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Abstract: The theory of orthogonal polynomials is well established and detailed, covering a wide
field of interesting results, as, in particular, for solving certain differential equations. On the other side
the concepts and the related formalism of the theory of bi-orthogonal polynomials is less developed
and much more limited. By starting from the orthogonality properties satisfied from the ordinary
and generalized Hermite polynomials, it is possible to derive a further family (known in literature)
of these kind of polynomials, which are bi-orthogonal with their adjoint. This aspect allows for us
to introduce functions recognized as bi-orthogonal and investigate generalizations of families of
orthogonal polynomials.

Keywords: Hermite polynomials; generating functions; bi-orthogonal polynomials; bi-orthogonal
functions

1. Introduction

The topic of bi-ortogonality will be treated while using the formalism and the operational
properties satisfied by different classes of polynomials recognizable as generalized Hermite
polynomials [1,2]. The consolidated approach to the study of the characteristics of orthogonality
and, although less developed, the one related to the concept of bi-ortogonality will be reread on the
different formalisms that can be obtained from the various relations deducible from the structure
of the different polynomials and the related functions that are attributable to the family of Hermite
polynomials [3-5]. The fulcrum of the discussion is based on the two-dimensional extension of
Hermite polynomials

Hy (x) - H(m,n) (x/ y)/

where we consider the variables as real and the indexes positive integers.

2. Orthogonality and Bi-Orthogonality

By starting from the space L2 (a,b) and by considering a real function w(x) on the interval
(a,b), non-negative, measurable, and non-zero, we can define the inner product (if for every f(x) €
L2 (a,b), f(x)*w(x) is Lebesgue integrable):

def

b
<f8 > ()= [ fgwa
which define an Hilbert space. The functions f and g will be said orthogonal, if:
<f,g>=0

and the function w(x) is usually referred as the weight function.
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Remark 1. For our purpose, it is not necessary to introduce the concept of orthogonality through the
Lebesgue—Stieltjes integral, by introducing a general measure m(x) on R, by assuming that:

xF e 12 (a,b),Vk € N
i.e., the moment sequence yy, k = 0,1,... finite, py := fab xFw(x)dx, with w(x) > 0.

Under these hypothesis, we can construct the Hankel determinant, which allows for us to define
the family of orthogonal polynomials by the following:

1

Po(x) = py 2
. Ho ..o Hn
P = ...
n(x) HpHyo o
where

Ho e Un

HTH—l = .. PP

]/ln ce ]/lzn

In a more direct way, a sequence of polynomials { P, (x)} % is said orthogonal if, for any n,m € N,
we have:

(i) Pu(x) is a polynomial of exactly degree n
(if) < Py, Pn >= Kybnm

Ky > 0,0y, denotes the Kronecker delta. The sequence is said to be orthonormal if:
(i) < Py, Pn >=6um

To introduce the bi-orthogonality, we need to define a totally positive kernel [6]; that is a
two-variable continuous real function K(x, y), such that, for all:

X <x<..<xpmy1 <y <...<ym

it holds that
det[K(x;,yi)1<ijem >0

By assuming the above condition and, furthermore, that the integrals involved are defined and
finite, we can define an inner (bi-)product.
Let p, g € P, we said, non-symmetric inner (bi-)product, the relation:

< p(),9(0) >= [| p()a)K (e y)dxdy
where 7P is the space of real polynomials, D # @, D C R?

To better understand the nature of bi-orthogonality, we set the following.

Definition 1. Two sequences of polynomials {Py(x)} %% and {Qn(x)} % are said to be bi-orthogonal

polynomial sequences, if for any n,m € N, we have:

(i) Py(x) and Qu(x) are polynomials of exactly degree n and m, respectively
(ii) < Py, Qm >= Knén,mr K, >0

If Ky, = 1 the sequences are said bi-orthonormal.
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Remark 2. In general, since the above definition, we have:

< Py, Qum >#< Qu, Py >

This standard definition of bi-orthogonality is strictly based on the concept of orthogonality [6-8].
It is useful to note that, with Cauchy kernel:

1/x+y

we obtain biorthogonal polynomials, called Cauchy biorthogonal polynomials, which appear in
the study of special solutions to the dispersive non-linear partial differential equation, called the
Degasperis—Procesi (DP) equation, which represents an approximate model for wave propagation [9].

In the next sections, we will describe the bi-orthogonality relations for a special class of Hermite
polynomials, which can be seen as a particular case of the previous definition, but from the other side,
as a first step to generalize the concept itself in a different context.

3. Hermite Polynomials and Related Functions
We start to introduce the ordinary one-variable Hermite polynomials and their orthogonal

properties, by setting their explicit form ([10,11]):

[n/2] (_1)rx(n—2r)
— nl ~ 7
Hulo) =m0, it =i

and the related generating function, which reads:
t2 400 1
- )\=Y'_H
exp (xt 2) EO o n(x)

The ordinary Hermite polynomials are orthogonal on the interval (—oo, +0c0), with respect to the
weight function:

N‘ o

ie.,

400 2
/ Hy(x)Hp(x)e™ 2 dx = n!/270n,m

—00

The above relation suggests dor us to introduce a family of functions, based on the ordinary
Hermite themselves in such a way as similar properties are derived, we set [12,13]:

1

hey (x) = (\/Zinn'>2 Hn(x)e_%

which are orthonormal on the interval (—oo, +0c0):

+o0
/ hen (x)hew (x)dx = by m

The one-variable orthogonal Hermite functions he,, (x) satisfy the following recurrence relations:

d

Z%hem(x) = Vmhey_1(x) — Vm + They1(x),

xhey (x) = /mhey_1(x) + Vm + 1hey 11 (x).
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In fact, by deriving with respect to x both sides of the relation defining he,, (x), we have:

%hem(x) = (\/2i7rm'> %;x (Hem(x)e‘xf>

and by using the recurrence relation satisfied by the Hermite polynomials, we can write:

%hem(x) = (\/%m!)z [mHem_l(x)e_)it2 - ;Hem(x)e_f] .

Futhermore, it is easy to prove that the ordinary Hermite polynomial He, (x) satisfies the
following relation:

Hep(x) = % (mHep1(x) + Hemy1(2)]

which helps us to write the previous relation in the following form:

%hem(x) = (\/%m'>% {mHeml(x)e_ﬁz - <;e_x42 (mHey,_1(x) +H€m+1(x))>} .

By substituting the expression of the Hermite polynomials He,,_1(x) and He,, 1 (x) in terms of
the orthogonal Hermite functions he,, (x), we obtain:

%hem(x) =
(\/%m!)z {me7642 (\/E(;ﬂ—l)!)ze%hem_l(x)—i-
—%e*%n(\/ﬁ(rﬂ - 1)') Ee%hem,l(x) - %efg (\/E(m + 1)!) 2€X42h3m+1(x):|
and then:
d _omfm=1z L Amlm-1)0E L Amlm 1)
ahem(x) - (m,)% h m—l( ) 2 (m')% h m—l( ) 2 (m,)% h m+1( )

which proves the first of recurrence relation. Regarding the second relation, we start to note that the
Hermite polynomials He,, (x) satisfy the following recurrence relation:

xHe,(x) = He,11(x) + nHe,_1(x)

and, by substituting the expressions of the ordinary Hermite polynomials in terms of the related
Hermite functions, we immediately obtain:

X [(\/Em') %eﬂzhem(x)} =

N

X

= (\/ﬂ(m + 1)!) %e%hemﬂ(x) + m(x/ﬂ(m - 1)!) eThey, 1(x)

N—

which prove the second recurrence relations.
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In order to explore the differential characteristics involving the orthogonal Hermite functions
of the type he;,(x), we can use the above recurrence relation, which, properly manipulated, gives us
the following:

(;x + ;) hey (x) = v/mhey,_1(x)

(—di + ;) hew (x) = vVm + They 1 (x)

so, we can set the following shift operators [14-17]:

a. = _i + E i = i + E
S\ dx 2)7  \dx 2
and then we can rewrite the above relation in a formal way:
ayhen(x) = Vn+1heyy1(x),  a-_hen(x) = /nhe, 1(x)

The above operators are not dependent on discrete parameters so not to change with the indexes
of the functions and then the following relation holds:

apa_he,(x) = nhe,(x)

We can note that the one-variable orthogonal Hermite functions ke, (x) solved the following
ordinary differential equations:

d? x? 1
[dxz - Z + (m+ 2>:| hem(x) =0

In fact, by expliciting the previous operatorial relation, we have:

<_;; ; ’2‘) (jx n ;) e (x) = mhen(x)

then:

and finally:

a2 2?1
(—M+4—2—m) hem(x) =0
By the definition of the one-variable Hermite functions ke, (x), we can now generalize the above
results that were obtained using the ordinary one-variable Hermite polynomials and applying them to
the two-variable Hermite polynomials. We remind that the explicit forms of the generalized Hermite
polynomials of type Hy (x,y) reads [2]:

[n/2] nl

e W T i

Accordingly, it is also possible to define analogous Hermite functions of two variables that are
orthogonal, by using the expression of the generalized two-variable Hermite polynomials [10,14].
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Definition 2. Let x and y be two real variables and he, (x) be the one-variable Hermite function. We define the
two-variable Hermite function he, (x,y), given by the expression:

[n/2] n!
hen(x,Y) Z A= 2r(x)her (y)

Proposition 1. The two-variable Hermite functions hey, (x,y) are orthogonal functions on the interval (—oo, +00).

Proof. We have to prove that the following integral:

/oody /oohen (x,y)hen (x,y)dx

is a finite number, thus the functions are orthogonal. By substituting the explicit expression of the
two-variable Hermite functions hey, (x, ), as given in the previous definition, we get:

o0 —+o00

/dy/hen(x,y)hem(x,y)dx:
(n/2] [m/2]

n'm!

Z 2 n_zr) (m 25 |1,'S' /hen 2?’ )hem 25 dx/her hes(y)dy

and since the one-variable Hermite functions are orthonormal on the interval (—oo, +00), we have:

+o0 +o0
/dy / hey (x, y)hew (x,y)dx =
[n/2] [m/2] Vo1 +oo
n'm!
Z Z (n— 2r)1(m — 25)!r1s! /he”*zrmhe”’*(x)dx Ors:

—00

We note that, in the above summations, all of the terms are zero, except when r = s, and then we
can rewrite the previous relation in the form:

—+o0 +o00

/ dy / hey (x, y)hew (x,y)dx
(n/2] [m/2] !
= S EE— h n—2r h m—zr d
%%V«n_m a9

and by applying again the orthonormal property of the one-variable Hermite functions hey (x),
we similarly obtain:

too 4o (n/2] [m/2]

/dy/henxyhemxydx— Z Z

n'm!
2 nm

(n—2r))2(r)

Additionally, in this case, the only non trivial value it is obtained for n = m, and so we can

conclude with:
teo o [n/2] n!

/dy/hen(x,y)hem(x,y)dx: Z m&n,m

r=0

—00
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which proves the orthogonality of the two-variable Hermite functions he, (x,y). O

It could be useful to observe that the term obtained in the above orthogonal relation can be read
as a special case of the two-variable Hermite polynomials of the type H,,, which is:

1 m2l
(L _ G
Hy (2’ 1) ,;0 rl(n—2r)!

We can derive the generating function for the two-variable orthogonal Hermite functions ke, (x, y)
by using the structure and the identities of the Hermite polynomials. For this purpose, we use
a different class of two-variable Hermite polynomials called He,,(x,y) [2] having the generating
function given by:

t4 +00 Fm
exp (xt — = 4yt - 5 > Z He (X, Y)

By manipulating the argument of the exponential, we obtain:
2,
exp xt——+yt —5) =

=ex xt—ﬁ X 1?2—ﬁ =
7ep 2 epy 2 -

+00 m 400 (21
=) %Hem(x) Y —He:(y)
m=0 r=0

and by setting m + 2r = n, after rearranging the indexes in the above summations, we end up with:

, /2]
Hem(x,y) - m' Z mHemfzr(x)Her(y)

r=0

which gives an expression of the two-variable Hermite polynomials H e;n (x,y) in terms of the ordinary
one-variable Hermite polynomials. We will use the relation that is shown above to state the link
between the two-variable orthogonal Hermite functions ke, (x,y) and their generating function.

We start substituting in the definition of the functions he,, (x, y) the expression of the one-variable
orthogonal Hermite functions he, (x):

(m/2]

m! 1 RN
hen(y) = 1 (m_wﬂ( m(m_h)!) ( m) e~% ¢ Heyy_zy(x) Her(y)

which gives:

2 [m/2]

hew(x,y) = e Te~ F\/ ;
and by substituting the explicit form of the Hermite polynomials H e (x, y), we have:

Vil 2 @ Hey(x,y)

x4
Te 4

hew(x,y) = \/Ee il

L
4

= 27 Hem,Zr(x)Her(y)

By expliciting the two-variable Hermite polynomials H e (x, y) in terms of the Hermite functions
hem (x,y), the previous equation reads:

2442

/ | x
He,,(x,y) = \/m%\/ZneTy hewm (x,y)
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which, once replaced in the expression, allows for us to write:

ex xt———l— tz—ﬁ —Jioﬂ L!\/27Texzzy2he (x,v)
p Y 2 _m:()m! /m! m\X, Y

and then, we can finally state the expression of the generating function of the two-variable Hermite
functions hey, (x,y):
2 oo ym
L bendee) sy
N = il
Because the two-variable Hermite polynomials satisfy many interesting identities, it is possible to
derive similar relations for the two-variable Hermite functions he, (x, ).
The starting point is the link between the polynomials He),(x,y) and the functions /ey, (x,y)
showed above. By deriving with respect to x in the previous relation, we have:

——hem(x,y).

[N]

% —Ee*%He, (x )—i—e*xTiHe (x,v)
\/ﬁml 2 iy 9x Y

d
hew(x,y) =

and then:

1 x _2+2 1 _ 2242 /

d
ahem(xly> - _\/Emlie 4 Hem(x'y)+ mm' 4 mHem 1(x y)(x y)

to conclude with the following generalization:

d X
ahem(x,y) = —Ehem(x,y) + v/mhey,_1(x,y).

In the same way, it is possible to state an analogous recurrence relation satisfied by the Hermite
functions ke, (x,y). In fact, by deriving now with respect to y in the same equation of above, we obtain:

a ]_ é y x2 i

g en(e) = e | ST He (x,y) e g HE (x,y)

S0

which gives:

x2+y2
P

d 1 / 1
—he, (x,y) = — e He, (x,y) + ——e¢
ay m(x:y) V2mrm! 2 m(x:Y) 2mrm!

_ 2y
4

m(m — 1)He,,_»(x,y).
By using the expression of the Hermite polynomials of the form He,, (x, y), we can finally state
the second generalized recurrence relation for the two-variable Hermite functions he, (x, y):

0 _ Y [i(m — 1)
@hem(x,y) = —Ehem(x,y) +\/m(m —1)hey—2(x,y).

A further recurrence relation involving the Hermite functions hey(x,y) can be deduced by
operating directly in the equation linking the generalized Hermite polynomials of the type He,,(x, )
and its generating function. We remind, once again, that the generating function of the polynomials
He,,(x,y) has the following expression:

t4 +o00 Hm

exp(t—+yt2—2> Z He (1)
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and by deriving both sides with respect to f, we obtain:

+oom ml

(x — t 42yt — 213) Z He (x,y) Zm L (x,).

By exploiting the terms in the above relation, we can write:

too ym oo pm+1 ,
x Z He n(0y) = Y 7Hem(x,y)+
m=0 .
+o0 m+1 +oo m+3 ,
(x,y) =
pm— l

Zm X, y)

and by equating the terms of the same power of m, we have:

He , Helm_ X, m /
(2y=1) Zn;_i(f)!y) 2w j(3)!” = (m++11)!H€m+1("'y)

Henwy) |

m!
which gives the important recurrence relation for the generalized Hermite polynomials H. e (x, y):
xHey, (x,y) + (2y — 1)mHe,,_1(x,y) = 2[m(m —1)(m —2)] He,,_5(x,y) = He, 11 (x,y)

We can use the relation that is stated above to derive the analogous identity for the two-variable
Hermite functions hey,(x,y). In fact, by substituting the expression of the Hermite polynomials
He,,(x,y) in terms of the Hermite functions hey, (x, y), we have:

x\ﬁ\ﬁe i hem(xy (2y —1)my/(m—1) re ta hem 1(x,v)+

—2[m(m—1)(m —2)] \/m 3\ﬁe4 hey—3(x,y) =
=4/(m+1) \ﬁe i h€m+1(x y)

and we can finally conclude with (as discussed in [18]):

xhew (x,y) + (2y — 1)/mhe,, 1 (x,y) — 2\/m(m —1)(m —2)hey_3(x,y) =
= Vm+1hey1(x,y)

4. Relevant Relations Involving Bi-Orthogonal Hermite Functions

In the previous sections, we have introduced the one-variable, one-index Hermite polynomials
Hy(x), and their generalization Hy,(x,y). It is possible to use the polynomials H,(x) to introduce a
different class of Hermite polynomials with two indexes and two variables, which are a vectorial
extension (as discussed in [18]); this means that from an index acts on a one-dimensional variable,
we will have a couple of indexes acting on a two-dimensional variable:

Hy(x) = Hun(x,y)
Let the positive quadratic form:

q(x,y) = ax® 4 2bxy +cy?, a,c >0, A=ac—b*>0
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where a4, b, ¢ are real numbers and the associated matrix reads:
~ a b ~
M= ( ) ) ‘M‘ >0
b ¢

and by considering a vector z = (;) in the space R?, it follows:

q(z) = (x vy) (Z i) <;> = ax? 4 2bxy + cy?

Definition 3. We will call two-index, two-variable Hermite polynomials, indicated with the symbol Hy, » (x,y),
the polynomials defined by the following generating function:

where:

z= <;> L h= (i) € R?with t # u, (|t|, |u]) < +o0

These polynomials are exploited in many fields of pure and applied mathematics, they are very
useful in the description of the quantum treatment of coupled harmonic oscillator [19].

By using the definition of the quadratic form, we can introduce the related adjoint class of these
polynomials, by setting:

we have

where:

v= (g) k= (:) e RZwitho = Mzand r # s, (|r], |s]) < 4+
The expression of the generating function defining the adjoint Hermite polynomials of two-index
and two-variable G, »(x,y), could be recast in the following form:

te— Lt i1 res
kM — Yy PG, (%)

The above introduced vectorial Hermite polynomials satisfy, with their adjoints, many and
relevant properties. It is now interesting to explore the possibility to find similar Hermite functions as
those that are defined in the previous section, in order to obtain an extension of the concepts and the
related identities satisfied from the Hermite polynomials Hy, » (x,y) and their adjoints Gy, » (X, y).

The structure of the vectorial extension Hermite polynomials is based on the fact that a vector
index acts on a vector variable or, which is the same, a couple of indexes act on a couple of variables.
This suggests that we can not expect the same relation linking the two-index, two-variable Hermite
polynomials Hy, ,(x,y) and Gy, (x,y), and the related Hermite functions we are going to define;
moreover, the concept of orthogonality is not the same as the existing one for the one-index Hermite
polynomials of type H,(x) and Hy(x,y). The two-index, two-variable Hermite polynomials Hy, » (x, y)
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and their adjoints G, » (x, y) satisfy the following bi-orthogonality condition (result already discussed
in detail in [18]):

/Jrood +OOH (x,4)Grs(x )e*%ztldx—z—nm'n'é )
- y . mu\X, Y)Grs(X, Y \/K N:0m,rOn,s

Remark 3. The proof is based on the definition of the generating functions and use the vectorial techniques of
differentiation. The weight function:

o~ 32 Mz
is easily recognized similar to the related weight function for the ordinary Hermite polynomials Hy, (x). We can
use the above result to define functions that are based on the two-index, two-variable Hermite polynomials.

Definition 4. Let the Hermite polynomials Hy, »(x,y) and Gy, n(x,y) we call two-index, two-variable Hermite
functions, be the functions defined in the following way:

— VA 1 1yt
Hm,n(x/y) = EWHWLH(XI]/)(? 4ZtM z

_ VA 1 1t
Gm,?l(xry) = E\/Tnlcm,n(xry)e 4;tM 1;

which are obviously bi-orthonormal.

We see how to extend the differential relations showed for the polynomials H,(x) ti emphasize
the relevance of the bi-orthogonal Hermite functions.

We start to observe that the Hermite polynomials of type Hy, . (x,y) and Gy,»(x,y) solve the
following partial differential equation:

0 1 o1 [ 9x .
gsm,n(x,y, T) = —3 (ax ay) M (ay> Smn(X,Y;T)

satisfying the conditions at T = 0

) ¢"™y", when Sy = Hyy
Sm,n(x/]/, 0) = {xmyn, when Sy = G
Remark 4. The proof is an immediate consequence of the properties satisfied by the polynomials Hy, »(x,y) and
Gmn(x,y), deduced by their structure, while using the similar well-known relations of the ordinary Hermite
polynomials, by defining the following shift operators:
)

ay0=z(ax+by)——, @ _1 ci—b2 +1x
O Y= axr 07 A\ Cox ay/) 2

N —

a *l(bx—kc)—i a _1 bi—ai +1
0+ =3 Y oy’ " A\ ox oy 2Y
where A = ac — b is the determinant of the quadratic form that is defined above.

The above operators are free from any parameters, not presenting any index variable in their
structure, therefore different from the shift operators related to Hermite polynomials. The action of
these operators could be summarized, as follows:

Ay 0Hun(x,y) =Vm+1Hyi10, - o0Hmun(x,y) = vVm Hy—1,(x,y)



Fluids 2020, 5, 105 12 of 14

o+ Hun(x,y) = Vn+1Hy g1, 8o, Hun(x,y) = Vi Hypuo1(x,y)

By virtue of the above relations, we can state the important result concerning the partial differential
equation that is solved by the bi-orthogonal Hermite functions [18]:

ot 9. — (w1 = 120 ) Fla(w) =0

4
X 9
where z = and 9, = aax
y dy

Remark 5. To prove the statement, we use the following operational relations:
@40 [@—0Hmn(x,y)] = mHpun(x,y)

aO,Jr [aO,fﬁm,n(x/]/)} = nﬁm,n(x/ ]/)

which emphasizes the similarity with the orthogonality relation previous established for the ordinary
Hermite polynomials:
a4a_he,(x) = nhe,(x)

To state the analogous result for the functions Gy, »(x,y) it is sufficient to remind that the adjoint quadratic form:

7(z) =2'M™'z

v = Mz, wherev = <7§>

The previous discussed Hermite polynomials and related bi-orthogonal functions satisfy a
plethora of relevant relations, for instance in [10,14,20-22], but it is much more interesting to explore
how the particular bi-orthogonality relation could be extend to other families of classical orthogonal
polynomials [23,24]. Note that ordinary and generalized Laguerre and Legendre polynomials [25-27],
for example, as well as Chebyshev polynomials [28-32], could be expressed in terms of polynomials
recognized as Hermite. Regarding the generalized Laguerre polynomials:

which introduced the variable:

5. Further Investigations

2Ln(x,y) = Hy (y, ﬁ;l)

where: L,(x,y) = n! ZL"Z/OZ] %, D;! the inverse of derivative operator for the Legendre
polynomials, it holds:
1
2bi() (=3 0=P)y) = Paly)
where:

(/2] (_1)n—27yr(1 _ yZ)n—2r
5 (n—2r)1(r1)222(n-2r)

Regarding the Chebyshev polynomials of first and second kind, for ¢ € R, we have:

1 [t 1
U,(x) = 7'/0 e t"H, (Zx, _t> dt

n:
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Ta(x) = 2<nl_1)| ./:OO e ' 1H, (Zx, 1) dt
or, more in general:
U, (x,y) = %/Om e 't"H, (x, %) dt
and, furthermore:

1 [t
U (x,y) ™ = a/o e_tt”H,Sm) (x,%) dt

where
(m) [n/m] (n_r)!xnfmryr (m) [n/m] n!xnfmryr
Un(x,y)\"™ = r;') = H," (x,y) = L (0 —mr)t

The above relations are some examples of the plethora of generalizations for many families of
orthogonal polynomials and special functions; this emphasizes the powerful tool that is represented
by the wide family of those polynomials recognized as Hermite polynomials.

Before concluding, it is worth noting that the bivariate orthogonal Hermite polynomials [33]:

Hum(x, 3 A) = minf),m) (— 1)kt (771) <n>a(nk)/2bkc(mk)/2He <ax + by> e (bx —|—cy>
n,m 7Y = k k n—k \/E m—k \/E

present the same structure of the two-index, two-variable Hermite polynomials defined in Section 4
as well as other parabolic polynomials, recognized as belonging to the Hermite family, showed by A.
Wiinsche [34]. In a forthcoming article, we can deep discuss the analogy and differences between these

different classes of Hermite polynomials.
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