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Abstract. Based on their second degree character, in this contribution we study new characterizations
of families of symmetric and quasi-symmetric semiclassical linear forms of class one. In fact, by using
the Stieltjes function and the moments of those forms, we give necessary and sufficient conditions for
a regular form to be at the same time of the second degree, symmetric (resp. quasi-symmetric) and
semiclassical of class one. We focus our attention on the link between these forms and the Jacobi forms
Ty =IWp—-1/2,q-1/2), p,q € Z, p +q = 0. All of them are rational transformations of the first kind
Chebychev form 7 = J (-1/2,-1/2). Finally, we study a family of second degree linear forms which are
semiclassical of class one and are not included in the above families.

1. Introduction

Semiclassical orthogonal polynomials (OP) have been introduced in the seminal paper by J. Shohat
[34] and they arise as a natural extension of the well-known classical OP of Hermite, Laguerre, Jacobi and
Bessel. Semiclassical OP attracted the interest of many researchers from 1980 taking into account their
applications in several domains. More precisely, this theory has been developed, from an algebraic aspect
and a distributional one by P. Maroni and extensively studied during the last three decades (see [22] as a nice
survey on this topic, as well as [15] with the applications in the framework of Sobolev inner products). In
particular, the classification of semiclassical forms (linear functionals) according to some criteria of optimal
information from the so-called Pearson equation, i.e. a first order linear differential equation satisfied by
the form, plays a central role in the construction of such forms. In [6], S. Belmehdi makes use of this
approach to provide a full description of all semiclassical forms of class s = 1. Moreover, in [3], M. Bachene
established the non linear system satisfied by the coefficients of the recurrence relation of semiclassical
orthogonal sequences of class s = 1 which is difficult to solve in general. In particular case (see [22, 26]) the
authors are able to find such a nonlinear system. In the framework of general semiclassical linear forms
these equations are called in the literature (see[7]) Laguerre-Freud equations.
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Taking into account the difficulties to solve the Laguerre-Freud equations, it is more important to use
other tools for the construction and characterizations of some semiclassical forms [2, 4, 5, 9, 10, 31, 32]
based either on the moments, the corresponding Stieltjes function or their integral representation. As an
illustrative example of semiclassical linear forms in [24], second degree forms have been introduced. These
forms are characterized by the fact that their formal Stieltjes function S(w)(z) = — Y.,,50 (w, x")/z"*! satisfies
a quadratic equation

BS*(w) + CS(w) + D =0,

where B, C, D are polynomials such that B # 0, C2 —4BD # 0 and D # 0. The most famous and elementary
examples of second degree forms are the Tchebychev forms of the first and second kind and, more generally.
the Bernstein-Szeg6 forms and their generalizations [16, 27, 29] as well as [17]. It is worthy to mention that
the unique classical second degree forms are the Jacobi forms J (k — %, I— %), where k, | are integer numbers
with k +1 > 0 (see [4]).

Our work is focused on the analysis of semiclassical forms of class s = 1 which are second degree forms.
In particular, we are interested in description, by using the second degree character, of a large family of
forms such that their corresponding sequences of orthogonal polynomials {W,},»o satisfy the three-term
recurrence relation (TTRR)

Wiia(x) = (x - (_1)71+1,80) Wy (x) = Vn+1 Wi(x), n >0,

with initial conditions Wy(x) = 1, Wi(x) = x — By, where fy € C. These forms are general enough to accom-
modate all the symmetric forms as well as some particular non-symmetric ones. The sequence {W,},>0 has
been the subject of several works [1, 2, 11, 12, 21, 25, 26, 30-32, 35]. Indeed, if we take fy = 0, we get the
symmetric forms. When f # 0, we will say that corresponding form of {W,},0 is quasi-symmetric. Later
on, the authors of [2, 4, 31] determined all the symmetric and quasi-symmetric second degree semiclassical
forms of class one. But unfortunately, the link between all these forms and the classical one has not been
studied until now. The above families of orthogonal polynomials appear when you deal with quadratic
decompositions of sequences of orthogonal polynomials (see [14], [21]).

The aim of the present contribution is not only to describe all the semiclassical forms of class one which
are of second degree and symmetric (resp. quasi-symmetric), but also we go further by giving a new
identification of this family of forms by presenting their link with the above classical forms which are of
the second degree. Our approach is quite different of those presented in [4] (for the symmetric case) and [2]
(for the quasi-symmetric case), respectively, since our main tool is the representation of the corresponding
Stieltjes functions and, as a consequence, the moments of the forms are deduced in a straightforward way.
Thus we have the explicit expression of these Stieltjes functions as well as we deduce the quadratic equation
as well the first order ordinary linear differential equation they satisfy.

This paper is organized as follows. In Section 2 the notations and basic background which will be used
in the forthcoming sections. In Section 3, we first recall the definitions as well as the main proprieties of
second degree forms. Afterwards, we will give some results concerning second degree classical forms,
denoted by 7,, = J (p-1/2,9-1/2), p,q € Z, p +q > 0, which are needed in the sequel. In Sections 4
and 5, we state our main results. Through the second degree forms, we give an identification of the
family of symmetric (resp. quasi-symmetric) regular forms. Indeed, we give necessary and sufficient
conditions for a regular form to be at the same time a symmetric (resp. quasi-symmetric), second degree
and semiclassical form of class one. Thus, we establish the connection between all these forms and the
Jacobi forms 7,, = J (p—1/2,4-1/2), p,q € Z, p+4q > 0, and also we show that all these forms are
rational transformations of the Tchebychev form of the first kind 7 = J (=1/2,-1/2). Finally, by using a
canonical Christoffel transformation of classical linear forms of second degree, in Section 6 we deal with a
large family of second degree linear forms which are semiclassical of class one and, as a consequence, do
not belong to the families analyzed in the previous sections.
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2. Notations and basic background

Let # be the linear space of algebraic polynomials with complex coefficients. (w,p) will denote the
action of the form (linear functional) w € #’ over the polynomial p € P, where £’ denotes the algebraic dual
of the linear space . In particular, (w, x") := (w),, n > 0, represent the moments of w.

Let us define the following operations in the algebraic dual space of the polynomials: the left product
of w by a polynomial, defined as (fw,p) = (w, fp),p € P; the derivative Dw of the linear form w is
defined as (Dw, p) = —(w, p’), p € P; the dilations and shifted forms h,w and t,w are defined, respectively,
as (haw, p) = (w, hyp) = (w, p(ax)), {tpyw,p) = (w, T_pp) = (w, p(x + b)); the form x~'u defined as (x"'w, p) =
(w, Opp) = <w, w> ; the Cauchy product of two forms, v and w, defined as (vw, f) := (v, wf), f € P, where
the right product of a linear form by a polynomial is given by (wp)(x) := <w, %) =Y ( Yii(w)j-ia j)xi,

being p(x) = Y.IL, aix'.
In #’, we have the well-known formula

Tp0oh, =hso0t,,, a€C—{0}, beC. (1)

The linear form w € ¥’ is said to be a rational perturbation of v € #’, if there exist polynomials p and g, such
that

g(x)w = p(x)v.
The even part of a form w is given by

(o(w),p) = (w,a(p)), peP.

where the linear operator o : P — P is defined by a(p)(x) := p(x?) for every p € P.
We introduce the so-called anti-symmetrization operator a : #* — #’ defined by, for @ € ' [22]

(#(@),, =0, (a(@),,,, =@ 120, @)
We will also use the so-called formal Stieltjes function associated with w € #’ that is defined by [13, 22]
(W)n
S@)@) =) oot
n>0
Remark 2.1. Foranyp € Pand w € P, S(w)(z) = p(z) if and only if w = 0 and f = 0.

For any p €  and u,v € #’, the following properties hold [22]

S(uv)(z) = —z5(u)(2)S(v)(2), ®3)
S(pu)(z) = p(z)S(u)(z) + (uOop)(2). 4)

Let us recall that a form w is called regular (quasi-definite) if there exists a monic polynomial sequence
{Wy}us0 with deg W, = n such that [13]

<w/ WnWm> = rnén,m/ n,mz2 0/

where {r,},50 is a sequence of nonzero complex numbers and 6, , is the Kronecker symbol.
{Wy}ns0 is called a monic orthogonal polynomial sequence (MOPS, in short) with respect to the form w. It
is characterized by the following three-term recurrence relation

WO(x) = 1/ Wl(x) =X _ﬁOI

Wn+2(x) = (x - ,Bn+1)Wn+1(x) — Vn+1 Wn(-x)/ n=0. (5)
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Here {B.}n>0 and {yu+1}ns0 are sequences of complex numbers such that y,.1 # 0 for all n. This is the so
called Favard’s theorem (see [13, 22, 23]). The form w is said to be normalized if (w)y = 1. In the sequel, we
only consider normalized forms.

In this work, we will consider a (MOPS) {W,},>0 with respect to the form w fulfilling a second-order
recurrence relation (5) with coefficients

Bn=Bo(-1)", n=0, poeC.

In this case, we will say that {W,},s0 is quasi-symmetric (respectively, symmetric) if By # O (respectively,
Bo = 0). The corresponding form w is quasi-symmetric (respectively, symmetric).
In the sequel, the following results will be useful.

Lemma 2.2. [1, 11, 13, 21] Let {Wy}us0 be a (MOPS) with respect to the form w. The following statements are
equivalent:

(1) {Wyluso is symmetric.

(2) Wa(=x) = (=1)"Wa(x), n 2 0.

(3) (W)zus1 =0, n>0.

(4) The sequence {W,},>0 has the following quadratic decomposition

Wau(x) = Py (¥2),  Waa () = xR, (¥*), 720,

where {P,},»o is orthogonal with respect to the form u = o(w) and {R,},so is orthogonal with respect to the
form v = y7'xo(w).

Thus,
S(w)(@) = 28(u)(2), (6)
S(v)(z) = y;le(u)(z) + yl_l, 7)
On the other hand, if fy # 0, by using a suitable dilation of the form we can assume that fy = 1, i. e.
Bu= (1), n>0. ®)
Next result concerns the quasi-symmetric case.

Lemma 2.3. Let {W,},>0 be a (MOPS) with respect to the form w. The following statements are equivalent:

(1) {Wi}uso satisfies (5)-(8).
(2) (W)2n+1 = (W)zn, n > 0.
(3) The sequence {W,,},»0 has the following quadratic decomposition

W2i(x) = Pu(x®),  Wapa1 () = (x = DR,(x?), 1720,

where {Py},>0 is a (MOPS) with respect to the form u = o(w) and {Ry}ux0 is a (MOPS) with respect to the form
v =y (x = Do(w).

Notice that
S(w)(z) =(z+ 1)S(u)(22), )
S(0)@) = 7' @ - DS(u)@) + 7" (10)

A form w is called semiclassical when it is regular and there exist two polynomials ¢ and 1, ¢ monic,
deg¢ >0, degy > 1, such that w satisfies a Pearson’s equation

D(¢w) + pw = 0. (11)
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Equivalently, the formal Stieltjes function of w satisfies a nonhomogeneous first order linear differential
equation with polynomial coefficients

Ay(2)S' (w)(z) = Co(2)S(w)(z) + Do(2), (12)
where
Ag=¢, Co=-¢" =1, Dy =—-(ubop) — (uOoY). (13)

Furthermore, if the polynomials Ay, Cp, and Dy appearing in (13) are coprime, then the class of w is defined
by

s = max{degCo — 1, degDy}.

If {W,},50 is an (OPS) with respect to a semiclassical form w of class s then, {W,},5¢ is called a semiclassical
(OPS) of class s. In particular, when s = 0 (so that deg ¢» < 2 and deg ¢ = 1) one obtains, up to an affine
change of variables, the four well-known families of classical forms : Hermite, H; Laguerre, L(«); Jacobi,
J(a, B) and Bessel, B(«a) (see[23]). Taking into account Jacobi linear forms J(«, ) will be used in the sequel,
we point out that ¢(x) = x? — 1,1(x) = —(a + f + 2)x + (@ — B).

The semiclassical character of a form is preserved by an affine transformation. Indeed, the shifted form
W= (h1 o T_p)w,a € C— {0}, b € C, is also semiclassical and has the same class as w. It satisfies

D(a‘ 489 ch(ax + b)z’J) +a'~4e8 Py (ax + b)w = 0.

The sequence {Wn}nzo, where Wn (x) = a"Wy(ax+Db), n > 0,is orthogonal with respect to w. The recurrence
coefficients are given by [22]
- ﬁn -b — _ Vn+1

Bn = P )/n+1—a—2, n > 0.

The formal Stieltjes function of w = (h,-1 o T_)w, a € C — {0}, b € C, satisfies [9]
S(w)(z) = aS(w)(az + b). (14)

On the other hand, it is easy to check that for any a € C — {0}, b € C, and w € P’ we have

-n -b)"
((h,rl o T_b)w)n =nla Z (V!#)! (W), n=0. (15)
V+H:l’l
3. Second degree forms

In this section we recall the definition and some basic properties of the second degree regular forms
which we will need later.

Definition 3.1. [24] A regular form w is said to be a second degree form if there exist two polynomials B, monic, and
C such that

B(z)S*(w)(z) + C(2)S(w)(z) + D(z) = 0, (16)
where D depends on B, C and w.

Remark 3.2. [24]

1. The reqularity of w means that B # 0, C> —4BD # 0, and D # 0.
2. D(z) = (wBC)(z) — (w?65B)(2).
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3. It is a well-known result that, in terms of the form w (16) is equivalent to [24]
B(x)w?* = xC(x)w, {(w?, 6yB) = (w,C). (17)

4. The polynomials B and C, given in (16) and (17), are not unique, because B and C can be multiplied by an
arbitrary polynomial. If in (16) the polynomials B, C and D are coprime, then the pair (B, C) is called a primitive
pair. The primitive pair is unique.

It is well known that the Chebychev form of first kind 7 := 7| ( - %, —%) is a second degree form. Indeed,

its Stieltjes function is S(77)(z) = —(z2 — 1)"7 and satisfies the quadratic equation (z2 — 1)S*(7)(z) = 1 = 0.
If w is a second degree form, then w is a semiclassical form and satisfies (11) with [24]

’
7

Ap(x) = BE)(CA(x) - 4B)D(x)), Ap(x) = ~3B(x)(C3(x) - 4B(x)D(x))

where A is a normalization constant chosen in order to make ¢(x) monic.
The second degree character is preserved by an affine transformation. Indeed, if w is a second degree
form satisfying (16), then w is also a second degree form [24]. Indeed,

B(2)S*(@)(2) + C(2)S(@)(2) + D(z) = 0,
with B(x) = a"B(ax + b), C(x) =a'"C(ax +b), D(x) = a*>"D(ax +b), r = degB.
Elementary transformations of forms as linear and rational spectral transformations ( see [37]), association

(see [36]), antiassociation (see [28]) and inversion (see [22] preserve the family of linear forms of second
degree [4, 5, 19, 24]. Moreover, we have

Lemma 3.3. [5] Let u and v be two reqular forms satisfying q(x)u = p(x)v, where q and p are polynomials. If one of
the two forms u and v is a second degree form then the other one is also a second degree form. Indeed, if u is a second
degree form and B, S*(v) + C,S(v) + Dy, = 0, then v is also a second degree form such

B,S*(v) + C,S(v) + D, =0,
with
B, = B,p?,
Co = p{2B.((@60p) — (u609) +qC.},
Dy = B.((©00p) — (4009))” + 4C.((000p) — (u00g)) + 4D

3.1. Second degree classical forms

In [5] the author analyze the classical forms which are of second degree.

Theorem 3.4. [5] Among the classical forms, only the Jacobi forms J(p — 1/2,q — 1/2) are second degree forms,
assumingp+q >0, p,q € Z.

Remark 3.5. In the sequel, we denote T, := j(p -1q9- %), withp+4q>0, p,q€Z

We begin with a lemma that is stated in [5], which gives a relation between the forms 7, 4,p,g € Z,p+q =0
and the Tchebychev form of first kind 7". We report it here in a simpler version which is needed for our
purposes. More precisely, the following lemma illustrates that all the forms 7, ; are rational perturbations
of 7.
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Lemma 3.6. [5, Lemma 3.4]
Let p,q € Zwithp +q > 0. The forms T, 4 and T are related by

Joa@)Tpq = Gpa()T, (18)
where f, 4(x) and g, 4(x) are polynomials defined by

lgl+q lgl=q

fon) = {T, @+ ) F =D+ )T (- T, (19)

Gpa@ = (Tpp D F @ - 1))+ ) T - 1F (20)

The following remarks concerning the forms 7, defined as above will be very useful later on.

Remark 3.7. 1. From Lemma 3.3, taking into account the expression of the first kind Chebychev form and (18),
T p,q 1s a second degree form since

Bya(2)SH(T g )(@) + Cog@)S(T g )(2) + Dpg2) = 0, (1)
with

Byy(2) = (2 = 1)f7,(2),

Cpa(@ =2 = D@ ((T7400 )@ = (T 0gp0)@), (22)

D@ = @ = D((T1400f)@) — (T00g,)(2)) = 7 ).

2. Using the first order linear differential equation satisfied by the Stieltjes function of the Jacobi form [22], it is a
straightforward exercise to prove that S(7p,4)(z) satisfies

D(2)S'(Tpq)(2) = C1(2)S(Tq)(2) + Dy (2), (23)
where O(z), Cg’q(z), and Dg’q(z) are polynomials given by
D(z) =22 -1, Cg’q(z) =(p+g-Lz+q-p, Dg’q(z) =p+q. (24)

3. Let us recall that the moments of the Jacobi form T, ,, where p +q > 0, p,q € Z, are given by [23]

Toa), = X (P e sl - b= ), w20 @

ny
~\v Tv+p+g+1)
where
Tv+p+3 Tv+g+1
Fn,v(p -1,q- %) = (_1)W*V(V—p12) + (_1)v(v—q12), (26)
Ilp+3) Iq+3

and T is the gamma function [23].

Remark 3.8. In the sequel, we denote ‘:/:,,,q = (h1p 0 T1)T g withp+q 20, p,q € Z.
In the sequel, we need the following lemma:

Corollary 3.9. One has

S(T)() = 27S(T)(2). 27)
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Proof. From Remarks 3.5 and 3.8 we get T =T 00 = (h(_p~ © 7-1)7 . As a consequence,

ST 22) LY o5y (=222 + 1)

(NI

=2 (424 - 422)7

= z‘lS(‘T)(z).

O

4. Second degree symmetric semiclassical forms of class one

In this section, we obtain several characterizations for the symmetric semiclassical forms of class one
which are of second degree, by pointing out the connection with the forms 7, ;, their corresponding Stieltjes
function and their moments.

In [4] all the second degree symmetric semiclassical forms of class one are determined. Indeed, we keep
the same notation in [4], let 7(u,v) which is regular if u # —n, v # —n, u+v # —n — 1, n € IN*, and satisfies
the following distributional equation:

(22 = DI, ) + (=20 + v +2)2% +2(v + 1)) T, v) = 0.

Moreover, the linear form o (Z(y, v)) is classical fulfilling

(h(—l/Z)*l °© T—1/2) o(L(w,v) =T (W) (28)
Only one solution appears, up to affine transformation. Indeed,
Theorem 4.1. [4] Among the symmetric semiclassical forms of class s = 1, only the forms 1 (p -1.9- %) are second

degree forms, provided p+q >0, g #0, p,q € Z.

The corresponding orthogonal polynomials are known in the literature as Generalized Gegenbauer ([8],
[13]). The coefficients of the three term recurrence relation they satisfy are explicitly given therein.

The integral representation of the linear form is given. In particular, a positive symmetric semiclassical
form of class s = 1 is of second degree if and only if the weight function is a Christoffel perturbation
x%1(1 — x?), p a nonnegative integer number and g a positive integer number, of the weight of Chebychev
polynomials of first kind.

The main result of this section provides a characterization of the second degree symmetric semiclassical
forms of class one in terms of their formal Stieltjes function (that is explicitly given) and, as consequence,
the moments are deduced.

Proposition 4.2. Let w be a regular form. The following statements are equivalent.

(a) wis a second degree symmetric semiclassical form of class one.
(b) There exists (p,q) € Z X Z*,p +q > 0, such that

fra(=22% + DYw = g, (24> + 1)T, (29)
and
(60(fyq(=2* + 1))(2) = 22((T Oogpg) = (TpqO0fpg)) (=22 + 1) + (T Oo(gpa(-26* + 1))(2),  (30)

where f, 5 and g, 5 are polynomials defined by (19) and (20), respectively.
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(c) There exists (p,q) € Z X Z* with p + q 2 0 such that
S(@)(@) = 28(T)(22). 31)

(d) There exists (p,q) € Z X Z* with p + q > 0 such that

w = xa(‘Tp,q).
(e) There exists (p,q) € ZZ X Z* with p + q > 0 such that

(W)2ns1 =0, (32)
£ T 1
@) = nl(-2)" Y V%,Z(?)WMF (p-1a-1) n>0, (33)
=0

el Ti+p+q+1) "

where F H,i(p T %) is defined by (26).

Proof. (a) = (b) Let w be a second degree symmetric semiclassical form of class one. Taking into account
Theorem 4.1, there exists (p, q) € Z X Z* with p + q > 0 such that

orfr-b-3)
From (1), (28) becomes
u=(h_p101-1)T py (34)
According to (6), (14) and (34), we get
S(w)(z) = —2z8(Tp,q)(-22* + 1).
Multiplying both sides of last equation by f,,(—2z* + 1), from (4) we deduce

(=222 + DS@)(2) = =225(f,4Tpq)(~22° + 1) + 22(T},400 fy0)(-22 + 1)

by 08) ~225(g,,4T (222 + 1) + 22(T,100 fy 4 (=222 + 1)

A —?_zgp,q(—ZZ2 +1)S(T)(-22% +1) - 22((7909;7,'1) - (%ﬂeofv,fi))(_zz2 +1)

YL g0(=222 + DS(T)(2) = 22((T 00g) = (7400 ) (=22 + 1).

Using (4), the above relation reads as
S(fpa(=22* + Dw)(@) = S(gpq(-22> + DT )(@) + P(2),
with
P(z) = = 22((T 008pq) = (TpaO0fpq))(-22% + 1)
+ (W00 (fiq(—22* + 1)))(@) — (T Oo(gpq(~22* + 1)))(2),

or equivalently,
S(fog(-=26% + 1w — gpg(=26* + DT )(2) = P(2) € P.
Thus, taking into Remark 2.1 we get

fp,q(_2x2 +Dw - gp,q(—2x2 +1)7 =0 in %,
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and
P(z) =0.

Thus the result follows.
(b) = (c) Applying the operator S to (29) and taking into account (4) we get
Fra(=222 + DS(w)(2) =g,,4(~22% + DS(T)(@) = (wO0o(fyq(-2x> + 1)) (2)
+ (T 00(gpe(-22% + 1)) (2).
Thus, from (27)
Fra(=222 + DS(w)(2) = = 220,,4(=22 + 1)S(T )(=22% + 1) = (0o (fg(-22* + 1)))(2)

+ (T 00(gpe(-22% +1)))(2)

by 08 _ 2zS(fp,q7'p,q)(—222 +1) - (weo(fp,q(_zxz + 1)))(2)

+ (T 00(gpg(-22% +1)))(2) + 22(T Oogy 0 )(-22% + 1)

M 02, (<222 + 1)S(T; (=222 + 1) - (@00(fyg (22 + 1)) (2)

+ (T 00(gpg (-2 +1)))(2) + 22(T Oogyq )(-22 + 1) = 22(T 100 frg)(—22° + 1.
Therefore, by using (30), the last equation becomes
Fra(=222 + DS(w)(2) = —22f, o(~22> + 1)S(T} 0 )(-22% + 1).

As a consequence,

S(w)(@) = 25(Tq)(22).

The statement (c) holds.
(c) = (d) First, observe that

S (l’f(ﬁ,q)) (Z) __ Z M by:(2) _ Z % by:(2) _ Z‘ ((r?’rq)n _ S((;:p,q)(zz)‘ (35)

n+1 2n+2 2(n+1)
n>0 z n>0 z n>0 z

Together with (31) we have
S@w)(z2) = 28 (T} ) 2)-
Therefore, using (4), the last equation becomes

S(w)(@) = S (xa(Tp,)) @) - 1.

By using Remark 2.1 the desired relation holds.

@ = (o
(@)2ns1 = (xa((?lﬂ'q))zml - (a(ﬁ/q))znﬂ by:m 0, nz0. (36)
(@)an = (xa((ﬁf‘?))zn - (a(ﬁ'q))znn b ((;:F’ﬂ)n’ nz0. (37)

Using (15) and taking into account (25)-(26) (32)-(33) follow in a straightforward way:.
(e) = (a) By hypothesis we have

(W)2n41 =0,  (W)2n = (ﬁ,q) n>0.

7
n
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It remains to show that

T
sy -~ Y Wy Wy Uk o7 e, @)
n>0

n>0 n=0

Moreover, the fact that the affine transformation of a second degree form is also a second degree form yields
T p,q is a second degree form such that

Byg(@)SH(Tpg)(@) + Cpg(2)S(T g )(2) + Dpgl2) = 0, (39)
with
Byy(2) = (=2)'Bog(=22+1), Cpg(2) = (<2)'7'Cpg(=22+ 1), D y(2) = (=2)> Dy o(-22 + 1),

where B, C,; and D, ; are polynomials given in (22) and t = w.

Making z « z? in (39), multiplying this equation by z? and taking into account (38) we get
By4(z2)S%(w)(2) + 2Cpq(22)S(w)(2) + 22D,,1(2%) = 0.

As a consequence, w is a second degree form.
To finish the proof, it remains to prove that the class of w is one. Based on (14), the relation (38) becomes

S(w)(z) = —225(7“,,,,7)(—2.22 +1). (40)
Taking formal derivatives in the last equation we get
S'(w)(z) = 82°S'(T,g)(=22" + 1) = 25(T},,)(=22" + 1).
From the above two expressions we obtain

28" (W)(z) — S@)(z)

’ 2 _
S (Tpq)(—222+1) = " (41)
In (23) the change of variable z « —22z2 + 1 yields
D(=22% + 1)S' (Tp,g)(—22> + 1) = CU1(=22% + 1)S(T,0)(—22> + 1) + DL 1(=22% + 1). (42)

Replacing (40) and (41) in (42), and multiplying both sides of the resulting equation by 8z%, one obtains

P (2)S' (W)(z) = Co(2)S(w)(2) + Dy (2), (43)
where the polynomials ¢, C, and D,, are

Puw(z) = z0(-22% + 1),

Culz) = D(—22> + 1) - 42°CLI(-22> + 1),
_ 31yPA4 2
Dy(z) = 8z°Dy"(-2z" + 1).

Therefore, from (24) S(w)(z) fulfils (43) with

bu(z) = 42 - 1),
Cold) = 42222 - 1) - 42%(p + g - (=222 + 1) + g - p], (44)
Du(z) = 8(p + 9)2°.
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Therefore, the polynomials ¢, C,, and D,, given by (44) have 472 as a common factor, and so dividing these
polynomials by 4z we obtain

Pu(z) =2(z* - 1),
Cuw(z)=Qp+29- 1)z2 —-2q,
Dy(z) = 2(p + 9)z.

Now, taking into account that 4 # 0 and 2p + 29 — 1 # 0 hold, then ¢, Cy, and D, are coprime. As a
consequence, since deg D, = 1 and deg C,, = 2, the class of wis one. [

5. Second degree quasi-symmetric semiclassical forms of class one

In this section we establish several characterizations of the semiclassical forms of class one which are of
second degree such that their corresponding (MOPS) verifies (5)-(8). In particular, we focus our attention on
the link between these forms and the classical forms. Notice that all the quasi-symmetric semiclassical forms
of class one are determined by several authors with different methods [12, 26, 30]. The unique solution, up
to affine transformation, is the linear form L(a, ) that is regular if « # —n,f # -n,a +p # -n—-1,n € N,
and satisfies the Pearson equation

(x(=1) L@,p) +(-2(a+p+2)2® +x +26 +3) L(a,p) = 0.

In [2, 31], the authors give all the second degree quasi-symmetric semiclassical forms of class one. In the
sequel, we keep the same notation in [2]. Let K'(k,]) be the form satisfying the following distributional
equation

D (x(x = 1) Kk, ) + (=20 + 1+ )a? + x + 21) K (k, ) = 0.

Moreover, the linear form o (K(k, 1)) is classical and

(ajpys 0 T172) 0 (K D) = j(k - %,1 - %) (45)

Theorem 5.1. [2] Among the semiclassical forms of class s = 1 such that the corresponding (MOPS) {W,},,»o satisfies
(5) with By = 1, only the forms K(k,I) with k +1> 1, k,1 € Z are second degree forms.

We are now ready to state the main result of this section.

Proposition 5.2. Let w be a regular form. The following statements are equivalent.

(a) The form w is a second degree quasi-symmetric semiclassical form of class one.
(b) There exists (p,q) € Z* with p + q > 1 such that

Xfpq(=22 + 1w = (x + 1)gy0(-24* + 1T, (46)
and

(@(fog (=222 +1)))(2) =22(z + D((T Oogpg) — (Tpq00fpq))(-22* + 1)
+ (T 00((x + 1)gpq(-22% + 1)) )(2), (47)

where f, 5 and g, 4 are polynomials defined by (19) and (20), respectively.
(c) There exists (p,q) € Z> withp + q > 1 such that

S@)(@) = (z + 1)S(Tpq ). (48)
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(d) There exists (p,q) € Z* with p + q > 1 such that
w=(x+ 1)a(‘7'p,q).

(e) There exists (p,q) € Z2 with p + q > 1 such that

n 1 + aiog Tp+g+1) 1 1
(W)an = (W)2n+1 = nl(=2) V;#:n ! ;:0 (i)2 TG+p+qt 1)Fu,z(P 24 2)/ nx=0, (49)

where Fp,i(p -1.9- %) is defined by (26).

Proof. (a) = (b) Let w be a second degree quasi-symmetric semiclassical form of class one. According to
Theorem 5.1, there exists (p,q) € Z* with p + g > 1 such that

w =Kp,9)-
From (1), (45) becomes
u=o(w) = (hy 01-1)T pg- (50)
Taking into account (9), (14) and (50), we get
S(w)(z) = —2(z + 1)S(Tp,0)(-22* + 1).

Multiplying both sides of last equation by f,,,(—2z* + 1), from (4) we deduce

Fra(=222 + DS(@)(2) = =20z + 1)S(fygTpq (=222 + 1) + 2(z + 1)(Tp 400 £y )(~22> + 1)

YLD 2z 4 1S T) (=22 + 1)+ 2z + 1T 00 ) (22 + 1)

Y 2z 4 1)y (-222 + DST(=222 + 1) = 2z + 1)((T60dg) ~ (T1aB0fpg))(-22> + 1)

YLD (24 1)gp (<222 + D27 S(T)@) - 202 + V(T Oogpg) = (Tpa00 ) (-2 + ).
Multiplying by z and using (4), the latter becomes
S(xfoq(=2% + Dw)(2) = S((x + 1)gp4(-22* + DT )(2) + R(2),
with
R(2) == 22(z + 1)((T 00gp4) = (71400 foq))(—22* + 1)
+ (W(fyq (=262 +1)))(2) = (T Op((x + 1)gpg(-22% +1)))(2),

or equivalently,
S(xfyq (=267 + 1w = (x + 1)gpe (-2 + 1T )(2) = R(z) € P.

According to Remark 2.1
Xfp g (2% + Dw — (x +1)g,0(-22 + DT =0 in ¥,

and
R(z) = 0.
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The statement is proved.
(b) = (c) Applying the operator S to (46) and taking into account formula (4) we get

2fyq(=222 + 1)S(w)(2) =(z + 1)gp(~222 + DS(T)(@) = (w(fyg(-22* +1)))(2)
+ (T 00((x + 1)gpq(-22% + 1)) 2).

From (27)

2fyq(=222 + D)S(W)(2) = = 22(z + 1)gpe(-22 + DS(T )(=222 + 1) = (w(fy1(~22% + 1)) )(2)
+ (T 00((x + 1)gpq(-22% + 1)))(2)
= 22(z + D)S(fyTpg )(—222 + 1) = (w(fy(-22% + 1)) @)
+ (T 00((x + 1)gpq(-22% + 1)))(2) + 22(z + 1)(T Oogpq)(—22% + 1)
M 22z 4 1) (22 + DS(Tp0) (22 + 1) = (w(fy (=22 + 1))

+ (T 00((x + 1)gpq(-22% + 1)))(@) + 22(z + 1)((T O08pg) = (TpaO0fpq))(-22% + 1).

by (4)_—(18)

Therefore, using (47), the last equation becomes
2f,0(=22% + DS(W)(2) = —22(z + 1) fy0(-22* + 1)S(T},)(~22* + 1),

which readily gives
S@)(2) = (z + 1)S(T,,,4 ).

This yields the statement (c).
(c) = (d) From the definition of the anti-symmetrization operator @ we have

_ Tra)). o, T, T, _
stro=5 ey ey O g
n> nl n>l

Combined with (48) we then have

S(W)(@) = (2 + 1S (T)4)) ).

Therefore, using (4), the last equation becomes

S@)(@) = S((x + Da(T,4)) @) - 1.

Then, using Remark 2.1 we have the desired relation.
(d) = (e)

(@241 = ((x + 1)6\6(;]:;;,4))2n+1 - (a(ﬁ’"?))zmz + (a(;i:”/‘?))znﬂ e (;i:”/’?)n’ nz0,

(@ = (0 D0(T), = (0T, + (@), " ), nz0

Using (15) and taking into account (25)-(26) we deduce the statement (e).
(e) = (a) By hypothesis we have

(@)n = @)1 = (Tpyg), , 12 0.
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Then,

7, 7 _
s =Y, -y Wy Dy Tk e &

n>0 n=0 n=0 n>0

On the other hand, the fact that the affine transformation of a second degree form is also a second degree
form yields 7, is a second degree form such that

Bg(@)S*(Tpg)(@) + Cpg(2)S(Tpg)(2) + Dpgl2) = 0, (53)
with
Byy(2) = (=2)'Byg(=22+1), Cpg(2) = (~2)'7Cpy(=22 + 1), Dyy(2) = (=2)> "Dy y(=22 + 1),

where B,, C,,, and D, are polynomials given in (22), and ¢ = 2224111,

Making z « z* in (53), multiplying this equation by (z + 1)* and on account of (52) we get
Byy(z3)S2(w)(2) + (z + 1)Cpg(2D)S(w)(2) + (z + 1)*Dpg(z) = 0.

As a consequence, we conclude that w is a second degree form and, thus, w is a semiclassical form.
Based on (14), (52) becomes

S(w)(z) = =2(z + 1)S(Tpq)(—22" + 1). (54)
The formal derivative of the last formula gives
S (w)(z) = 8z(z + 1)S'(T,g)(—22% + 1) = 25(T 0 )(—22* + 1).
From the above two expressions we obtain

_ @+ DS'@)() - Sw)z)

' 222 +1 55
§'(Tpa) (22" +1) 82z 1 12 ©5)

In (23) the change of variable z « —2z% + 1 yields
D(—22" + 1)S'(T,0) (=22 + 1) = C1(=22% + 1)S(T},0)(—22> + 1) + D)1(=22% + 1). (56)

Replacing (54) and (55) in (56), and multiplying both sides of the resulting equation by 8z(z+1)?, one obtains
Pu(2)S' (w)(2) = Co(2)S(w)(2) + Du(2), (57)
where the polynomials ¢, C, and D,, are
Ou(@) = (z+ 1)D(=222 + 1),

Culz) = D(—222 + 1) — 4z(z + 1)C (=22 + 1),
Dq(z) = 8z(z + 1)°D}(-22% + 1).

Therefore, it follows from (24) that S(w)(z) fulfils (57) with

Guw(z) = 4z + l)zz(z2 -1),
Cold) = 42222 - 1) — 42z + D|(p + g - (-2 + D) + g - p], (58)
Dy(z) = 8(p + 9)z(z + 1)2.
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Therefore, the polynomials ¢, Cy, and D,, given by (58) have 4z(z + 1) as a common factor, and so dividing

these polynomials by 4z(z + 1) we obtain
Pu(@) = 2(z* - 1),

Co(z)=Qp+2q-1)22—z-29+1,
Du(z) =2(p + g)(z + 1).

Now, we see that the conditions 2p + 29 —1 # 0 and —2q + 1 # 0 hold. Thus ¢, Cy, and D,, are coprime and

since deg D, < 1 and deg C,, = 2 the class of w is one. Thus, the proof is finished. O

6. A new family of second degree semiclassical forms of class one

Proposition 6.1. Let w be a regular form. The following statements are equivalent.

(a) There exist c € C with |c| > 1 and (p,q) € Z* with p + q > 0 such that
w=(x-0)7p,

(b) There exist c € C with |c| > 1 and (p,q) € Z* with p + q > 0 such that
S@)(2) = (z = ©)S(Tpq)(@) + 1.

(c) There exist c € C with |c| > 1 and (p,q) € Z* with p + q > 0 such that

fra@w = (x = ©)gp, ()T,

and

(@00 £0)@ = = (T O0gp4) = (TpaO0fa))@) + (T O0(x = Oy ()@ = fya(2),

where f, 5 and gy, 4 are polynomials defined by (19) and (20), respectively.
(d) There exist c € C with |c| > 1 and (p,q) € Z? with p + q > 0 such that

n+1
_ n+1),, Tp+q+1) 1 1
(w)n—;o( v )2 r(v+p+q+1)Fn+1,v(P_2/q_2)

I o A b B
CZ‘(V)Z T(V+p+q+1)F””(p 24 z)/”ZO,

v=0

where Fn,v(p —-2.9- %) is defined by (26).

(59)

(60)

(61)

(62)

(e) Thereexistc € Cwith|c| > 1and (p,q) € Z* withp+q > 0 such that the form w is a second degree semiclassical

form of class one satisfying
P (2)S" (w)(2) = Cu(2)S(w)(2) + Du(2),

with
Pu(2) = (x = ) - 1),
Co@ = (p+9)2 +(7-p—clp+q-1)z—clg—p) -1,
Dy(z) = —(q—p+c(p+q+1))z+c2(p+q)+c(q—p)+1.
where (w)y = pf:;il —cand (w); = 2+ f;?;z))z;z;i;qﬁ) -1-¢ pﬁ;’rl.
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For the proof we need the following lemma:

Lemma 6.2. [18] Let @1 and @, be two semiclassical forms satisfying (11) with deg¢p = degyp +1 = t. If
(@1)i = (@2)i, 0<i<t—2, then @1 = @.

Proof. (a) = (b) Applying the operator S to (59) and taking into account (4) we obtain the desired relation.
(b) = (c) Multiplying both sides of (60) by f,,(z), from (4) we deduce

frq(@S(w)(z) = (z - C)S(fp,qTM)(Z) —(z- c)(‘Tp,qQofp,q)(Z) *Joa®)
VLY 2 = 08(3,0T)@ = 2 = T30 )@ + Fon(@)

"2 (2~ g4 DST@ + 2 = (T OGpa) = (T7460£0))@) + fya(@).

S(fq(0)w0)(2) = S((x = )74 ()T )@ + Qa),
with
Q@) =z - (T 60pq) — (71400 f4))@
+ (W00 f(0))(2) = (T O0((x = )90 () @) + firg(2),
or equivalently,
S( () — (x = )9 ()T )(2) = Qz) € P.
We may now invoke Remark 2.1 to argue that

foq)w — (x = )gpqe(x)7 =0 in ¥,

and
Q(z) = 0.

Thus the result follows.
(c) = (d) Applying the operator S to (61) and taking into account (4) we get

Fra@S@)(@) = (2 = 0)94(2)S(T)(2) = (w00 f4)(@) + (T Oo((x = ) (x)))(2)-

Then, from (27), one has
Fra@8(@)(2) =(z = )90 (2S(T)(2) = (w60 £y ) @) + (T Oo((x = ) g4(x)))(2)
YL S(f0T ) @) — (60 ) @)
+ (T 00((x = ©)gpg(2)))(@) = (2 = ©)(T 0084 ) (2)
"2z~ 0f4@)S(Ta) @) - (000 )2
+(T00((x = 99,4@)) @ = @ = (T Oo8pq) = (1400 fp4))(@).

Therefore, using (62), the last equation becomes

Fra@8@)(2) = (2 = O)f,4@S(Tpq)@) + fra(2),

which readily gives
S(@)(2) = (2= )S(Tpq)(@) + 1.
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Then, using (4) and by Remark 2.1, we get
w=(x— c)’/"p,q,

SO,
@) = (Tpa),,, = A(Tpa) , 720,

Hence, using (25) we have the desired relation.
(d) = (e) By hypothesis we have

(w), = (ﬂfq)n_;_l - C((rp'q)n
= ((x=0)Tp,),, n>0.
Then,
w = (x—=)Tpg ©

Using Lemma 3.3 we conclude that w is a second degree form. As a consequence, w is a semiclassical form.
Based on the property (14), the relation (63) becomes

S(w)(2) = (z = )S(Tpq)(@) + 1. (64)
Taking formal derivatives in the last equation we get
S'@)@) = (2= S (Th) @) + S(T5)@).
After combining the latter two expressions we obtain

(z =S W)(2) - S(w)(z) +1

S (Ty) () = e (65)
Replacing (64) and (65) in (23), and multiplying both sides of the resulting equation by (z — ¢)?, one obtains
$uw(2)S"(w)(z) = Co(2)S(w)(2) + Dw(2), (66)

where the polynomials ¢, C, and D,, are

Pu(z) = (z = 0)D(2),
Cu(z) = D) + (z - c)Cg’q(z),
Du(z) = =®(2) — (z — 0)Ch(z) + (z — ¢)*D}) " (2).

Therefore, it follows from (24) that S(w)(z) fulfills (66) with

Pu(2) = G- - 1),
Col@ =(p+ P +(q-p-cp+q-1D)z—clq-p) -1,
Dy(z) = —(q -p+clp+q+ 1))2 +(p+q) +cqg-p) +1.

Now, we see that conditions ®(c) # 0, Cg’q(l) # 0 and Cg’q(—l) # 0 hold. Then ¢, C,, and D,, are coprime.
Since deg D, < 1 and deg C,, = 2 the class of w is one.
(e) = (a) It is easy to verify that the form (x — ¢)7,, satisfies the same functional equation as w with

- 2p+ D+ H+Ha+E+3)
deg ¢ = deg ¢, + 1 = 3, as well as ((x - C)(r”'q)o = —fqzl — ¢ = (w)o and ((x - C)(]'W)l - e

1-c¢ pz;zl = (w);. From Lemma 6.2 we conclude that w = (x — ¢)7,4. Thus, the proof is finished. [
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7. Open problems

e In this work we have analyzed several examples of second degree linear forms which are also

semiclassical of class s = 1. An interesting question is to describe all second degree semiclassical
forms of class s = 1. We conjecture that the examples studied in our contribution constitute the only
available cases.

e Very few examples of second degree forms which are semiclassical of class s > 2 are known in the

literature. In particular, in [32] by means of the quadratic decomposition, an example of symmetric
semiclassical forms of class s = 2 that is of second degree is determined. The description of all
symmetric linear forms which are of second degree and semiclassical of class s = 2 seems to be
an open problem despite the fact that some examples of symmetric semiclassical linear forms are
considered in [33] and [20]. To check among them what are second degree forms seems to be an
interesting exercise.

e In [35] all quasi-symmetric semiclassical orthogonal polynomial sequences of class two are studied.

The coefficients of the corresponding three term recurrence relation are obtained as well as the integral
representations of the linear forms. In [18] the author deduces the second degree forms among those
analyzed in [35].

e Rational spectral transformations of second degree forms preserve such a family. Notice that according

to [37] they are generated by Christoffel, Geronimus, association and anti-association transformations.
An interesting problem is to describe the set of the transformations of linear forms such that the second
degree character is preserved.
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