polynomials, i. e. for y = 1, is equal to (5.11.4.8)
on p. 706 of [27]]. In the case of generating function

Gyl = Y L (x,y) (3.15)
n=0
Egs. (L13) and (LI7) yield
GO,y 0 = T(1 + ) C‘Zi " (x+ycz)2n 1
Lo\ e T(1 + 2) =0
=I'(l +a) cfcosh(\/;£+ \/;y)] !
' c, I'(1+z)l=0

c; c. ]| T(1 +2)
= (1 - 1) {cosh( Vy) coshli T,(t, x)] + sinh( Vry) sinh[i T, (z, x)]}
= (1 —tx»)¥? cosh[Vty + i T,(t, x)], (3.16)

=a

- [cosh( Vty) cosh( Vi ﬁ) + sinh( V7 ) sinh ( i ﬁ)] I(l+a)

where

. Vi x
T = m|——|.
.(t, X) = aarcs ( m)
Remark: The use of the initial definition of A (x,y), see Egs. (II7) and (LI8), in the
treatment of Q(l(’)(x, y|t)and gg” (x,y| 1) leads to considerable difficulties in obtaining the final
results of Egs. (3.14) and (3.16). One way to avoid these difficulties is to adopt a modified
(albeit strictly equivalent) definition of A" (x, y) in the form

1
(a—n) _ a—-n n -
APy = M (x+ye) I(1+2) |z=0'

Actually this last definition was used in deriving Eqs. (3.14) and (3.16)), whereas the previous
one was used everywhere else.
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4. FURTHER DEVELOPMENTS

The method we have developed so far can be extended to obtain even slightly more com-
plicated expressions like

(o) n (o8] tn
bGL Y10 = Y Sy and G0 = ) L),
n=0 n=0

for/ =1,2,.... Note that corresponding formulas for the Hermite polynomials were obtained
in [13]]. Applying Egs. (ILI4), (3.2)), and (3.3)) for the double lacunary generating function of
Laguerre polynomials, we have

0 Cr
Gy (e yln = ¢ [(x +e) ) S HPQxy, rﬁ]
r=0 "~
t

4 _
—e'® Z (s) XY gCy(=21 xy, ty?),

s=0
which, for L,(y) = L,(1,—y),can be written in terms of standard generalized Laguerre and
Hermite polynomials as follows:

N (- \f)
Z; L) = € Z : H(¢>Z()(F+s),

(ivVix)

= ffv LY (x)H 4.1
O i (V. (@.1)
Using the analogous procedure, we obtain also EG(1 1)(x y|t) in the form
Ll Gyl = e | ye) Y= H<3>(3tx ».31xy%15%)
n=0
S (¢t
3
=e' Z( )ysxg_sHC§3)(3tx2y,3txyz,ty3), 4.2)
s=0 §
where )
o H(x,y,2)
CO(x,y,2) = —
HCs (%, 2) — ri(r+s)!
is a third order Hermite-based (H-based) Tricomi function [8]], with
[n/3] 7 H ’(12)%()6 ¥)

Hy o y,2) = ! Z Fl(n - 37)!

being a third order three-variable Hermite polynomial, with the generating function [[10]

X

Z t_H(3)(x y Z) — etx+12y+t3Z
n! n b b .

n=0
Eq. @.2) expressed via standard Laguerre and Hermite polynomials is given as

0 00 (Vl) [n/3] _
(x) (=t x> (V3tx)"" V3t
an Dl =e f’Z( + 0 ; A (n—37) H”‘3’(’T)' .3)
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In the case of the generalized Laguerre polynomials fora = 1 and £ = 0, L(l)(l -y) = L(l)(y)
the generating function is given as

(o0

, 1
Z L3, 0) = Z%(r 22D 4O/31y,309,-197),

n=0 rl(r+4)!
Y @y (o VB Ner
¢ rzz(; (r+4)! Z s!(r = 3s)! H, 3 lT (4.4)

with
Griy,)=[1+30r +[9+27t-9y]r* +[26 + 78t — 63yt +9y* ] r
+[24+721t - 108y +36y° 1t —3y*1],

which is a third order polynomial in r, with the coefficients depending on y and ¢. Its closed
form and the analytical and combinatorial properties were worked out by Strehl 30].
The extension to the case

G(l U(X y | t) = Z Lmn+€(x y)

can be straightforwardly accomplished within the present framework and reads

& r

EGi’?(x,y |f) =e" [(x +yc,) Z j H" (-ai,as,...,(=1)"a,)
—0 |

4

m g
= etx § ( [ * S C(m)(a] 2 027 R Cy”’l)’
S

s=0

m _
@, = (p)xm P(=y)t, p=1,2,...m, 4.5)
where HCi,m) (a1, @z, ...,@,) i1s an m-th order Hermite-based Tricomi function, defining as
basis Hermite polynomials H,(lm)(—al,az, ...,(=1)"a,,) in m variables, as specified by the

generating function

(o)

" =
Z EH,(,’”) (X1, X2, ..., Xp) = €Xp (Z X ts).

n=0 s=1

Let us finally consider the bilateral generating function

(o8]

> L) L) =
n=0

n

i;—[(x +ye)

n=0

] [(v +ucs)" - ~:0].
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We obtain
- —tyvc 1 —txucs 1
E] uuyﬂva—e e | | e e ———
- z=0 =0
% etyuczq 1 1
T(1 +2)k= =0
=" yCoo(tyv,txultyu),
where
Conteyin= Y Ty
x,y|lT) = .
RO IND L STSTR (r + )L (s + )

Closely related considerations devoted to combinatorics of Laguerre polynomials are devel-
oped in [14]].

Using the operational method, we can also obtain other interesting identities for the lacu-
nary generating functions of the generalized Laguerre polynomials. These formulas are listed
below:

0 l " 0 1 (r+a) r
2 (@) _ _ a—(1+a/2) Lr (X/Z) _ rx
Z 1 Ly =0 -1 Z:(; d+a/2), \ 20-0

n:0 5
e I S PR A N

obtained with formula (5.11.4.12) of [27]], which for a = 2m gives

n

2 (1%+ m)nL(Z%‘m)(x) T Vio: (\/;%C)_m °xP (_%) I’”(‘ﬁli_z)’ 4.7)

where m = 0, 1,2, ... and I,,(z) is the modified Bessel function;

(o)

(1/3), 2/3),1"

LY (x)
— (1+a/3), 2/3 +a/3),

(oY)

— (1 _ l_)—(1+a/)/3

I'(l +a+3r) (_ tx )r
— 1 +a/3), 2/3+a/3),\ 9(1 -1

r .S 7 (atrts)
(—x)° L (x/3) ] @9

X .
— (r=s)T(1+a+r+2s)

Eq. @.]) corrects the formula (5.11.2.10), p. 704 of [27].
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Let us now derive Eq. (.6). Following Eqs. (L13), (LI7) and the Gauss—Legendre formula
for I'(2 z), we get

72, (a) (1/2), " T +a+2n) 1, - . 1
— (1 +a/2), p (X) = ,,Z:(; 2n)! (1+a/2), [cZ (1-xc) ]
“T(+a)|c Z 1/2+a/2) an (l—xcz)z]”}
n=0

T +a) 2ex -1\
T -pmer | T\ T (1 +2)

I+ (1) (1 +a . 2tx—tx’c.\ 1
_(1—z)<1+a>/22 n\2 ) S\ 1o

'+ a) Z( 1)’(1+a) A(,m)(tx 2tx)

=a

T (1= pmon 2 - 1-1
= (1 - P L2 ex Y
J(1+a/2),\ 200-0) "

Eq. @7) comes from Eq. @.6) for « = 2m and using formula (5.11.4.12) on p. 706 of
[27]. An alternative demonstration of Eq. (4.7) can be carried through using mixed bilateral
generating function of Laguerre and Gegenbauer polynomials, see Appendix A.

5. CoONCLUDING REMARKS

Having obtained the summation formulas Egs. (4.6) and #.7), we may write down the
right hand sides of Egs. (LTI and (I.I2)) in explicit form. For a = 0, the initial condition for
Egs. (1.9) and (LIQ), f(x) = I)(Bx), B > 0, evolves with time according to

1 Btx Bx
eXp[—l‘DSCO)] Io(ﬂ)(,') = 1_—ﬁ2t2 exXp (—1 —B2 tz) 10(1 —ﬁz [2) , (51)
Bx
= Po([, )C) Iy (1——ﬁ2t2) , (ﬁt)z < 1. (52)

Furthermore, from Eq. (3.1)) one obtains
exp[—t D] x™** I,1,(B x)

~ (1 _I82t2)—(l+a)/2 ~ ,82tx ( X —a/2 ; ﬁx
T T Ta+ae2) PlTi—pelliope)  P\1-pge)

x —a/2 X

= P, (t, x) (1_—ﬁ2t2) Lo (1—[3—@#) B*<1. (53)
In Eq. (5.3) we defined the “prefunction” P,(z, x) > 0 satisfying P,(0,x) = 1. Egs. G.I)
and (3.2)) illustrate the scaling property of the time evolution: we show that special solutions
exists which, up to the “prefunction” P,(¢, x), consist in rescaling of the argument of the
initial condition f(x) according to x — Bx/(1 — 52 1?). This feature is characteristic for a
number of examples of the so-called generalized Glaisher relations, see [16] and references
therein. An elementary example of a relation of this type is given in Eq. (7). Many similar
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examples can be worked out by choosing different forms of f(x) and different values of m in
Eq. @7D).

Before concluding this paper it is worth presenting some further comments to reconcile
the present results with previous approaches based on the monomiality principle [7,
(13, 22]]. Within that context the so called Laguerre derivative DY has been introduced in
Eq. (I.I), so that

DOL,(x,y) = n Ly_1(x, ).

The Laguerre derivative in differential terms is defined as DY = %x%. As a further example
of application we consider the action of the exponential containing the Laguerre derivative

acting on the Tricomi function Co(x) = Iy(2 vx), namely
exply D] Co(x) = ... = &' Co(x),

in agreement with the fact that Cy(x) is an eigenfunction of the Laguerre derivative [7,
with the eigenvalue equals to one. An alternative operator definition of the Laguerre deriva-
tive is given in Appendix B, where also some of its consequences are explored. The formal
procedure we have developed can be pushed even further.

The use of the following identity

K& f(x) = f(Kx).

and the definition of the O-th order cylindrical Bessel function as a pseudo-Gaussian [8]],
namely
1
Jo(x) = e=¢: @12 ,
ol =e (1 + 2)k=0
allow for the derivation of the following identity
gy = e,

which, in terms of integral transforms, can be interpreted as a kind of Borel transform

_led o
¢, " Jy(x) = f e’ JO( \/Ex) ds.
0

Finally let us note that, having expressed the cylindrical Bessel functions in terms of Gauss-
ian, it is also possible to “reduce” a Gaussian to a Lorentzian, according to the identity

2 1 1

—X

c =
1+x2c.T(1+2)

z=0 '

According to this last identity, we can write the relevant integral as

Y a Y d 1
[ et [l =l avn (o)

Here we give for completeness the list of new closed form expressions obtained in the present

investigation. These are equations: (2.1, (2.2), 2.3), 3.3), 3.6), G.7), G.10), G.11), (3.12),
G19), @1), @3), @4, @&3), @.6), @7), and @.8). The methods we have illustrated in this

paper appear fairly flexible and amenable for further implementations, as will be shown in a
future investigation.

1
I'l+2)

z=0.
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APPENDIX A.

This appendix is entirely based on the material kindly communicated to the authors by

Strehl [26]].
The identity Eq. {.7),

o (1/2), 1 L@ 1 (\/Ex)""e (—tx)I (x/ix)

() = 7| (i) |7 ) (A.1)

4 (1+m), b e
forO<t< landm =0,1,..., will be shown to follow from Eq. (L20), § 144, p. 281 of [28]],
namely from the following mixed bilateral generating function of products of Laguerre and
Gegenbauer polynomials:

_ _ _ 2 2
LW Do) (x) = ,O_yexp(%) F, ( t—( 2 - 1)) (A.2)

4 ( o (L+9)/2 4p*

where CY*(x) is a Gegenbauer polynomials and p = V1 —2xt+ 2. (As apparently first
shown by Weisner [31]], Eq. (A.2) can be derived using group-theoretic methods.)
On the left hand side of Eq. (A.2) we set x = 0 and observe that C}, (0) = (=1)"(v),/n! and

C3,.1(0) =0, see p. 732 of [27]]; then in the sum, only even terms in n survive. Furthermore,
upon replacmg t — i\t in this sum we end up with
o 2! (=1)" (1/2), 1

LY "), (A.3)

D 2n
L5700 (VD™ (7v/2), = Z(l

Zi () nl 2412,

where we have used the relation
2! (y/2), _ (1/2),
Yo n! A +y/2),

Observe that Eq. (AJ3) can be identified with the left hand side of (Al by setting m =
(y = 1)/2. We apply now the above substitutions (x = 0 and r — i V) to the right hand side
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of Eq. (A.2) which then becomes

- [ Ny Y
)°F1 ((1 +y>/2’(2(1 —t)) ] (A

In the final step, the use in Eq. (A.4) of the hypergeometric representation of Bessel functions
1,,(2), see p. 729 of [27]],

- Ly
1 =77 (__
( ) 7" exp T—;

1 z\" - 7
o= (an(, 7 )
@ = tavm\2) 0 1(1+m 4)
accomplishes the proof of Egs. (4.7) and (A.T).

APPENDIX B.

In the main body of the paper we have introduced the concept of Laguerre derivative,
which is a useful tool to deal with special polynomials of the Laguerre type. More generally
it provides a key operator to further simplify many of the computational tasks we have dealt

with, provided that we embed its definition within the envisaged umbral restyling.
We note indeed that the use of this operator allows the following alternative definition:

1D, = %{ where X = xc,,
as a consequence of the fact that
dx"
dX

If we now use the following special notation

=nX""

exp[4.D,] = exp [;%],
Z

by keeping separate the actions of the derivative and umbral operators, we find, e. g.,
Ad ] |

exp [4.D,] X" =exp [C_EC clx i+
Z
1

I'(l1+2)

z=0

_n -1\"
—cz(x+/lcZ ) B
z=0

=+ e
( XC'z) F(l +Z) =0
xn

= L,(4,%) = 'L, (~x/) = exp|ADY| =
n.

or
1

Ad
aX _
exp [A.D,]e” =exp [_Cz _dx] explaxc,] i+

z=0

z=0

= exp[acz(x+ /lcz_l)] Ti+2)
= e” 10(2 \/EC)

1
_ad
=¢e"" explaxc,] —F(l s 'z:O
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Observe also that

aXxy

exp[4.D,] e* = exp[A.D,] ,
r!

Dig

Il
(=]

Iz

o

Za exp[A.D,] X"
r!

r=0

Mg

exp /lD(O)]
= r!

exp [/l DEC())] = exp[ D(O)] Ih(2 Vax).

The same definition can be used in an even more raffishly way by noting that
Ad 1 1
c; a’x] 1 + xc,
1 1
l+c, (x+ /lczfl)
1 1 1

exp[Ad.D,] e™*

exp| L

1

R O] o
el -ewlion
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