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Abstract

In this research, by applying the extended Sturm-Liouville theorem for symmetric functions, a basic class
of symmetric orthogonal polynomials (BCSOP) with four free parameters is introduced and all its standard
properties, such as a generic second order differential equation along with its explicit polynomial solution,
a generic orthogonality relation, a generic three term recurrence relation and so on, are presented. Then,
it is shown that four main sequences of symmetric orthogonal polynomials can essentially be extracted
from the introduced class. They are respectively the generalized ultraspherical polynomials, generalized
Hermite polynomials and two other sequences of symmetric polynomials, which are finitely orthogonal on
(—o00, 00) and can be expressed in terms of the mentioned class directly. In this way, two half-trigonometric
sequences of orthogonal polynomials, as special sub-cases of BCSOP, are also introduced.
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1. Introduction

As it is known, to prove the orthogonality property of a sequence of functions, which satisfies
the differential equation

POy (x) 4+ q(x) Y, (x) + (Aar (x) + 5(x)) yu (x) =0, (1

one of the current methods is to apply the Sturm—Liouville theorem (see, e.g., [3,19]). According
to this theorem, a necessary condition to establish the orthogonality property is that the coeffi-
cients p(x), g(x), r(x) and s(x) in (1) must be independent of .

But what will happen if one of these mentioned coefficients depends on n? Can we again
use the Sturm-Liouville theorem for this case? We have responded to these questions in [16] in
detail. However, since the main theorem of [16] is required in this article, we restate it here.

Theorem 1. Let @,,(x) = (—1)"®,(—x) be a sequence of symmetric functions that satisfies the
differential equation
A D) (x) + B(x)P, (x) + (A, C(x) + D(x) + (1 = (=1)") E(x)/2) @ (x) =0, (2

where A(x), B(x), C(x), D(x) and E(x) are independent functions and {)\,,} is a sequence of
constants. If A(x), C(x), D(x) and E(x) are even functions and B(x) is an odd function then

/W*(x)ﬁl’n(X)d’m(X)dx: (fW*(X)d’,%(x)dx)%,m, 3)
where

5 0 ifn#m,

n.m — 1 lf‘n =m,

and W*(x) denotes the corresponding weight function as

KN B(x) — A'(x) _ C(x) B(x)
W*(x)=C(x) exp(/ 7{4()@ dx) = A exp</ A0 dx). 4)

Of course, W*(x) defined in (4) must be a positive and even function on [—a, a] and x = o must
be a root of the function

AO)K (x) = A(x)exp(/ w dx) = exp(/ ig; dx), (5)
i.e., A()K (a) =0. Note that since
Ko=) ©)
C(x)

this function is even (K (—x) = K (x)) and therefore A(—a)K (—a) = 0 automatically.

In [16] we have called {®,(x)} “a generalized symmetric sequence of classical orthogonal
functions,” because by using it, one can generalize several well-known symmetric orthogonal
functions such as trigonometric orthogonal sequences related to Fourier analysis [1,19], the as-
sociated Legendre functions P (x) [3] having the differential equation

2

(1= x?)®) (x) — 2x @}, (x) + <n(n +1)— %

)Gpn (x) =0, (7
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and the Bessel functions J, (x) [3] of symmetric type. For instance, if

Ax)=1—x>=A(—x), B(x) = —2x = —B(—x),

m2
Cx)=1=C(—x), D(x)=— 5 = D(—x),
1—x
Mm=nn+1), E(x) = E(—x); arbitrary, (8)

are selected in the main equation (2), the corresponding solution generates the generalized asso-
ciated Legendre functions and preserves the orthogonality property on the same interval [—1, 1].
See [16] for more details.

But, there is a special sub-case for the differential equation (2) whose solution is a basic class
of symmetric orthogonal polynomials having an explicit form together with four free parameters.
In this section, we are going to introduce this class and obtain all its standard properties. Of
course, because of rather tedious calculations, we withdraw the extra computations and only
express the original results.

2. A basic class of symmetric orthogonal polynomials (BCSOP) using the extended
Sturm-Liouville theorem

By referring to the generic differential equation (2) let us consider the following options:

A(x) =x? (px2 + q); an even function,

B(x) = x(rx2 +5); an odd function,

Cx)= xz; an even function,

D(x)=0; an even function,

E(x)=—s; an even function, 9
where p, g, r and s are real free parameters and A,, = —n(r + (n — 1) p). Therefore, we deal with

a second order differential equation in the form
xz(p)c2 +q)P; (x) +x (rx2 + 5)@;, (x)
— (n(r+(n— l)p)x2+(1 —(—1)”)s/2)<15n(x):0. (10)
To derive the polynomial solution of this equation, first suppose n = 2m, i.e.,
x(px® 4+ q) @5, (x) + (rx? + 5) P, (x) — 2m(r + 2m — 1) p)x Doy (x) = 0. (11)

Solving this equation eventually yields
m m—(k+1) .
Qj=142m)p+r\ o
(o) =2 (%) - o :
"\p q ,;0 k ]11 (2j+Dg +s 1

where []/=, Ya, =1. Similarly, if n = 2m + 1 is taken in (10), the simplified equation

)62(px2 + q)(bgm_,_l (x) + x(rx2 + s)@ém_H(x)
— (@m + D) +2mp)x* + ) Popy1 (x) =0, (13)
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has the polynomial solution

m m—(k+1) .
s m Cj+14+2mp+r\ opi1-2
S ‘x = x2m . 14
2’"“(19 q ) l;(k)< 111 (2j +3)q +s (19

Hence, combining (12) with (14) finally gives

: (r S’x)z[%]<[”/2]) [n/2]—(k+1) (2 + (=1l +2[n/2D)p +r =2k (15)
"\p q o\ k - Qi+ (=D +2)g +5

which is the most common source of classical symmetric orthogonal polynomials with four free
parameters p, q,r and s where neither both values ¢ and s nor both values p and r can van-
ish together. Here we mention that almost all known symmetric orthogonal polynomials, such
as Legendre polynomials, first and second kind of Chebyshev polynomials, ultraspherical poly-
nomials, generalized ultraspherical polynomials (GUP), Hermite polynomials and generalized
Hermite polynomials (GHP) are special sub-cases of (15) and can be expressed in terms of
it directly. Because of this matter, let us call these polynomials “the second kind of classical
orthogonal polynomials.” Furthermore, there are two other symmetric sequences of finite orthog-
onal polynomials that are special sub-cases of general representation (15) and will be introduced
in Sections 5 and 6.

The symbol Sn( ; ;) x) is used only because of symmetry property, however, to abbreviate
this notation in the text, we will show it as S, (p, q, r, s; x). A straightforward result from (15) is

that
St (1 ;\x)=xszn(”;2p ”qzq\x). (16)

Moreover, since the monic type of orthogonal polynomials (i.e., with leading coefficient 1) is
often required, we define

2]-1 .
/7 s P2 i 4 (1) 4 2)g +s ros
A0 ) =TT & ] A x). 17
P q i—o Qi+ (=D 2[(n/2)p + 1 P q
For instance, if n =0, ..., 5 in (17) we have
s (T S s (T S s (T S 2,49t
S x):l, S( )x =x, S ’x>=x+ ,
0(17 q ! P q ) 2(17 q ptr
_ 3
S3(r s x):x3+ q+sx,
P 4 3p+r
_ 3 3
S4(r s x>:x4+2 q+sx2 (Bg+5)(g+s) ’
P q S5p+r Sp+rQ@Bp+r)
_ 5 5 3
Ss(r s x>=x5+2 q+s 5, Bat9Cq+s) (17.1)
P q Tp+r Tp+r)Sp+r)

The explicit form of polynomials (17) helps us obtain a three-term recurrence relation for the
mentioned polynomials. In other words, if we assume that (17) satisfies the following relation:

§n+1(x>=x§n<x>+cn<; ;)S,H(x); So)=1, Si(x)=x, neN, (I8)
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then after doing a series of computations in hand, we obtain

c, <r s) _ pan® + ((r =2p)g — (=1)"ps)n+ (r = 2p)s(1 — (=1)")/2
P 4q @pn+r—p)2pn+r—3p)
which in fact reveals the explicit form of (18).
Now, since the recurrence relation (18) is explicitly known, to determine the norm square
value of the polynomials we can apply Favard’s theorem [6] by noting that there is orthogonality

with respect to a weight function. According to this theorem, if { P, (x)};'lO o 1s defined by

, (18.1)

XPy(x) =ApPot1(x) + By Py(x) + C Pp—1(x); n=0,1,2,..., (19)

where P_j(x) =0, Py(x) =1, Ay, By, Cy real and A;,Cp41 >0 for n =0, 1, ..., then there
exists a weight function W (x) so that

0 n—l 00
/W(x)Pn(x)Pm(x)dx=<]_[C;‘f1 / W(x)dx>5,,,m. (20)
% i=0 Tt

Moreover, if the positive condition A,C,4 > 0 only holds for n =0, 1, ..., N then the or-
thogonality relation (20) only holds for a finite number of m, n. This latter note will help us
in the next sections to obtain two new sub-classes of S, (p, g, r,s; x) that are finitely orthogo-
nal on the interval (—oo, 00). It is clear that the Favard theorem is also valid for the recurrence
equation (18) in which A, =1, B, =0 and C,, = —C,(p, q,r, s). Furthermore, the condition
—Cp+1(p,q,r,s) > 0 must always be satisfied if one demands to apply the Favard theorem
for (18). By noting these comments and (20), the generic form of the orthogonality relation of
BCSOP can be designed as

o

[w( o150 gl gle) e

—a

=<(—1)"lﬁq<; ;>/W(; ;)x)dx>5n’m’ @1)

-

where the weight function, by referring to relations (4) and (9), is defined as
—4p)x? -2
W( ros ‘ x) =x2exp(/ (r —4p)x 2Jr(s q) dx)
P q x(px*+q)

_ (r —2p)x>+s
—CXp( md}C), (211)

and «o takes the standard values 1, oo. Note that the function (px2 +9)W(p,q,r,s; x) must
vanish at x = o in order to establish the main orthogonality relation (21).

2.1. An analogue of Pearson distributions family

The positive function (21.1) can be investigated from statistical point of view too. In fact, this
function is an analogue of Pearson distributions family having the general form

d e (d —2a)x + (e — b)
p(a b c’x)zexf’( ax? 4 brtc dx>, (22)
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and satisfying the first order differential equation
d 2
E((ax +bx +¢)p(x)) = (dx + €)p(x). (22.1)

Hence, we would like to point out that, similar to Eq. (22.1), the weight function (21.1) satisfies
a first order differential equation as

d
)CE((px2 + q)W(x)) = (rx2 + s)W(x), (23)

which is equivalent to

%(xz(pr-l—q)W(x))=x(r*x2+s*)W(x) s.t. {

r*=r+2p,

512, (23.1)

From relations (23) or (23.1) one can deduce that W(p, g, r,s;x) is an analytic integrable
function and since it is also a positive function, its probability density function (pdf) must be
available.

In general, there are four main sub-classes of distributions family (21.1) (and consequently
sub-solutions of Eq. (23)) whose explicit pdfs are respectively as follows:

_2q —2h — r b+3/2
K1W< 2a —2b—2, 2a x>= (a+b+3/2) x2a( _ 2)17;
-1, 1 T'a+1/2r(b+1)
—1<x<l;a+1/2>0; b+1>0. 24)
-2, 2a _ 1 2a —x2. .
sz( o 1 x)—m e —oco<x <00 a+1/2>0. (25)
KW(—Za—2b+2, —2a’ )_ r(b) x7a
3 1, 1 T Th+a—1/)T (—a+1/2) (1 +x2)0
—oc0o<x<oo; b+a>1/2;a<1/2; b>0. (26)
_ 1 _ 1
K4W( 2a+2, 2‘)6):7)(_2”6 2, —oo<x<o00; a>1/2. 27
1, 0 'a—1/2)

The values K;, i =1, 2, 3, 4, play the normalizing constant role in above distributions. More-
over, as it is observed, the value of distribution vanishes at x =0 in each four cases, i.e.,
W(p,q,r,s;0) =0 for s # 0. Because of this property, we call (21.1) “the dual symmetric dis-
tributions family.”

2.2. A generalization of dual symmetric distributions family

First it is important to note that if s = 0 in (23), the foresaid equation will be reduced to a
special sub-case of Pearson differential equation (22.1). Hence, we hereafter suppose that s # 0.
Since the explicit forms of S, (p, g, r, s; x) in (15), C,(p,q,r,s) in (18.1) and W(p, g, r, s; x)
in (21.1) are all known, a further basic pdf can be defined by referring to the orthogonality
relation (21) directly, so that we have

DAY
"\p ¢

HﬁzTCi(;;()_f]j‘lmw(;;x)de(; )< Ga(n te) e
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Clearly choosing m = 0 in this definition gives the same as dual symmetric distributions family.
Here let us add that the Fisher information [9] and Boltzmann—Shannon information entropy [7],
as two important factors in statistical estimation theory, can be studied for the generalized distri-
bution (28).

2.3. A direct relationship between first and second kind of classical orthogonal polynomials

One can verify that there is a direct relation between first kind of classical orthogonal poly-
nomials (including Jacobi, Laguerre and Hermite polynomials as well as three finite classes
of orthogonal polynomials, see, e.g., [14,15] for more details) and the explicit polynomials
S, (p,q,r,s; x) indicated in (15). To study the first kind of classical orthogonal polynomials
we refer the readers to a valuable book written by Nikiforov and Uvarov [19].

To find this relationship, we start with the following differential equation:

(ax2 + bx + c)y,/,/(x) + (dx + e)y,/, x) — n((n —Da+ d)yn (x)=0. 29)

According to [19], the monic polynomial solution of Eq. (29) can be shown by a Rodrigues-type
formula as

ﬁ"(adbec‘x)

_ 1 d" 2 n d e
_(HZ=1d+(n+k—2)a),0( de | x) den<(ax thxte) p(a b c‘x)>’

abc
(30)

where p(a, b, c,d,e; x) is thE: same definition as (22).
On the other hand, since S2,(p, g, , s; x) is generally an even function, taking x = wt? + v
in (29) gives
?(aw?t* + wav + b)r* + av? + bv + )y, (t) + 1(2d — a)w*t*
+ 2wv(d — a) + w(2e — b))t2 — (av2 +bv+c))y, (1)

—dw?n(d + (n — Da)t*y, (t) = 0. (31)
If (31) is equated with (11), we should have
—b £ /b? — dac
a? +bv4c=0 or p=_ Y7 T (31.1)
2a
The condition (31.1) simplifies Eq. (31) to
t(awt? £Vb2 — 4ac)y) (1)
d
+ ((Zd —a)ywt* + (— — 1) (—=b £ Vb2 —4dac) +2e — b)y;(t)
a
— 4wn(d + (n— l)a)tyn t)=0
5 d e 2 | —bEtA/DP—4
& =Py ( ¢ w2, (31.2)

Equation (31.2) is clearly a special case of (11). This means that
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d e 2 | —bEt~/P*—dac
P"(a b C‘wt + 2a

ks ( @d—-ayw, (£-1)(—b+vb>—4ac)+2e—b ‘ .

I aw, +/b? — dac ) '
where K is the leading coefficient of the left-hand side polynomial of relation (32) divided to
leading coefficient of the right-hand side polynomial.

But as we observe, there exist 5 free parameters a, b, ¢, d, e in the left-hand side of (32). So,
one of them must be pre-assigned in order that one can get the explicit form of S, (p, ¢, 7, s; x) in
terms of P, (a,b,c,d,e; wt? + v) similarly. For this purpose, if for instance ¢ = 0 is considered
in (32), the two following cases appear:

r+p s+q

(32)

= r S -nn )

Su (D 2|e)=wrp, (0 2 wi?); w0, 33
2n P q n %’ q, 0 75 ( )

, s r+p sp—rq

S, ( ‘t):w—"ﬁ ( we2p wt2+w1); ,w #0. (34)

"\ g "\ o > pow#
Furthermore, if (16) is applied for two latter relations we respectively get

_ s B r+3p s+3¢q )

S ( ‘ t) =w "tP ( 2w 2 ‘ wt ); w #0, 35
2n+1 P q n %’ q 0 # ( )

r+3p  sp—rq

T r s _.-n,p 2w 2 2 q ).

S ( ‘t)—u) n"tp ( p ‘wt +u)—>, ,w=£0. 36
2n+1 P q n 5, _q, 0 I3 p 7é ( )

2.4. Some further standard properties of BCSOP

The relations (33)—(36) are a useful tool to get a generating function for BCSOP. Usually,
a generating function for a system of polynomials P,(z) is defined by a function like G(z, t)
whose expansion in powers of ¢ has, for sufficiently small |¢|, the form

Gan=Y P (37)
n=0 ’

If P,(z) has the Rodrigues-type formula [1,19], Cauchy’s integral formula
f()’l)(z) — n_' f(u)

2wi | w—oyrtt %)
2

where §2 is a closed contour surrounding the point # = z, is employed to obtain G (z, t) explicitly,
see, e.g., [19, p. 27]. This means that by considering the Rodrigues-type representation (30) for
¢ =0 and applying Cauchy’s integral theorem on it we have

= - — d lJl
g(ﬂdﬂﬂk_z)“)”(a b ole)
P(alpol®) I

= de X ) ’
o( o b,O‘Z) V(1 —bt)?2 —4atz

(39)

where

1—bt++(1 —bt)? —4atz
u= .
2at
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Ifz—> 22 t—>1ta=p, b=q,d= r?’ and e = % are substituted into (39), then by noting

the relations (33)—(36) we have

o n 2n
r+ S !
Z(HTP+(H+k—2)p>52n(r : ( z) —
n=0 \ k=1 pa n:
2 (s 2
- p( (r+p)§)’q7((;+q)/ u*) 1 “0)
o (r+p);2,q,(8+q)/2 |22) JA = qtH2 —api2z2’
where
o Lma? £/ —qr?)? —4pr2?
2pt? '
Similarly by multiplying both sides of (39) by ¢z and using (35), we get
00 n 2n+1
r+3p S !
SIS+ a+k=2p S (17 ]2)
2 P q n!
n=0 \ k=1
+3p)/2 (sH39)/2 |
~ ,0( (r p)é,q,((é) /2|, ) 17 )
p( (r+3p)22’q,((s)+3q)/2 ‘ Zz) \/(1 —qt2)2 —4p1272
Now if we define
(n/2] 2 m—>5 -1 n+1 44k
(T S [Tl r/2+ (@2n +ED"HY/A+RpP - r s
si(h 2x)= (0 Sx). @
P q [n/2]! p

then by noting (40) and (41) a kind of generating function for BCSOP can finally be derived as
follows:

00
255 gle)
p q

n=0

(r+p)/2, G+@)/2| (r+3p)/2, (s+39)/2|
3 1 o( p.q.0 " )+(tz)p( .40 w)
- 2, 2 3p)/2, s+3q)/2
\/(1 _ qt2)2 _ 4pt2Z2 ,0( (F+P)/p’q’(g+¢1)/ ‘ 22) ,0( (r+ P)/p’q’(OéJr q)/ | 22)

(43)

where u* is the same form as (40).

The explicit form of polynomials (15) can also be applied to show a generic hypergeometric
representation, because by using it one can easily indicate the coefficients of polynomials (15) in
terms of the Pochhammer symbol: (a),, =a(a + 1) ---(a +m — 1). For instance, we have

[n/2]—(k—+1)
[T @i+E0" +2m/2)p+r
i=0
= (p/D"2 K (r/2p + /20 + D" /2) )i (44)

Hence, after doing some calculations, we eventually find that
(5 1%
P [n/2], ( )/2q — [(n+1)/2]
_oon —|ln s q—Ss qg—|n . L)
=x"2Fi ( —(r+ 2n—3)p)/2p k). “3)



762 M. Masjed-Jamei / J. Math. Anal. Appl. 325 (2007) 753-775

where
o0 k
(o) (Bk x
2F1(a A ’x>227ﬂ o
Y = Wk K
denotes the hypergeometric function of order (2, 1) [12]. On the other hand, since
1
b I'(c) b1 b1 -
F(a ‘):———————/r 1—1)° 1—rz)"%dt
P () = rremy | A0 A=)
0
<& Rec>Reb>0; Jz]l<1, (46)

the integral representation of BCSOP will easily be derived by referring to (45). In this way, by
applying the Gauss identity [12]

a b I'(c)I'(c—a—Db)

2B ( ‘ 1) = ;

c I'(c—a)l'(c—b)

(47)

one can also determine the value of polynomials Sn( p.q,1,s; x) at a specific boundary point,
i.e., x = «/—q/p. To reach this goal, it is sufficient to put x = /—¢q/p in (45) and use (47) to
get

n

3
(7 |- (9 rG-£)ri+%-%) "
n B 3 3 o .
poalV G =), PG -+ B =) 55 = 5~ [5])
Note that to derive the above identity, the following equalities have been used:
n+1 n 1— (=1 n+1 n
—|5|=—F +l5=n
2 2 2 2 2
n n 1—(=D"
[E}Iz—fa (@n=(=D"(1—a—n),. (49)

Now the standard properties of BCSOP have been found and it is a good position to introduce
four special sub-cases of basic polynomials (15) in detail.

3. First subclass: Generalized ultraspherical polynomials (GUP)

These polynomials were first investigated by Chihara in detail (see [6]). He obtained the main
properties of GUP via a direct relation between them and Jacobi orthogonal polynomials. The
asymptotic behaviors of foresaid polynomials were also studied by Konoplev [13]. On the other
hand, Charris and Ismail in [5] (see also [11]) introduced the Sieved random walk polynomials
to show that the generalized ultraspherical polynomials are a special case of them. Of course,
there are some other generalizations of ultraspherical polynomials. For instance, Askey in [4]
introduced two classes of orthogonal polynomials as a limiting case of the g-Wilson polynomials
on [—1, 1] with the weight functions

_1 o
WiGx, o, 1) = (1= x2)* 2 |Uper (0| Te )|
and

Wax, , ) = (1 — xz)“% U1 0| 1o |*
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in which k € N is a fixed integer and Ty (x) and Ui_1(x) are respectively the Chebyshev poly-
nomials of the first and second kind, to generalize GUP for k = 1 and A = 0. For the case A =0
the polynomials were introduced by Al-Salam, Allaway and Askey [2] as a limiting case of the
g-ultraspherical polynomials of Rogers [21].

Now, in this section, we intend to show that GUP can directly be represented in terms of
S.(p,q.r s;x) and consequently all its standard properties can be obtained. For this purpose, it
is only enough to have the initial vector corresponding to these polynomials and replace it into
the standard properties of BCSOP.

Definition. Choose the initial vector (p, q,r,s) = (—1,1, —2a — 2b — 2,2a) and substitute it
into (15) to get

= (—2a—2b—2, 2a
S”( ~1 1 x)

_["/13[‘1 2% 42a+2— (—1)"
B —2i

—(2b+2a+2— (—1)" +2[n/2])

(41— (k+1)

[n/2] )
[n/2] —2i—2b+2a+2— (_l)n + 2[1/1/2]) o
X,;( k )( E) 2 +2a+2— (=" )x . (50)

as the explicit form of monic GUP. Furthermore, since the ultraspherical (Gegenbauer), Legen-
dre, and Chebyshev polynomials of the first and second kind are all special cases of GUP, they
can be denoted by S, (p, g, r, s; x) directly and we have

e Ultraspherical polynomials:

2"@ng (—2a—1 0
a —
G ==—3 Sn( “ l‘x). (50.1)
e Legendre polynomials:
el - /=2 0
Pn(x)_(n!)—zznsn(_1 x). (50.2)
e Chebyshev polynomials of the first kind:
__An—17g -1 0 ‘
Lwo=2""15, (", ||x). (50.3)
e Chebyshev polynomials of the second kind:
__nn7g¢ -3 0 ’ )
Un(x) =2"S, ( o) (50.4)

Recurrence relation of monic polynomials
By replacing the initial vector (50) into the explicit expression C,(p, g, 1, s), given in (18.1),
the recurrence relation of monic GUP takes the form

- - —2a-2b-2, 2a)\=
Sn+1<x)=xsn<x)+cn< ‘7 f‘)snl(w;

Sox)=1, Si(x)=x, neN, (51)

where according to (18.1)
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-1, 1 Qn+2a+2b—1)2n+2a+2b+1)
=+ = (=D"a)n+ (1 —(=1)")a +2b)
T @n42a+2b—-1D@2n+2a+2b+1)

c (—2a—2b—2, Za) _ —n* — (2b+2(1 = (=1)"a)n —2a(a +b)(1 = (=1)")

(51.1)

Orthogonality relation

Clearly the weight function of GUP is the same distribution as (24) without considering its
normalizing constant, i.e., x2a 1- xz)b . Also, since this function must be even and positive, the
condition (—1)%* = 1 is essential. Hence, the mentioned weight function can also be considered
as |x|2“(1 —xHl x e[—-1,1]. By noting this comment and generic relation (21) for o = 1, the
orthogonality relation of first sub-class takes the form

1
/xza(l—x2)b§n<_2a_2b_2’ 2a x>§m<—2a—2b—2, 2a x)dx
1

-1, 1 -1, 1
= 2a—2—2 2\ [
(e o) fearafun
i=1 ’ e}
where
1
1 r 1/2)C (b +1
/xz‘l(l—xz)bdx=B<a+§,b+l>= (?ZH/;JF;/; ). (52.1)

From (52.1) one can conclude that the constraints on the parameters a and b should be
a+1/2>0, (1) =1and b+ 1 > 0. Note that B(A{, A2) in (52.1) denotes the Beta inte-
gral [3] having various definitions as

1 1 @

-1
B(M,)»z):/x’\‘_](l —x)kz_ldx=/x2)"_1(1 _xz)“_]dx:/(l_ixmdx
0

0 el
/2
(AT (A
=2 / Sin®1 =Dy Cos®2 Dy dx = L0 0) = B(A2, A1). (53)
(A +22)
0

Differential equation: @, (x) = S, (—1,1, —2a —2b — 2, 2a; x).
To derive the differential equation of GUP it is enough to substitute the initial vector (50) into
the main differential equation (10) to get

2 (=x2+ 1)@ (x) —2x((@+ b+ Dx* —a) P} (x)
+ (nQa +2b+n+ Dx* + ((=1)" = 1)a)®, (x) = 0. (54)

3.1. Fifth and sixth kind of Chebyshev polynomials

As we know, four kinds of trigonometric orthogonal polynomials, known as first, second, third
and fourth kind of Chebyshev polynomials, have been investigated in the literature up to now,
see, e.g., [6,10,20,22]. The explicit definitions of these polynomials are respectively
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T, (x) =2""! ]‘[( (2]‘7”)”) =Cos(nf); x=Cos6, (55)

Uy (x) = 2" ,f[l <x — Cos nkj: 1 > - Sin((snh]zl)e) . x =Cosé, (56)

Vy(x) =2" ]_[ <x — Cos (zfn;li”) - COS(C(Z(Z)DQ); x = Cos(26), (57)
k=1

W, (x) =2" ][[1 (x — Cos Zikj: 1) = Sin((sziz(‘g)l)e) . x =Cos(26). (58)

But, in this section we would like to add that there exist two further kinds of half-trigonometric
orthogonal polynomials, which are particular sub-cases of S, (p, ¢, r, s; x). Since they are gener-
ated by using the first and second kind of Chebyshev polynomials and have the half-trigonometric
forms, let us call them the fifth and sixth kind of Chebyshev polynomials.

To generate these two sequences, we should refer to the important relation (16). According
to (50.3), the initial vector of first kind Chebyshev polynomials is: (p, g, r,s) = (—1,1, —1,0).
So, if this vector is replaced into (16) then

Son+i ( ) ‘ ) =Ton+1(x) = x82, ( :? ﬂ X> . (59)

By means of (59), the secondary vector (p,q,r,s) = (—1,1,—3,2), as a special case of the
set of vectors (p, q,r,s), appears. Using this new vector first we define the half-trigonometric
polynomials

_ (=D"2 Cos((n+1)6) o _
Xn(x)zSn< 3 2 )z{ if n=2m

x n+1 Cos @ ’ (60)
-1 1 Sy(=1,1,—=3,2:x) ifn=2m+1,

where Cos 6 = x. According to (18) and (18.1), X, (x) satisfies the recurrence relation

)?n+1<x)=x)?n<x>+cn<_3 2) w1 (0);

1 1
Xo(x)=1, Xi(x)=x, neN, (61)
in which
c. <—3 2> _—n— =DM +1- (—1)")' 61.1)
-1 1 dn(n+1)

Consequently, substituting the secondary vector (—1, 1, —3, 2) into the generic relation (21)
gives the orthogonality relation of the first kind of half-trigonometric orthogonal polynomials
as

1
/W(:? ? x))_(n(x))_(m(x)dx

-1

=<(_1)nnc,.(j ?)/W(:‘;’ . x)dx)an,m. (62)
i=1
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On the other hand, since
1 1

3 2 x? 31 T
-1 -1
(62) is simplified to
: x2 “ 3 2\\«
f ——=X, () X () dx = ((—1)" []c (j )) = nm- (64)
J /1 — x2 Pl 1 1 2
Clearly a half of polynomials X, (x) is decomposable, i.e., we have
2n
- 2k — D
X = —Cos ———— ). 65
20 (%) H(x os 2(2n+1)> (65)

Therefore, if we can find the roots of X5,41(x) too, these polynomials will be useful in many
numerical analysis applications such as Gaussian quadrature rules [6,22].

Similarly, the subject holds for the initial vector of the second kind Chebyshev polynomials,
ie., (p,q,r,s)=(—1,1,-3,0). Again, if this vector is substituted into (16) then

§2n+1<_1 (1) X>=l72n+1(X)=X§2n<:? ? X), (66)

and subsequently the secondary vector is obtained in the form (p, g, r, s) = (—1, 1, =5, 2). Now,
by assuming that Cos8 = x let us define the polynomials

_ (=1)"/? Sin((n+2)6) e
Y,x)=3S5, ( ? ? x) = n+2  Cos6Sind ifn="2m, (67)
- S, (—1,1,-5,2;x) ifn=2m+1,
satisfying the recurrence relation
— _ -5 2\ =
Yir1(x) =xY,(x)+Cy 1 1 Yy—1(x);
Yo)=1, Yi(x)=x, neN, (68)
where
— — 1—(—D" 2—(=D"
c, 5 2\_-m+1-C=DH@e+2-(=D )’ (68.1)
-1 1 4dn+1)(n+2)

and having the orthogonality relation
1
-5 2 — —
/ W( o ‘ x) ¥, ()7 0 (x) dx

-1

n 1
S GOy TG T KIS
i=1

where
1 1
=5 2 (2o —p(33\_"
/W(_1 lx)dx_/x\/l xdx_B<2,2 -3 (70)
—1 —1
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The relation (70) simplifies (69) as
1 n
fx2\/1 —x2Y ()Y (x)dx = ((—1)" ]_[ C; <j ?)) %5,,,,,1. (71)
—1 i=1

Similar to previous case, Yon(x) is decomposable as

2n

_ km

You () =] ] (x — Cos ) (72)
bl 2n+2

Here we should add that there are two other sequences of half-trigonometric polynomials that
are not orthogonal, but can be shown in terms of BCSOP. These sequences are defined as

- - S,(—=1,1,1,=2; ifn=2

Sn( 1 2 x>:{5n_( 1L, =23x)  ifn=2m, 73)
-1 1 xT,_1(x) ifn=2m+1.

S‘n(_l -2 x>:{Sn_(—l,l,—l,—2;x) ?fn=2m, (74)
-1 1 xUp_1(x) ifn=2m+ 1.

However since we have
1 1

1 -2 dx
/W(_1 1 ’x)dx:/m=+oo, (73.1)
—1 —1
1 1
-1 -2 V1—x2?
/W(_1 1 ‘x)dx:/dez—l—oo, (74.1)
—1 —1

they cannot fall into the half-trigonometric orthogonal polynomials category.

Remark 1. According to (50.4), the initial vector of the monic Chebyshev polynomial U, (x) is
(p,q,r,s) =(—1,1,-3,0). If this vector is replaced in (18.1) a very simple case of three term
recurrence relation (18) with C,(—1, 1, —3,0) = —1/4 is derived. A system of monic orthogonal
polynomials that satisfies the relation

Pup1(x) = (x —ap)Pu(x) — By Pp_1(x);  Po(x)=1, neZzZt, (75)

and has the property
b2
Lim o, =a and Lim 'Bn:Z>0; a,beR, (75.1)

n—0o0 n—o0

is said to belong to the class N(a,b). This class was introduced in detail by Nevai [18]. The
monic polynomials corresponding to the conditions (75.1) are perturbations of x — b" U, (*5%).
Now since

_ 1 — 1
Lian( 3 2):—1 and Lian< > 2)=—— (76)

n—00 -1 1 n—00 -1 1 4’

the defined polynomials X, (x) and Y, (x) belong to the class N (0, 1).
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4. Second subclass: Generalized Hermite polynomials (GHP)

The GHP were first introduced by Szegd who gave a second order differential equation for
these polynomials [22, Problem 25] as almost the same form as we will give in this section. These
polynomials can be characterized by using a direct relationship between them and Laguerre
orthogonal polynomials [6]. Of course, there are some other approaches for this matter, see,
e.g., [8]. Because of this, it is better to only point to the main properties of GHP in terms of the

obtained properties of S,(p, g, 7, s; X).

Initial vector

(pv q, }",S) - (Oa 17 _25 2“)

Explicit form of monic GHP

5 <—2 2a )—(—l)[%] +1_(_1)” [%2:] [n/2]
"o 11%)7 a 2 )=\ &

/21 (k+1) L
% n—2k'
( H 2i+(—1)"+1+2+2a)x

i=0
Recurrence relation of monic GHP
_ _ -2 2a)\ = _
Sn1(x) = xS, (0) + C, ( 0 1“) Si-1@): - S0 =1,

gl(x):x7 neN,

where

c (2 2a ——ln—l_(_l)na
"\o 1/)7 2 2 ’

Orthogonality relation

o]

[ (3 2sa( o)

= <2in H(l - (—l)i)a +i)F<a + %)fsnm

i=1

(80) shows that the orthogonality relation is valid for a + 1/2 > 0 and (—1)%¢ = 1.

Differential equation: @, (x) = S,(0, 1, =2, 2a; x).
2@/ (x) — 2x(x2 —a)®, (x) + (2nx2 + ((=D" = 1)a) @, (x) =0.

(77)

(78)

(79)

(79.1)

(80)

(81)

Finally it is worthy to point out that since the leading coefficient of Hermite polynomials Hj, (x)

is 2", the following equality holds:

H,(x) =2"5, ( _02 (1) x).

(82)
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5. Third subclass: A finite class of symmetric orthogonal polynomials with weight
function x ~24(1 + x2)~% on (- o0, c0)

According to Favard theorem, if the condition —C,11(p, g, r, s) > 0 holds only for a finite
number of positive integers, i.e., forn =0, 1, ..., N then the related polynomials class would be
finitely orthogonal. This note helps us obtain some new classes of finite symmetric orthogonal
polynomials, which are special sub-cases of Sy (p,q,r,s; x) and can be indicated by it directly.
To derive the first finite sub-class, let us compute the logarithmic derivative of the weight function
W) =x"29(1+xH)"?as

W'(x)  —2(a+b)x*—2a
W) x(1+x2)

If the above fraction is compared with the logarithmic derivative of the basic weight function
W(p,q,r,s;x) then we get

(83)

(p,q,r,s)=(1,1,—2a —2b+2, —2a), (84)

which is in fact the initial vector corresponding to the first finite sub-class of symmetric orthog-
onal polynomials. Hence, if (84) is replaced in (15) the explicit form of polynomials is derived
as

Sn(—Za—Zb—l—Z, —Za‘x>

1, 1
11— (k
nf ] [zlli[“zl+z[n/2]+< D 42 -2a -2 L, ®5)
= k e 2 + (=) 42 -2q )

Replacing (84) in the basic recurrence relation (18) also gives

1, 1
So)=1, Si(x)=x, neN, (86)

- - 2a—2bh+2, —2a) <
Sn+1<x)=xsn<x)+cn< a= b “)Sn L();

where

c (—2a—2b+2, —2a\ _ m—~0—=(=1)"a)(n—(1—-(=1)")a—2b)
" 1, 1 ) @n—-2a-2b+1)Q2n—-2a—-2b—1)

87)

Therefore, the orthogonality relation

o0
f x 24 g (—2a—2b+2, —2a’x)§ (—2a—2b+2, _Qa‘x>dx
(1+x2)p7" 1, 1 " 1, 1

] ~%+2 I'(b+a—1/)r(-a+1/2)
(( D ]‘[c( | )) ) Sum (88

is valid if and only if

2a—2b+2 -2
_c,,+1( a—2b+ a

| ) )>0; VneZt; b+a>1/2; a<1/2andb>0.
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Here is a good position to explain how we can determine the parameters conditions to be estab-
lished the orthogonality property (88). For this purpose, there is an interesting technique. Let us
consider the differential equation of polynomials (85) using the initial vector (84) as

A+ 1)@) (x) = 2x((a+b — Dx* +a) @) (x)
+(n(2a+2b— (n+ 1))x> + (1= (=1)")a) D, (x) =0. (89)

If the latter equation is written in self-adjoint form, then according to Theorem 1 the following
term must vanish, i.e.,

[+ 721+ x2) " (@) (1) D () — D, (1) B ()] =0 (90)
On the other hand, since @, (x) is a polynomial of degree n, so

Maxdeg(@,@(x)@m (x)— @, (x)q§,,(x)) =n+m—1. ©n
Consequently from (90) and (91) we must have

—2a4+2(-b+1)+n+m—-1<0, (92)
which gives the following result

{—2a—2b+n+m+1<0,

a<1/2, b>0.

In other words, (88) holds if m,n =0,1,...,N <a+ b — 1/2 where N = max{m,n} and
a<1/2;b>0.

(93)

Corollary 1. The finite polynomial set {S,(1, 1, —2a — 2b + 2, —2a; x)}ﬁz(l)v is orthogonal with
respect to the weight function x~2(1 + x2)~" on (—o0, 00) if and only if N < a +b — 1/2 and
a<1/2;b>0.

Note that the explained technique can similarly be applied for the first and second sub-classes
of S,(p,q,r,s;x),i.e., GUP and GHP.

6. Fourth subclass: A finite class of symmetric orthogonal polynomials with weight

. _ _ 2
function x ~2%¢~1/*" on (-0, 00)

Similar to the first finite sub-class, one can compute the logarithmic derivative of the given
weight function to get respectively

Initial vector

(p’Q1r7s)=(1507 _2a+2’2)' (94)
Explicit form of polynomials

Sn(—2a+2 2 )

| ol
[n/2] [51-(k+1) _
2i +2[n/2]+ (=D 42-2
_ Z ([n£2]> ( l—[ i+2[n/ ]+(2 ) + a>xn—2k_ 95)
k=0 i=0

Recurrence relation of monic polynomials
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31nJrl(X)
:xSn(x)+cn<_2“1+2 g) S.1(x); So)=1, Si(x)=x, neN, (9)
where
— —2(=D"(n—a) -2
c, (72?2 2) 2 (D —a) =22 (96.1)
1 0 2n—2a+1)2n —2a —1)
Orthogonality relation
o0
oy —L = (=2a+2 2 =< [(—2a+2 2
2a 2
/x e’S"( 1 OX)S’"( 1 ox)dx
—00
- 2a+2 2 1
= ((—1)'!1_!@- < 1 0))F<a - 5)8,,,,”. 97)
1=
But (97) is valid if
1 o0
|:x22a eXp(—;)(Cb,;(X)‘Pm (x) —&,, (X)Cbn(X))] =0, (98)
—0oQ
or equivalently
1
2—2a+n+m—-1<0 & Nga—i; N = Max{m, n}. 99)

Corollary 2. The finite polynomial set {S, (1,0, —2a + 2, 2; x)}zz(j)v is orthogonal with respect
to the weight function x~2a=1/% op (—o00,00) ifand only if N <a — 1/2.

Differential equation: @, (x) = S, (1,0, —2a + 2,2; x).
) (x) +2x((1 — a)x? + 1) D, (x) — (n(n + 1 = 2a)x* + 1 — (=1)") P, (x) = 0. (100)

7. A unified approach for the classification of BCSOP

As we observed in the previous sections, each four introduced sub-classes of symmetric or-
thogonal polynomials were determined by S, (p, ¢, r, s; x) directly and it was only sufficient to
obtain the initial vector corresponding to them. On the other hand, it is clear that the orthogonal-
ity interval of the sub-classes, other than first one (GUP), are all infinite, i.e., (—o0, 00). Hence,
applying a linear transformation, say x = wt + v, preserves the orthogonality interval. For ex-
ample, if x = wt 4+ v/w in (80), the orthogonality interval will not change and consequently a
more extensive class with weight function (w2t +v)2@ exp(—wzt2 — 2vt) will be derived on the
interval (—o0, 0c0). However, it is important to know that the latter weight corresponds to the
class of orthogonal polynomials S, (p, g, 7, s; wx + v/w). Therefore, only by having the initial
vector we can have access to all other standard properties and design a unified approach for the
cases that may occur. In other words, if one can obtain the parameters (p, g, r, s) by referring
to the initial data, such as a given three term recurrence relation, a given weight function and
so on, then all other properties will be derived straightforwardly. Here, we consider two special
sub-cases of this approach.
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7.1. How to find the parameters p, q,r, s if a special case of the main weight function
W(p,q,r,s;x) is given?

By referring to third and fourth orthogonal sub-classes, it is easy to find out that the best way
for deriving p, ¢, r, s is to compute the logarithmic derivative W'(x)/ W (x) and then equate the
pattern with (21.1). The following examples will clarify this matter.

Example 1. The weight functions

i) Wix)=—x0+4x* —2<x <2,
(i) Wa(x) = (16x2% —8x + 1) exp(2x(1 —2x)); —00 < x < 00,
(i) Wa(x)=(Q2x+ D22x2+2x+ 1)73; —00 < x < 00,

and their orthogonality intervals are given. Find other standard properties such as explicit form
of polynomials, orthogonality relation and . ...

To solve the problem, it is only sufficient to find the initial vector corresponding to each given
weight functions. For this purpose, if the logarithmic derivative of the first weight is computed,
then we have

Wi(x) 6x*—16 (r—2p)x*+s

@ Wi(x) - x(x2 —4) - x(px2+q) = (p.q,r,5)=(1,-4,8,-16).

Hence the related monic polynomials are {S, (1, —4, 8, —16; x)}°2 - Note that these polynomials
are orthogonal with respect to x*(4 — x2) on [—2, 2] for every n and it is not necessary to know
that they are the same as shifted GUP on [—2, 2], because they can explicitly and independently
be expressed by S, (p, q,7,5; x).

But, for the weight function W;(x) we have

| 1\? 1\’
(i) Wr(x) =4es <2x - 5) exp(— <2x — 5) )

1 _1 <2[+1

—e W
= e 2 1

7 ) =27 = Wi (r)

Wit =202 +2
— - =
W3 (1) t

= (p,q,r,5)=(0,1,-2,2).

Hence the related orthogonal polynomials are as {S, (0, 1, -2, 2; 2x — %)}3‘;0.
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-2 _ 2
(iii) wgm:zS& = 275wt L = W)
(14 2x + 1)2)3 2 (1+12)5 3

Wity —8r242
—_— g
Wi  t@?2+1)
Therefore, by noting the orthogonality relation of the third sub-class of BCSOP, the finite set

{S,(1,1,3;2x + 1)}228 is orthogonal with respect to W3(x) on (—o0, o) and the upper bound
of this set has been determined based on the condition N <a+b —1/2forb=5anda = —1.

(paervs)z(ls 17_692)'

7.2. How to find the parameters p, q,r, s if a special case of the main three-term recurrence
equation (18) is given?

In general, there are two ways to determine the special case of Sh (p,q,r,s; x) corresponding
to a given three-term recurrence equation. The first way is to directly compare the given recur-
rence equation with (18). This leads to a system of polynomial equations in terms of the four
parameters p, g, r,s. The second way is to equate the first four terms of each two recurrence
equations together, which leads to a polynomial system with 4 equations and 4 unknowns p, g, r
and s respectively. The following example will better illustrate these methods.

Example 2. If the recurrence equation

= - 6+ (=1)"(n—-06) — - _

S0 =8, =20 e e S (0 So) =1 and 100 =x,
is given, then find its explicit polynomial solution, differential equation of polynomials, the re-
lated weight function and finally orthogonality relation of polynomials.

Solution. If the above recurrence equation is directly compared with the main equation (18) and
subsequently (18.1), then one can obtain the values (p, q,r,s) = (1,0, —10, 2). Hence, the ex-
plicit solution of above recurrence equation is the polynomials S, (1,0, —10, 2; x) and therefore
their differential equation is found as

@) (x) + x(=10x% +2) @), (x) — (n(n — 1Dx? + 1 — (=1)") P, (x) = 0.

Moreover, by replacing the initial vector in the main weight function (21.1) as

- —12x2 42 1
W( 102 x):exp xi—i_dx —x 12 X2
1 0 x3

one can find out that the related polynomials are a specific case of the fourth introduced sub-class.
Consequently we have

o0

Jnets, (0 35 (70 3l

—0oQ
= (- 11
=<(—1>”]_[ci( 10 §)>r<7>am & mn<s,
i=1

Second method. If the given recurrence relation is only expanded for n = 2, 3,4, 5 and then
equated with (17.1), the following system will be derived:
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- 2 q+s q+s 2
S = 2——: 2 _ = = ——;
2(x) =x 9 * +p+r p+r 9
_ - 4 _ 3g+s

S3(x) =x52(x) — =81 (x) =x° + ———x,

3() =x82(x) — = S1(0) = x 3ptr

3g+s ,  (Bg+s)g+s)

. _ 18 A

S4(x) =x853(x) — == S2(x) =x"+2 X and
4(0) = x83(x) = 2 52(x) Sp+r (Gp+rGp+r)
25q—i—s_ 4

Tip+r 3

Solving this system again results that (p, g, r, s) = (1,0, —10, 2).
8. Conclusion

By using the extended Sturm-Liouville theorem for symmetric functions, one can define a
generic second order differential equation having a basic polynomial solution with four free
parameters. This solution satisfies a generic orthogonality relation whose weight function cor-
responds to an analogue of Pearson distributions. In other words, there are four special cases of
the dual symmetric distributions family that can respectively be considered as the weight func-
tions of four introduced sub-classes of BCSOP. In this way, Table 1 shows the explicit forms of
the mentioned sub-classes in terms of S, (p, g, r, s; x) as well as their weight functions, kind of
polynomials (finite or infinite), orthogonality interval and finally constraint on the parameters.

Note that since all weights in Table 1 are even functions, the condition (=) =1 must
always be satisfied by noting the constraint of parameters for each introduced weight functions.
Therefore, we can also consider them in the forms |x|>¢(1 — x2)?, |x|2“e_xz, Ix|724(1 + x%)~b
and |x| 21/ x? respectively.

Remark 2. The differential equation (10) can be extended to a generic operator equation of the
form

)cz(p*x2 + q*)LzP,, (x) + x(r*x2 +5*)LPy(x)
— (n(r* + (n = Dp*)x? + (1 = (=1")s*/2) P, (x) =0
where the linear operator L, known as Hahn’s operator [6, p. 159], is defined by

flgx +w) — f(x)

fx) ; q,weR.

L(re)= G- Dx+uw i

Table 1

Four special sub-cases of S, (p, q,r,s; x)

Definition Weight function Interval and kind Parameters constraint
S ( —2a _jb —2 21“ x) x2a(1 = x2yb [—1, 1], infinite a>—1/2

b>—1
2a ,—x2 _ : : _1
0. x“e (—00, 00), infinite a>—y

(12)p (=00, 00), finite a<1/2;b>0

20+2 ‘ ) x*legix (—00, 00), finite N<a-— %

N‘_

(%,
Sn< —2a — 2b+2 72a’x> x—2a . N<a+b—-1/2
(
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Clearly the ordinary derivative operator, which is the limiting case w = 0 and ¢ — 1, corresponds
to Eq. (10). Hence, two other cases can be considered. First case is the difference operator A
for ¢ = w =1 (or equivalently V for ¢ = —w = 1). Similar to the continuous case, since the
extension of Sturm-Liouville problems is possible for discrete variables there is a basic class of
discrete orthogonal polynomials that satisfies a generic difference equation and possesses four
special sub-classes [17]. The second case, i.e., g-difference operator D, for w = 0 can be studied
and investigated individually.

Remark 3. The extended Sturm—Liouville theorem for symmetric functions may essentially open
a new perspective. For instance, the following differential equation

xz(axA +b)y" +x(cx +d)y + (afx* + BF)y =0,
is a generalization of differential equation (10) for A = 2. According to [16] this equation has

a general solution, which is orthogonal with respect to an even weight function for specific se-
quences of ' and B).
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