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ABSTRACT. In this work, we take advantage of Weisners$ group-theoretic
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1. Introduction and Definitions

Dattoli et al. [10] and Dattoli and Torre [11] introduced and discussed the
theory of phase-space Hermite polynomials using an operator formalism. These
polynomials play a crucial role within the framework of phase-space formal-
ism of classical and quantum mechanics. The phase-space Hermite polynomials
Hp, n(z,y) are defined by the generating relation(see [11, p. 1637 (1)]; also see

[1] and[12]):
RT N z—1hT Nh Z H "
e~ = 2= - = m n(xa y) )
’ In!
Noopeult mlin!

where T denotes the transpose and

Z:(z)7h:(i>7 |t|<OO, |U|<OO, t#07 u;éO

The 2 x 2 matrix M is

M<Z i), A=ac—b>0,a>0, ¢c>0.

(1.1)

(1.2)

(1.3)
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From (1.1) to (1.3), it immediately follows that
1o 2
exp |(ax + by)t + (bx + cy)u 5 (at® + cu® + 2btu)

tmu’ﬂ

- ZOHm,n(m7y)m7 (14)

where

[24] [252)

Hyn(z,y) = min! Z

r=0 s=0

R (A e b
2rtsplslkl(m — 2r — k)!(n — 25 — k)!

(1.5)
k=0

The following simultaneous partial differential equations (see [7]-[10]) have the

following solutions provided by the Hermite polynomials f = H,, ,(x,y):

1 of of o*f . 9*f
& [dtar s 3L —vtaa )G T o L ]
and , ,
0 0 0 0
% {—b(bx + Cy)af‘; + a(bx + cy)a—£ - aaT/J; - bawfy + Af]

where A = ac — b2, or equivalently

or 21 +b62f—mA4 =0

1 of
— [c(ax +by)=— — blax + by)g—y ~ a3 920y

A ox
and

= [—b(bx + cy)% —a(bz + cy)

of  Pf , 0f
A oy

The polynomials Hy, ,(x,y) are exploited in many fields of pure and applied
mathematics [3,4,5,10,11]. They are very useful in the description of the quan-
tum treatment [14] of coupled harmonic oscillators. In recent years several
mathematical physicists showed that Hermite polynomials have applications to
the quantum spectrum of the harmonic oscillator and in quantum optics (see
[2,6,11,13,17-20]; see also [23, 24]). The study of special functions from the
Weisners group-theoretic and operational methods point of view has witnessed
a significant evolution during recent years. The applications of the theory of
representations of group-theoretic and their Lie algebras allow interpretations
of many familiar one-variable special functions, for example, Miller [15] and
Weisner ([21] and [22]). Recently, a fundamental link between some generalized
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special functions of mathematical physics and certain Lie groups and Lie alge-
bras has been established, see for example [5]. This paper is set up as follows. In
Section 2, using the Weisner-Group-theoretic method approach to identify gener-
ating relations, we provide the first-order differential operators, the commutative
relations of the operators, and the extended form of the group generated by oper-
ators. Acordingly, in Section 3 by employing the results of Section 2, generating
functions involving the Hermite polynomials H,, ,(x,y) are obtained. Also, we
consider some special cases that would yield inevitably to many new and known
generating relations for the polynomials Hy, ,(z,y). In Section 4, we follow the
approach of methods, relevant to operational calculus and special function (see
[4,6,10,11]) and obtain operational representations for the polynomials, which
are further exploited to derive generating relations for H,, ,(z, ).

2. Group-theoretic method

Weisner (see [21]) has devised a method for obtaining generating functions
for a set of functions that satisfy certain conditions. Among the functions which
do are the Hermite functions (see Weisner [22]). From the ordinary differential
equation which is satisfied by the set of functions under consideration partial
differential equations are constructed group of transformations under which this
differential equation is invariant. The method is based on finding non-trivial
contentious groups. Starting from equations (1.6) and (1.7) and replacing m and
n by pa@p and s% respectively, we obtain

1 of aof  &*f , &Ff 91 _
A {c(am + by) o blax + by) 9y € + baxay - Ap(?p =0, (2.1)
and
1 of of o0 f 0% f 0
— |- = = —a—= —As—|=0. (22
A [ b(bx + cy) o + a(bz + cy) By a8y2 + baxay 5%, 0. (2.2)

Note that, since f(x,y,p,s) = Hpn(z,y)p™s™ is the solution of (1.6) and (1.7),
then it is also a solution of (2.1) and (2.2). Let us define the following first-order
differential operators:

0 0 1 0 0 0
A= {pap}ﬂ‘b— [3&9}7143—%[Cax—bay}u‘lz;—p{(ax-i-by)—@x],

As = —s% [b(‘fx—a(%} , Ag = s [(bx—i—cy)—aay] .
Consequently, we have
Ay [Hupn(z,y)p™s" ] = mHp, (2, y)p™s",
Ag [Hy (2, y)p™s"] = nHp p (, y)pm&‘”{

As [Himn(z,9)p™s"] = mHpy—1 n(2,y)p s",
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A4 [Hm,n(ﬂf, y)pmsn] = Hm-&-l,n(-ra y)pm+1sn,
m n—1

As [Hmm(x) y)pmsn] = nHm,n—l(xa y)p S 5

Ag [Hm,n(xa y)pmsn] = Hm,n+1($7y)pm5n+1'

Regarding the Lie bracket [,] defined by [A, B] = AB — BA, we lead to

[A1, Ao] =0, [Ag, A3] =,0 [A5, A4] =0, [A4, A5] =0, [A45, 4] =0,

[A1,A3] =0, [A3, A4] =0, [A3, A5] =0, [A4, Ag] =0,

[A1, A4) =0, [Ag, A5] =0, [A3, Ag] =0,

[A1, A5] =0, [A2, Ag] =0,

[A1,46) =0, and [A;, Aj] =AA; —A;A;, i,5€{1,2,3,4,5,6} i # j.
According to the definition of Lie algebra, the above commutation relations

show that the set of operators generate some Lie algebra \. It is clear that the
differential operators:

Ly = = | c(az + by) 2 — blaz + by) 2 — PP
LN R arT oy oy “0x2 0xdy
0]
p— —1 2.
Py b (2.3)
and
1 0 0? 0?
Lo=—|— — — A
2 A{ b(bx+cy)ax+a(bx+cy)a a8y2+b8x8y+ }
0
—s— —1 2.4
! (24)
can be expressed as
L1:A3A4—m—1 and L2:A5A6—n—1,
such that
[L1,A4;] =0 and [Lg,A;] =0, i={1,2,3,4,5,6}. (2.5)

The extended forms of the group generated by {A4; : i = 1,2,3,4,5,6} are as
follows:

e f(x,y,p,s) = flz,y,pe™, s),

€242 f(z,y,p,s) = f(z,y,p, se™?),
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et d f(z,y,p,s) = f (I + 503,y — 5503, p, 5) :
e f(x,y,p, s) = exp (apras + bpyas) f (x — pas,y,p, ),
e f(x,y,p,s) = f (v — ka5, y+ ‘%05,p,5)
e®4s f(x,y,p, ) = exp (bszag + csyag) f (z,y — sag,p, s) .

Then, we find that

exp (agAg + asAs + as Ay + azAs + a2 Az + a1 Ay) f(x,y,p, 5)

=e a :cfia ag + b(y — sag)a
= exp A5 ) da Y 6)04

b b
x f (a: A0 T + iag,y — sag + £a5 — sAag,peal,se“Q) . (2.6)

3. Generating functions via Weisners method
From the discussion in Section 2, we observe that
f(@,y,p,8) = Hp o (2, y)p™s",
is a solution of the following systems:
Lif=0 Lyf =0
and
(AsAy —m)f =0 (AsAg —n)f = 0.
From equation (2.5), we easily see that
SLy (Hpn(z,y)p™s") = L1S (Hpmn(z,y)p™s"),

and
SLy (Hpn(z,y)p™s™) = LoS (Hpn(z,y)p™s"™),

where S = exp (agds + asAs + as Ay + azAs + asAsy + a1 Aq).
Therefore, the transformation S(H,, »(z,y)p™s™) is also annulled by L; and Lo.
Proposition 3.1. The following generating equation holds:

b a m .n
exp(bxzh + cyh)Hp, p (x YN sh + SA9> ps

o glhk k—1
=> > TiT Hmon i, )p™ " (3.1)
=0 k=0
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Proof. By putting a; = 0,{i = 1,2,3,4}, a5 = g, ag = h and writing f(z,y,p,s) =
Hp, o (z,y)p™s™ in (2.6), we get

e 4094 (Hyy (2, y)p™s™)

= exp(bzh + cyh)Hp, p (m — 8%9734 sh + —A > ps™. (3.2)
Also, we have
elAeesds (Hpmn (2, y)p™s"™)
= Z Z % (Hm,n-‘rk—l(x) y)pmsn+k—l) . (33)
1=0 k=0
Now, combining (3.2) and (3.3), we obtain the generating relation (3.1).00

Now, some special cases of equation (3.1) are of interest. By putting g = 0,p =
s=11in (3.1), we find that

hk
exp(bxh + cyh)Hm,n (!L‘7 Y- h) k' m n+k (LE y) (34)
k=0
Again, by putting h =0,p = s =11in (3.1), we obtain
b a = g
Hm,n <'r - Szg’ Yy + SAg> - ; ﬁHm,n—l(xa y) (35)

Next, we derive another generating relation.

Proposition 3.2. The following generating equation holds:
exp(axt + byt) H et St —ir mgn
p Y m,n pA 2% pA P

= Z Z ;'? (Hm+kfl,n(x; y)pm+k_l8n) . (36)

; Hm,n(xa y)pmsn)

= exp(azt 4+ byt)Hp,

s

c b
x + p—Ar —tp,y — pAr) pms™.
Also, we have

etA4 e?"As (H

m,n l‘ y 'k" m+kfl,n($7y

Z r tk )pm+k—lsn) )
=0

k=0

Combining the above two equations, we get the desired generating relation
(3.6).0
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By putting r =0, p=s=1in (3.6), we get

exp(axt + byt) Hon (z — t,y) = » 71 Hmten (2, 9)) (3.7)
k=0
On setting t =0, p=s =1 in (3.6), we obtain
H (o4 Srg = 2r) =500 (Hy () (39)
mmn | L Aﬂy Ar - I m—1,n\T,Y)) - .

1=0
Noteworthy is the following special case. Indeed, by lettinga =2, b= —t, y = 1,
and c=m =n =0, in (3.7), we get the known result due to Miller [15]:
exp (22t — t?) = — Hy(x). (3.9)

k!
k=0

4. Generating functions via operational identities

In this section, we will utilize operational identities to obtain generating func-
tions for the Hermite polynomials Hy, ,(x,y). First of all, if we let z = az + by
and u = bz + cy, the series representation (1.5) can then be adjusted as follows:

it

5] 23]
> >

r=0 s=0

[
Hy, n(z,u) = min!

min(m,n) (_1)7'+sZm—27'—kun—28—karcs(_b>k

x kZ:o 2rtsplglkl(m — 2r — k)!(n — 25 — k)!

According to the derivative operator (see [16]):

k (lk
(5) twrt o™ = S le i)™,

and the abbreviations z and u, we can show that

2r+k 2r+k, |
9z g G sk (4.2)
(m—2r —k)!

2s+k 25+k
ou 5 tknl
: —2s—k
— " nTesTh (4.3)

- (n—2s—k)!
AL brtkpl

x) v i 25—k (4.4)
and

2r+k 2r+k
b !
(3> = (45)
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By using the identities (4.2) and (4.3), the series representation (4.1), can be
rewritten in the form
m55] 254

. otk 2s+k
min(m,n) (71)T+S+k (%) T+ om (%Z) ua’ cShE

€T
Z 2T+Sa2r+k025+kr!s!k! ) (46)
k=0
which further yields the following operational identity.
Proposition 4.1. The following operational identity holds:
) (&) s
Hpn(z,u) = exp | —~2 — 22— S22 | oy}, (4.7)

2a 2c ac

Similarly, using the identities (4.4) and (4.5), we can easily establish the follow-
ing operational identity.

Proposition 4.2. The following operational identity holds:

“(5) o) &%
Hyn(z,u) =exp |— o2 2‘?;“2 - ybw {z"mu"}. (4.8)

The result of applying the exponential operator

2 9z O
o) G

2b2 2b2 b ’

to both sides of the equation (4.7) is

m"_Xi%2+i@2+£% @H()
A Y P 2¢ \ Oy ac \ Oz ) \ Oy mni% Y

which can be further exploited to derive the following generating relation

m—k

7 ] [n;k] min(m,n)

[ n-k
myn — (_1)3(m+n) @r+k)!2s+ k) m n
2" = (=1) Z Z kZ:O 2r+sylslkl 2r+k)\2s+k

r=0 s=0

Hy o or—kn—2s— i , v a’c*b”. 4.9
2r—k, 2k<ﬂ_1) \ﬂ‘”) (4.9)
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Next, in equation (4.7), multiply throughout by the factor t;,’:: and then take
the double summation of both the sides, we obtain:

R I N

ox T 0y zt+uh
=exp |— — — X e . (4.10
n! P 2a 2¢ ac ( )

= t
Z Hy,n(z,u)

m

m
!
m,n=0

Yet another generating function from the assertion (4.7) would occur when we
multiply both sides of (4.7) by (a)m(ﬁ)n% If in this case, we take the double
sum and then use the binomial theorem, we shall obtain the following generating
function:

> tm R
m,n=0 o
@ (%) 2%
— oz v xz dy —a -8
= — — — 1— =zt 1 —uh . 4.11
exp |12l - AT DT (1 o)1~ uh) (411)

Similarly, as in the proof of (4.11), we can show that

oo

t'ﬁlhn
Z (a)m+nHm,n(z7u) !
m,n=0
Gr () g
Jz Y Oz Oy —a
= — — — 1—2z— . 4.12
P 2a 2c ac x( z-u) ( )

Additionally, using the operational identity (4.8), we can use an analogous pro-
cedure as in the proofs of the formulas (4.10), (4.11), and (412) to obtain three
more generating functions as follows:

9:\2 W\2  Ou oz
> (@n(BHon(z 0t
m,n=0
IO I IO 1 un)
TP T o0 T e | < (=2t (1 —uh) (4.14)
and 0o
Z (Oé)m—&-nHmv”(Z’u)%

m,n=0
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2
9z ) ou 0z
(%) @) 2% o
=OXP | = T omr X (1 —zt —uh)™™ (4.15)

We can also rewrite the series representation (4.1) as follows:

min(m,n) 1)kbk
Hypn(z,u) = min! Z F(m AT

[mzk] r r., m—2r—k [ngk] s .8 ,n—2s—k
1)"a"z -1
x(m — k)t Zo 2(Tr!()m—2r—k)! X (n— k)t Z,o 2(581()71—23—/{)!' (4.16)

r=

Now, by the result:
~(=1)*n!

and the definition of the ordinary Hermite polynomials (see [2]):

(_1)7"1:71727“

(3]
He,(z) =n! Z — (4.17)
r=0

ri(n —2r)!’

the assertion (4.16) can be written as

min(m,n)

R b e o (2
o) =2 sy <tens (75)

X Hen_p (\2) . (4.18)

The next generating function is now obtained by starting with (4.18), multiplying
both sides by t™h"™, and then taking the double sums:

min(m,n)

S Holzpmh = > 5> o Cm (O

m,n=0 m,n=0

X Hem_k (%) x Hen_, <\[) (ty/a)™ (h/2)". (4.19)

Moreover, according to the fact that

v (1- 6>mk =t ()

the generating function (4.19), further yields the interesting generating case:

o0
Z Hy, n (2, u)t™h"

m,n=0
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[e’e) -1 —1
Z I 1 0z a 1 ou ¢
= oFy | —m,—n;—; (1 — —— -
R Ox 2z Ay 2u

m,n=0
0z a m ou c "
(C-Gx)) ((-5a)) e

where 2Fp(.) is a special case of the generalized hypergeometric function ,Fj,
(see[16]). The previously outlined procedure offers a useful tool for the derivation
of other families of generating functions for the polynomials H,, ,(z,y). For
instance, let

z=ar+by,u=bxr+cy,z=ar +bv,u =br + cv
and let us consider the generating relation

_ = _ TR
f(zu,z,alt, h) = Z Hyppon(z,u) X Hm’n(zgu)m, (4.21)
m,n=0
which because of the assertion (4.7) yields the following bilinear-generating func-

tion

2
oo 2 u 9z Ou
Y ) (%) g
m;:OHm,n(z,u) x Hm’n(z,u)m T T T T T2 T ae
0z\2 ou\2 9z 9u
0z du p Oz ou o
exp | — (87’) (81/) _ 0t v X ezthruuh. (422)
2a 2c ac

5. Concluding Remarks

The present paper concerns with the two-variables and two index polyno-
mials H,, ,(x,y) introduced by Hermite (see [1] and [12]), whose application
within the context of the phase space approach to physical problems is sug-
gested. This paper is devote to discuss with some details the generating re-
lations of the Hermite polynomials Hy, ,(z,y) by using the Weisners group-
theoretic and operational representations technique. Accordingly, in Section 3,
generating functions involving the Hermite polynomials H,, ,(z,y) are obtained
by utilizing the outcomes of Section 2. The operational representations for the
polynomials H,, . (x, y) are obtained in Section 4 by employing operational calcu-
lus methods. These representations are then used to derive generating relations
for Hy, n(z,y).
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