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Abstract. In this paper, we define and examine a new functional product in the space of real polynomials.
This product includes the weight function which depends on degrees of the participants. In spite of it does
not have all properties of an inner product, we construct the sequence of orthogonal polynomials. These

polynomials can be eigenfunctions of a differential equation what was used in some considerations in the
theoretical physics.

In special, we consider Laguerre type weight function and prove that the corresponding orthogonal
polynomial sequence is connected with Laguerre polynomials. We study their differential properties and
orthogonal properties of some related rational and exponential functions.

1. Introduction

Let W = [wWyn(X)]mnen, be a matrix of the weight functions, i.e. positive real functions on support
Q c R, for any m, n € INy. We define a functional product in the space of real polynomials by

<p/ q> = L P(x)Q(x) Wdeg(p),deg(q) () dx, @)

Proposition 1.1. The functional product (1) has the properties:
O IfIP=<fH20 (VfeP)
(i) {f,f)=0 & f=0;
@iy (Af,qy=Af, 90 (VA€R, Vf,geP).

Proposition 1.2. If W = [wy, ,(X)]mneN, is a symmetric matrix of the weight functions, then the functional product
(1) has the symmetric property:

() fp=<a.f) (Vf,geP).
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Remark 1.3. Notice that in general, it is valid

<f1+f2/!]>¢<f1/g>+<f2/g>- (2)

It happens because of the dependence of the functional product on degrees of fi, f, and g. That is why it is
not an inner product.
Also, it is true

(xf,q) # {f, xg). 3)

In spite of the lack of the properties which are required from (1) in order to apply the Gram-Schmidt orthog-
onalization procedure, the corresponding orthogonal polynomials {P,(x)} can be inductively constructed.
We start with Py(x) = 1 and its norm [|Py|| = V(Po, Pp). Any polynomial

n-1
Pu(x) =x"+ Y a,;xF n=1)
k=0

can be found from the orthogonality relation
<Pm1Pn>:”Pn”26m,n (m:O,...,Tl—l).

The coefficients a, are solutions of the linear algebraic system

Ho,0,n Hoan T Hon-1,n an,0 Hn,0n
H1,0n H1,1,n H1,n-1,n an,1 Hnin
. = - . 7
[Jn—l,O,n Hn—l,l,n e [Jn—l,n—l n Ann-1 Hn,n—l,n

where
Wimn = fxiPm(x) Wun(x)dx (0<i<n, 0<m<n-1;,neN).
Q

Denote
Ay = det[[li,j,n :1,]_:10 .

If A, # 0 (Vn € IN), then the corresponding orthogonal polynomial sequence {P,(x)} exists uniquely and can
be represented by

Ho,0,n Ho,1,n tee Hon-1,n Ho,nn
1 H1,0,n H11,n H1n-1,n H1,n,n
Pn(X) = A_ (7’1 S N)
n
Un-1,0n Hn-11n Un-1n-1n  Un-1nn
1 x e X1 X"

Remark 1.4. M.E.H Ismail [5] had a controversy with a few mathematicians who announced that they have
introduced some new sequences of the so-called relativistic orthogonal polynomials {g,(x)} via

f Gm X)qn(X) (X) = 6mnhm,n-

(ax + ﬁ)"“”

However, M.E.H Ismail noticed that they are nothing else but standard orthogonal polynomials. Namely,
after the change

_ax+b
ax+p’
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he found the following orthogonal relation

00

f Pn(OPn() Wp(H) dE = SpaHonp,

where

pa(t) = (at — a)n%t(%)r wp(t) = . (b -

= w
a (at—a)? \at—a

)/ Hm,n = —(Oéb - ﬁa)m+n_1hm,n~

The paper [5] ended the discussion about the relativistic orthogonal polynomials.

But, the other challenges appeared. So, A. Aptekarev and R. Khabibullin [1] researched the asymptotic
expansions for polynomials orthogonal with respect to a complex non-constant weight function including
the sequence of Laguerre type {L,(nx)}.

G. Filipuk, W.V. Assche, L. Zhang [3] have considered the polynomials orthogonal on positive part of
real axis respect to the semi-classical Laguerre weight w(x) = x®e~**, where t is a free real parameter.

Here, we discuss a concept similar to the one which arose from a second order ordinary differential
equation in the F. Hinterleitner’s paper [4] . Like M.E.H. Ismail did, we have also achieved to connect them
with the standard orthogonal polynomials although this relation is not so obvious and easy. We have found
their Laplace transform and differential equation.

2. Basics about the Laguerre Polynomials

Let us recall the Laguerre polynomials according to [2],[6] and [9]. They are orthogonal with respect to
the inner product

(o= [ feogeoe s, @
0
and can be represented by the Rodrigues formula
1 4, _
Lu®) = nle™ dx" (x ¢ x) ®)

or by the summation formula

n ok
Lo(x) = Z(Z)( D (nem. 6)

k=0

They satisfy the differential equation

xL})(x) + (1 = x)L (x) + nL,(x) = 0. (7)
The leading coefficient is (—1)"/n!. That is why the monic Laguerre polynomials are

Lix) = (-1)'n! Ly(x), L)l = nt. (®)
They satisfy the following three-term recurrence relation

Lin(x) = (x =21 = DLy(x) = 1Ly (v) ©)
and the following differential properties

xi;(x) = nL,(x) + n*L,1(x), nL,_1(x) = ﬁ;(x) + nﬁ;_l(x). (10)
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Also, from the Rainville identity [7]

L(ax) = n! Z (1 (Z)(l —a)" kL (x) (@ € R; n €Ny,

it follows

= (-1 (n
k!

La@at) = nL,_1(at) = (-1)"n! 2 2 k)(z —a- %)ak(l —a)" 1L (). (11)

Remark 2.1. The previous formula can be written in the form
A R . « (=1F (n k .
La(at) — nl,_1(at) = a"La(t) + (=1)"n! , ( )(2 —a— =) (1 - a)" L),
e k' \k n

from which it follows that the factor (1 —a)"*~! can have only nonnegative exponents. It will be important
in the final conclusion (20).

It is known that Laplace transform of a Laguerre polynomial is

(1-9"

gn+1

RiP(s) = L(Lu(x) =

(n € N).

These rational functions satisfy orthogonality relation (see [10])

1/2+ico
f RORY (1 = s)ds = 6,ullRYIP (= =1; m,n € No).
1

/2—ico
The following statement will be very useful in the next section.

Lemma 2.2. Forall m,n € Ny such that m < n, it is valid

i , ) 2, 2 i, 2 i
P = ;(—1)1(”1,1)(?)(—2171;1 viom+m) (2L Y (2 <o, (12)

Proof. Let us express ¢, as

4mn
Pmn = q)m,n ( )/

(n—m)?

where

@,y psk(t) = Z(—l)f(";)(m * k)(—Zm(m +k)+i2m + k))zt" )
i=0

i
The corresponding sums can be expressed by the hypergeometric functions:

i e

i=0

Sl(z) = Z (T:l)(m :‘ k)l'zi — m(m + k)Z 2F1(1 —m, 12— (m + k) Z),
i=0

S2(z) = i (”:)(m ;l— k)izzi = m(m + Kz 2F1(1 -m,1 1— (m+k) |z)
i=0
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By using the identity (see [8], formula (1.4.16))

a+1,b+1‘z),

(c—a)c—D) 2F1(Cajrb1 ‘z) =c(c—a-0) gFl(a'Cb |z) +ab(1-2z) 2F1( crl

fora=-m,b=—(m+k)and c = 1, we yield

S1(z) =

(2m +_k1+ 1)z 2F1(_m’ —1m —k‘z) B (m+ 1)ini+1k+ 1)z 2F1(_m' —2m —k|z)‘

On the second hypergeometric function we apply the identity (see [8], formula (1.4.4))

)

c@a+ (b-c)2) 2F1(a’cb |z) +(c—a)c—-D)z zFl(CaJ'rbl |Z) =ac(l - z) 2F1(a +c1/ ’

forb = -m,a=—(m+k) and c = 1. Hence we get

Sl(Z) = (TYZ + k)(zpl(—m’ _1m a k’Z) - 2F1<_m’l Im B k’Z))

The identity (see [8], formula (1.4.3))

a+1,b

(C—{Il—b) 2F1(a;b . (a,bc—l

z) +a(l-2) 2F1(

z) = (¢~ b)F)

)

appliedon S; fora = -m,b=1- (m+k)and c = 1, gives

(m+k)%z

AL —m,—m—k|z)_(m+k)(2m+k)z zFl(—m,l—m—k|Z)‘

S2(z) = 1 po—

2F1(
Since

Dy k() = 4mP(m + k)2So(—t) — dm(m + k)(2m + k)S1(=t) + (2m + k)* Sy (1),
we finally have

k2t — 4m(m + k)
Dy ik(t) = (m + k)T'

((m+k)-2F1(_m’_§m+k)' —t)

—am+m~ﬁw‘m““”+“y4».

1

Hence we conclude that @, ,,.x(f) vanishes for t = 4m(m + k) /K2, ie. Qmn =0 (m<mn).O

3. Varying Laguerre Weight Function

Consider the double indexed Laguerre weights

e ifm=n=0;
_ ’ € RY).
W, (X) {e_(m+n)x ifm>0vn>0 & :

1057

(13)

Notice that the symmetric property is valid, i.e., Wy = W, It will be very useful in founding the

orthogonality relation between the polynomials.
Let {P,(x)} be the polynomials orthogonal with respect to the functional product

p.q) = fo PO)G(X) Wy () dx .

(14)
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The first members are:
1

3 1 5
Po(x)=1, Pi(x)=x-1, Po(x)=x*—- Ex + 7 Ps(x) = x° —2x% + gx ~ 18

By applying the Laplace transform we get

(s —2)(s — 4)?
453 !

(s —3)(s - 6)

Rz(S) = L(Pz) = 1854 g e e

Rs(s) = L(P3) = —
By computing a lot of them we can notice that we should examine the rational functions

(n=1)! (s =n)(s=2n)""
(zn)n—l Sn+1

Ro) =, Rus) = (-1)" (neN). (15)

Lemma 3.1. The inverse Laplace transform of the rational functions Ry(s) are the following polynomials

L.2nx) — nl,_1(2nx)
@n)"

Py(x) = L7(Ry) = (n € N). (16)

Proof. By using the binomial formula and well-known properties of binomials, the rational function (15)
can be written in the form

RO = (1 Z(— ey ()

Applying the inverse Laplace transform, and according to (6) and(8), we find

Pu®) = LR = (-1 Lo Z(— D ) 4 ()

(2 )”
wherefrom (16) follows. O
Lemma 3.2. The polynomials {P,(x)} satisfy

(P, P =0 (m < n; m,n € Np). (17)

Proof. We can write (14) in the form

(P, Pp) = ! fopm( ! )P ! Jetdt  (m,n e No). (18)

m+n m+n m+n

Using the change x = t/(m + n) in (16), we have

- t 1 (. 2 o 2
P"(m + n) - 2ny (L”(m J;:nt) B nL”_l(m Jrrlnt))' (19)

By using a = 2m/b in (11), (19) becomes

~m(t) ( 1"m b mel ( 1)( ) 2m l)( 2m )L(i’).

b/~ (Zm)’" b T h b—2m

Changing the roles of m and n in (19) and using (11) for a = 2n/b, we have

<t (1)"'b2n1 (=Dk(n 2n kv, 2n k.
Pulg) = (2n)':l bn Z () ;_E)(b—nZn)L"(t)'
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Taking b = m + n and by orthogonality relation for the Laguerre polynomials (4), the relation (18) becomes

(1 + 1Py, P} =(=1)"""

m!  n! n—mym-1,m—n\n-1
(2m)m (Zn)”(m+n) (m+n)

3 - A 2 -

=

ie.,

P, Py = (=1)"} (m—1)!(n—1)! (n — m)"*+"=2
<Pm/ Pn> - ( 1) 2m+nmmnn (Tl’l + n)Vﬂ+n+1

T ()oY - o 2 (2

According to the relation (12), it is equal zero for m < n. O

Lemma 3.3. The polynomials {P,.(x)} have the norms:

PP =Py Py =+ () (1D, 20)

Proof. According to the formula (16), we have
~ t _ in(t) - ntn—l(t)
Pu ( 2n ) B (2n)

Hence, taking the norms from (8), we have

00 /4 - 2
<pn/ pn) = %L (—Ln(t) (;:;n_l(t)) e_t dt =

P (n!2 +n*(n — 1)!2). O

According to the previous lemmas, we conclude that
Pu(x) = Py(x)  (¥n € Np).
Theorem 3.4. (Main result) The polynomials {P,(x)} defined by

Pox)=1,  Pu(x) = L,(2nx) (_2:)1;”_1(2%)

are orthogonal with respect to the functional product (14) and the following holds:

(n € N) (1)

1, nl \2
(Po,Poy=1,  (Pu,Py) =~ ((27)) Smn (m,n€Np, m>0Vn>0). (22)

Remark 3.5. We can notice that the sequence {P,(x)} does not satisfy three-term recurrence relation because
of the functional product property (3). Also, the generating function is not known.

Our numerical computations and graphics of the polynomials such as Figure 1, persuade us that the
next conjecture about the zeros is true.

Conjecture 3.6. The zeros of Py, (x) stay on support Q = (0, c0) and interlace each other.

It is only obvious that one zero of P,(x) must lie on support. Really, because of

fﬂMmeM=o
Q

the polynomial P,(x) have to change its sign on Q.
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Figure 1: The graphics of polynomials P,(x) (n = 1,2,3,4)

4. The Differential Properties

Let us recall the exponential integral function

00 e—zt
E.(z) :f dt. (23)
1
Theorem 4.1. The polynomials {P,(x)} satisfy the Rodrigues type formula
Pu(x) = D" o 4 (x"(xE_n(2nx) = E1-y(2n2))  (n € N). (24)
8 (2ny=1"  dx" § §

Proof. By using (5), we can write (16) in the form

_ (_1)11 ean dn—l
(211)"_1 dxn-1

Pu(x) (A -xe)  (neN). (25)

The final conclusion follows from the fact
f ¥H1 = x)e M dx = x”(xE_,,(an) - E1_,,(2nx)). O

Theorem 4.2. For every fixed n € IN, the polynomial P,(x), given by (16), is orthogonal with the polynomials
{Po(x), P1(x), ..., Pu_o(x)} with respect to the weight function w,(x) = 2™ on (0,)., i.e.

f Ppu(x)Py(x) e dx=0 (m=0,1,...,n-2).
0
Proof. From the the orthogonality of Laguerre polynomials {L,(x)} and the change x = 2nt, we have
f fLi@nt)ye?dt=0  (i=0,1,...,k—1; ke N).
0

If we apply the formula for k = n and subtract from it the formula for k = n — 1 multiplied with n and use
relation (16), we yield the quasi-orthogonality relation. O

Remark 4.3. We can say that P,(x) is quasi—orthogonal of order d = 1 with the finite polynomial sequence
{Po(x), P1(x), ..., Pu-a(x), Py—1(x)} with respect to the weight function w,(x) = e™2"* on (0, ), but they are not
orthogonal between themselves in that sense.
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By change t = 2nx, we modify the differential equation (7) into

xL!'(2nx) + (1 — 2nx)L} (2nx) + 2n°L,(2nx) = 0, (26)
and
xL_ (2nx) + (1 = 2nx)L; _,(2nx) + 2n(n — 1)L,1(2nx) = 0. (27)

Subtracting (27) multiplied with n from (26) and using the relation (16), we have
xP}/(x) + (1 = 2nx)P,(x) + 2n(n — 1)P,(x) + (2n)' "L, (2nx) = 0. (28)
By differentiation (28) twice and changing in (26), we find the fourth order differential equation for {P,(x)}:

PP (x) + 4x(1 = nx)P}/'(x) +2(2n%2% + 2n(n — 3)x + 1)P}/(x)

+4n(n - 1)(1 — 2nx)P; (x) + 4n’(n — 1)P,(x) = 0 )
5. Orthogonality of the Related Rational and Exponential Functions
We can examine the orthogonality of the functions {R,(s)}.
Theorem 5.1. The functions {R,(s)} satisfy the following orthogonality relation:
1™ 1( n
[Ry, Ry] = i ]:ioo R,(n = s)R,,(m + s)ds = - (W) Omn (m,n € N). (30)

Proof. We will prove that the values of the products (22) between the members of polynomial sequence
{Py(x)} are equal to the values (30) of the corresponding rational functions {R,(s)}. For a better overview,
we will denote

Cnk = (_1)n+k#’3—klc! ((n ; 1) + (Z)) (neN, ke Ny),

from which we have

n n Kl
Py(x) = chkxk/ Ry(s) = Z anskj .

k=0 k=0

Then,

1 (™% k! . j!
[Ranm] znsz[;anm][ZOCm]W]ds

j=

Kijt 1
Z Z CnkCmjzy 27 «[im (n — s)k+1(m + S)j+1 ds

k=0 j=0
Since
Res 1 L))
S=—m (n — S)k+1(m + S)]+1 k|] (Tl + m)k+]+1
we get
B n m (k + ])'
[Ry, Rin] = Z CokCmj - a1 n+ m)k+/+1

k=0 j=0
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In the other hand, for polynomials {P,(x)} the following holds:

00 o 1 m
(o, Py) = f Po(x)Py ()™ dx = f Y et || Y e | e dx
0 0 k=0 j=0
nom
k+ j)!
k+] —(m+n)x _ ( ]
Z ancm] f e dx = Z Z anCm] k+j+1 °
k=0 j=0 k=0 =0 (n+m) )

Because of (Py, P) = [Ry, Riu], according to the previous theorem we conclude that the sequence {R,(x)} is
orthogonal with respect to the product (30). O

Corollary 5.2. The functions f,(x) = P,(x) e™™ (n € IN) are orthogonal with respect to the product

(f.9) = fo f(x) g(x) dx.

Including P, (x) = f,(x) e™ into (29), we find that the function y = f,(x) satisfies the fourth order differential
equation

(YY" = 2% (x(x = 2)y') + n?(n®x* — 4n*x + 4n* — 2)y = 0.
The Laplace transform of the function f,(x) (n € IN) is

(=1 s(s—n)"!
Q@uy1 (s +nyt

Fu(s) = -E(fn)

Corollary 5.3. The functions {F,(s)} are orthogonal with respect to the product

1 1, nl |2
E . Fm(—S) FH(S) ds = 5 (W) Omn (71’1 < 1’1).
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