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ORTHOGONAL POLYNOMIALS
AND QUADRATIC TRANSFORMATIONS

F. MARCELLAN and J. PETRONILHO

Abstract: Starting from a sequence {P, },>¢ of monic polynomials orthogonal with
respect to a linear functional u, we find a linear functional v such that {Q,}>0, with
either Qo () = P (T(x)) or Qant1(x) = (x—a) P, (T(x)) where T is a monic quadratic
polynomial and a € C, is a sequence of monic orthogonal polynomials with respect to
v. In particular, we discuss the case when u and v are both positive definite linear
functionals. Thus, we obtain a solution for an inverse problem which is a converse, for

quadratic mappings, of one analyzed in [11].

1 — Introduction and preliminaries

In this paper we analyze some problems related to quadratic transformations
in the variable of a given system of monic orthogonal polynomials (MOPS). The
first problem to be considered is the following:

P1. Let {P,}n>0 be a MOPS and {Q;, },>0 a simple set of monic polynomials
such that
(1) Qan(z) = P(T'(2)), n=0,
where T'(x) is a (monic) polynomial of degree 2.

a) To find necessary and sufficient conditions in order to guarantee that
{Qn}nzo be a MOPS.

b) In such conditions, to find the relation between the moment linear func-
tionals corresponding to { P, }n>0 and {Qp }n>0-

c¢) In particular, to characterize the positive definite case.
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The motivations to study this problem appear in several works. Among others,
we refer: T.S. Chihara [6] for the case {P,},>0 symmetric, T(z) = x? and re-
quiring that {@Qy }n>0 were a symmetric MOPS; an important paper of Geronimo
and Van Assche [11] — these authors have proved that given a sequence { P, }n>0
of polynomials orthonormal with respect to some positive measure p supported
on the bounded interval [—1,1] and a polynomial T'(z) of fixed degree k > 2
with distinct zeros and such that |T'(y;)| > 1, where y; (j=1,...,k—1) are the
zeros of T”, then there exists always a positive measure v and a sequence of poly-
nomials {Qp, }n>0 orthonormal with respect to v such that Qr,(x) = Py (T(x));
M.H. Ismail [13], J. Charris, M.H. Ismail and S. Monsalve [4] in connection with
sieved orthogonal polynomials; F. Peherstorfer [22],[23] related to orthogonality
on several intervals; D. Bessis and P. Moussa [3],[21] for the analysis of orthog-
onality properties of iterated polynomial mappings; and Gover [12] related to
the eigenproblem of a tridiagonal 2-Toeplitz matrix. Another kind of quadratic
transformations were studied by P. Maroni [18],[20] and L.M. Chihara and T.S.
Chihara [8].

Of course, to solve problem P1 we must give the expressions for the polynomi-
als Q2n+1(x), in order to complete the set {@Qp }n>0. This suggests us the second
problem that we will consider:

P2. The same assumptions and questions as in P1, but with (1) replaced by
(2) Qons1(z) = (x—a) Po(T(x)), n>0,

(a a fixed complex number).

In the next we will recall some basic definitions and results. The space of all
polynomials with complex coefficients will be denoted by P. Let u: P — C be a
linear functional. A sequence of polynomials {P,},>¢ is called orthogonal with
respect to u if each P, has exact degree n and

(W, PaP) = kn 0y (kn # 0)

holds for all n,m = 0,1, 2,.... Given a linear functional u, we say that u is regular
or quasi-definite [6, p. 16] if there exists a sequence of polynomials orthogonal with
respect to it. It is a basic fact that if {P,},>0 and {Qn}n>0 are two polynomial
sequences orthogonal with respect to the same linear functional then, for each
n, Py(z) = ¢, Qn(z), where {cy, }n>0 is a sequence of nonzero complex numbers.
Therefore, in this paper we will consider monic orthogonal polynomial sequences
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(MOPS). Every MOPS { P, },>0 satisfies a three-term recurrence relation

Pn-i-l(x) = (z—0n) Pn(x) — In Pn—l(x)v n=12,..,

(3)

Po(x)ZI, Pl(x):x—ﬁo y
with 3, € C and -, € C\{0} for all n. Furthermore, according to a theorem of
J. Favard, if {P, },>0 is a sequence of polynomials which satisfies the three term
recurrence relation (3), with the conditions 3, € C and ~, € C\{0} for all n,
then it is orthogonal with respect to some linear functional.

Of course, in the previous concepts we have considered “formal orthogonal-
ity”, in the sense that the orthogonal polynomials { P, },>¢ are only related to a
numerical sequence wu, :=(u,z"), n=0,1,2, ..., ignoring whether these numbers
are actually moments of some weight or distribution function on some support
or not. In order to answer question c) in problems P1 and P2 , we must ana-
lyze under what conditions a regular linear functional u is positive definite, i.e.,
(u, f) > 0 for all f € P such that f(z) > 0,Vz € R and f # 0. In fact, a se-
quence of polynomials { P, },>0 orthogonal with respect to some linear functional
u is said to be orthogonal in the positive-definite sense if u is positive-definite.
By a representation theorem [6, Chapter II] a linear regular functional u is pos-
itive definite if and only if there exists an integral representation, in terms of a
Stieltjes integral, of the form

+oo

(w.f)= [ fa)do(o).
—0o0

for every polynomial f, where o is a distribution function, i.e., a function

o : R — R which is nondecreasing, it has infinitely many points of increase

(those are the elements of the set S:={x: o(z+d) —o(x—0) > 0, VI > 0}, called

the spectrum of ¢) and all the moments

+0o0
/ do(z), n=0,1,2,..,

—00

are finite. Sometimes, we also say that do(z) is a distribution function or measure,
and S is also called the support of do, the notation supp(do) being also used for
S. A necessary and sufficient condition for {P,(x)}n>0 to be orthogonal in the
positive-definite sense (i.e., with respect to a positive-definite linear functional)
is that {P,(x)}n>0 satisfies a three-term recurrence relation as (3) with 5, € R
and v, € Rt for all n. Notice that if a sequence of polynomials {P,(x)},>0
satisfies such a recurrence relation, then the corresponding distribution function,
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o, may not be uniquely determined. However, o is uniquely determined, up to
denumerable many points of discontinuity, if

+o00
(4) Y pi(zo) =400,  pr(@):i=(uom 2 w) " Pelw)
k=1

(pk is the orthonormal polynomial of degree k with positive leading coefficient)
holds at a single real point xg (Freud [10, p.66]). Furthermore, if o is uniquely
determined, up to the points of discontinuity of o(x), (4) holds for every real z(
[10, p. 63].

Given a sequence of orthogonal polynomials {P,(z)},>0 satisfying (3) with
Bn € R and 7, € RT for all n, in order to obtain the corresponding distribution
function ¢ — if it is unique — we introduce the associated polynomials of the
first kind, {Rgl)(x)}nzo, which are defined by the shifted recurrence relation

Pﬁl(@ = (x_ﬁn-i-l) PT(Ll)(x) — Tn+1 Pr(Ll—)l(I) ) n=12,..,
P =1, PU@) =25

They can also be described by
1 P, - P
Pr(ll)(x) = — <uy, ni1(7) n+1<y)> , n=0,1,...
U x—y

This sequence of polynomials is important, because the asymptotic behavior of
P, (z) and Pél_)l (x) gives us the Stieltjes transform of do(z). According to a well
known result due to A. Markov (see W. Van Assche [27] and C. Berg [2])

PW () 1+ do(t)
(5) T A2 /

=— , € C\(X1UX>),
n—oo Pn(z) ug J—co z—1 : \( ! 2)

uniformly on compact subsets of C\(X; U X53), provided that o is uniquely de-
termined. Here, if we denote by x,; (j=1,...,n) the zeros of P,, for each fixed
number n, and put Z :={zp;: j=1,...,n; n=1,2,...}, then

Xi1:=27} (set of accumulation points of Z;) ,
Xo ::{x € Zy: Py(x) =0 for infinitely many n} .

Notice that supp(do) C X; U Xy C co(supp(do)), where co(supp(do)) is the
convex hull of supp(do). Now, the function o(x) can be recovered from (5) by
applying the Stieltjes inversion formula. Putting

F(2;0)¢=/+OO do(t) ,

o t— 2
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then, if supp(do) is contained in an half-line,
1 [t
o(te) —o(t1) = 51—i>r(r)l+ 5 /t1 [F(:c—l—is;a) - F(x—ie;a)} dz
where we assume that ¢ is normalized in the following way:

o(t) = o(t+0) + o(t—0) '
2
The function F(-;0) is called the Stieltjes function of the distribution function
o (or the Stieltjes transform of the corresponding measure).
Finally we recall some properties fulfilled by the zeros of the orthogonal poly-

nomials in the positive definite case. Each P,(x), n > 1, has n real and simple
zeros Ty ; (j =1,...,n), which we will denote in increasing order by

Tpl < Tpa < ... <Tpgp, n=12 ...

The zeros of two consecutive polynomials P,(z) and P,yi(x), n > 1, interlace
(separation theorem),

T+l < Tnj < Tpylj+l, 1<j<n, n=12 ..,
so that there exist the limits
£:=lim 2,7 > —oo and 7n:=lim z,, < +o00.
n—oo n—oo

The interval [£,n] is called the “true” interval of orthogonality of the sequence
{P.}n>0- 1€, m| is the smallest open interval containing the zeros of all the P, (x),
n > 1, and [£,7n] is the smallest closed interval which is a supporting set for
any distribution function o with respect to which {P,},>0 is orthogonal (cf. [6,
p.29]). We also mention that the condition “[¢,n] compact” is sufficient in order
that (4) holds [6, p. 110], hence if [£, 5] is compact then o is uniquely determined.

2 — Problem P1

The “algebraic” properties of the solution for problem P1, i.e., the answer
to the questions a) and b) in P1, have been presented in [16]. In this case, the
completion of the system {Q,}n>0 is given by using the sequence {P}(c; - )}n>0
of the monic kernel polynomials of K-parameter ¢ corresponding to the sequence
{P,}n>0, defined only if P,(c) # 0 for all n =0,1,2,... by
1 Prti(c)

P Pn+1($) - Pn<C)

Pies) = - Pala)]
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{P}(c;*)}n>0 being a MOPS with respect to u*:=(x—c)u [6, p.35]. The coeffi-
cients {3,751} n>0 of the corresponding three-term recurrence are given by
Prya(c)  Paya(c) * Prya(c) Pr(c)

6 :L: n + - ) n = Tn
( ) /8 B +1 Pn+1(C) Pn(C) v, —+1 Tn+1 P,%_H(C)

forn=0,1,2,....

Theorem 1 ([16]). Let {P,}n,>0 be a MOPS and {Qy}n>0 a simple set of
monic polynomials such that

Qi(x)=x—b, Qa(x)=PFP,(T(x)), n>0,

where T'(x) is a (monic) polynomial of degree 2 and b € C. Without loss of
generality, write
T(x)=(x—a)(x—0b)+c.

Then {Qy }n>0 is a MOPS if and only if
Po(c) #0, Qant1(z) = (z—b) Pi(c;T(z)), n=0.

In such conditions, if {P,}n>0 satisfies the three-term recurrence relation (3)
(with B, € C and ~, € C\{0} for all n), then the coefficients (3, and 4, for the
corresponding three term recurrence relation satisfied by {Qy}n>0 are given by

(7) Bon=b, Bopy1=a, n>0,

- Pn(c) ~ Pn—l(c)
8 n—1= "5 5 Von = — n >1.
(8) Y2n—1 Poi(0) Y2 Pu(c) Y. n

Moreover, if { P, }n>0 Is orthogonal with respect to the moment linear functional
u, then {Qy}n>0 is orthogonal with respect to a moment linear functional v
defined on the basis {T"(x), (x—b)T™(z)}n>0 of P by means of

(9) (v,T"(x)) = (u,z"), (v, (x=b)T"(x))=0, n=>0.

Corollary 2. Under the conditions of Theorem 1, the coefficients of the
three-term recurrence relation verified by the MOPS’s {Py}n>0, {Py(c;+)}n>0
and {Qn }n>0 are related by
ﬁU:’?1+C7 ﬁn::}’Qn—&-l‘i‘:ﬂn""C, TLZl,
’Yn::}’Qn—l:YQn; nz]- 9

(10) . - .
B = Aom+1+Yon+2 +¢, n>0,

’Y:L::}’Qn;bn—ﬁ—lv n>1.
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In order to answer question c), we must analyze under what conditions the
linear functional v can be represented by some distribution function & provided
that the given linear functional u is represented by some distribution function
o. In particular, we also must give the relation between the supports of do and
dé. We will obtain an answer for these questions via the Markov theorem and
the Stieltjes inversion formula, by using the technique described in the previous
section. We begin by establishing some preliminary lemmas.

Lemma 3. Under the conditions of Theorem 1,
i1 (@) = (& — a) Py (T(@))
holds for allm =1,2, ....
Proof: Put P,(x) =31, agn)xi, so that
n—1 1

(11) P, (z) — P,( (r—y) ZZ@ZHCL’

=0 7=0

Then, P,(T(2)) = Pu(T(v)) = [T(2) = T(y)] T Sjop ) ' () T9(y), and
taking into account that T'(x) — T'(y) = (x — y) [(x—a) + (y—0b)], it follows that,
forn > 1,

0 )= L (v, )= Qm)_ L (Pl - PaT0)

Yo -y ug \ 7 T —y
n—1 1
— e llema) 0] S T 0 )
=0 j=0
n—1 1
= uio >l T (@) [(w—a) (v, T (y)) + (vy, (y — b)Tﬂ(y»}
i=0 j=0
n—1 1
- )= 3 Y0 T @) ()
%o 350 =0
n—1 1
—@-a) (e X Yk T @)y )
i=0 j=0
ey Ly EnlT(2)) — Paly)
= )uO<y7 () —y > by (11)
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Lemma 4. Let a,b,c € R, T(x) = (x—a) (x—b) + ¢ and o(zx) a distribution
function such that supp(do) C [£,n], with —co < § <n < +o0. If ¢ <&, then

|z —al
12 / 2" do(T(z)) < +o0, n=0,1,2,....
12 T en)  T'(@) )

Proof: Put or(z):=0(T(x)), A:=(b— a)? — 4c and notice that

T gD = |2 s, 2t —r[ U ]2t 4, ol ]

By expanding 2" = > ilang + byj(z — b)) T7(x), one see that, in order to prove
(12) it is sufficient to show that

with

|z — al
13 / T(x)|™ dor(z) < +00
(13) T_l(m[)l (z)] () ()
and | |
r—a
14 / z — bl |T(z)|" dor(x) < +00
(14) [ = HIT@P S o)

for all n =0,1,2,.... For a fixed n, consider the functions f,I and f,  defined by

b—a
"1t —e—xo |, y>-%,
Loy i ( 2\/y+A/4> vo
n
= - _A
‘4 I y_ 4 "
By hypothesis, we have —% <T(a) =c <& Hence, if £ = —% then necessarily
c= —%, so that a = b and ff(y) = |y"| for y > & = —%; if £ > —% we have

0<r=\EFAJA< Jy+AJdfory>¢ sothat 1/\/y+AJ4<1/rfory > €.

In any case, we get

b — al

=+
£l < (1455

>]y|” for y>¢€.

Therefore, since y™ € L1(]€,n[;0) — because o is a distribution function —, we
conclude that also f,, € Li(]§,n[;0), and then there exists

14 _b-a do(y)

n "
W) g [ = [Tbi i
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(notice that f(y) is continuous for y € [¢, +00[). Now, T'(z) increases for z > 2

and decreases for x < “TH) , and

2(zx —a) b—a ath

M) gy 978 g s ath
@) oy iana YT
2(x —a) b—a )
e L R
T'() o/T@) 1 A/d 52

Hence, if we make the substitution z = aTH’ + /y + A/4 in the integral on the
right-hand side of (15),

athb 4 o —
+ 2 n (l’ a)
+oo > Iy = . T(z)| T dor(z) >0,
i.e., (13) follows. To prove (14), define
(y—o)lyl" y> b
gn(y):: 2\/y+A/4 4
07 Yy = _% .

Since ¢ < ¢, then for y > it holds |y —¢|=y—c <y + %. Hence

- +A<1(2”+ +A> for y>¢
o /Ty =gV YTy o Y=s

gnly)] < 4

It follows that g, € L1(]€,n[; o) and there exists

" _ " =) lyl"
(16) D= ol doty) = [V doty

(notice also that g,(y) is continuous for y € [—%, +0o0[). Now, as before, making
the substitutions = = “TH’ +Vy+ A/4 we get

+oo > J, =
%b:l:r 2|£E—a7+b’
_ e bl T ()" | 2—2] a
= Jusn, |z — b |T'()] () or(z),

which completes the proof. n
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Assume now that the moment sequence {uy }n>0, corresponding to the linear
functional u in Theorem 1, is uniquely determined by some distribution function
o. Then, up to the points of discontinuity of o(x), for every real x

+oo
Z p%(:ﬂo) =+
k=1
holds. Now, using the relations in Corollary 2, for every real number tg we have
+00 +oo +oo
2 2 2
> ai(te) = > a(te) = > pi(T(to))
k=1 k=1 k=1

where q(z):=(vo 1 32 - - - %)~/ Qr(z). Hence if x( is a point of continuity of
o and it is known a priori that {Q}n>0 is orthogonal with respect to some
distribution function &, then the points tg such that o = T'(ty) are points of
continuity of &. Therefore, we conclude that if o(¢) is uniquely determined by the
moment sequence {uy, },>0 then (t) is also uniquely determined by the moment
sequence {vy, }n>0 corresponding to v. In these conditions, by Markov Theorem
and Lemma 3, we can write

(1)
Fieso) = - fi, G

g 1 GO PATE)
oo P(T(2))

(17)

= (2=a) F(T(2);0) ,

which gives the relation between F'(-;6) and F(-;0).
We are now able to give an answer to the question c).

Theorem 5. Let {P,},>0 be a MOPS with respect to some uniquely de-
termined distribution function o(x) and let [¢,n] (bounded or not) be the true
interval of orthogonality of {P,}n>0. Let b be a fixed real number, T(x) =
(r—a) (x—b) + ¢ a real polynomial of degree two and put A:=(b— a)? — 4c. Let

{Qn}n>0 be a sequence of polynomials such that
Qi(z) =x—0b, Qon(zr)=Py(T(x))

foralln =0,1,2,.... Then, {Qy}n>0is a MOPS with respect to a positive definite
linear functional if and only if

(18) c<&,  Qaui(z) = (z-b) P (cT(z))

holds for alln =0,1,2,....
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In these conditions, {Qn}n>0 is orthogonal with respect to the uniquely de-
termined distribution function dé

B | — al

(19) do(z) = () do(T(z)), r<l|z—2<s,

where

Proof: First assume that conditions (18) hold. Since, for each positive
integer number n, the zeros of P, are in |, n[, then the condition ¢ < ¢ implies
that P,(c) # 0 for all n = 0,1,2,.... From Theorem 1 it follows that {Q}n>0
is a MOPS. To conclude that it is a MOPS with respect to a positive measure,
we only need to show that £, is real and An+1 18 positive for every n =0,1,2, ...
(these notations are in accordance with Theorem 1). It is clear from (7) that 3,
is real and, since sgn P, (x) = (—1)" for x < ¢, so that P,(c)/P,—1(c) < 0, then
from (8) we deduce 4, >0 for alln =1,2,....

Conversely, assume that {Qy, }n>0 is a MOPS with respect to a positive definite
linear functional. From Theorem 1 it follows that Q2p4+1(z) is given as in (18).
Furthermore, Theorem 1 also gives P,(c) # 0 for all n = 0,1,2,... and the
relations in Corollary 2 hold. They will be used to show that ¢ < &. In fact, we
will prove [6, p. 108]

(i) c¢<p, for n=0,1,2, ...,

(17) {an(c)}n>1 is a chain sequence ,

where
Tn

) = G e a)

Since, by hypothesis, {Qn}n>0 is a MOPS with respect to a positive definite
linear functional, then 4, > 0 (n > 1), and (i) follows from Corollary 2. In order

n=12,....

to prove (ii) define a sequence of parameters {my/(c)}n>0 by
Poyi(c) Y Pn—1(c)
(c=Bn) Pa(c) — (c=PBp) Palc)’

(which is well defined according to (i) and the conditions P, (c) # 0 for all n > 0).
Now, we get

(20) an(c) = my(c) [1 - mnfl(c)] o o n=12,..,

n=0,1,... (P-1=0)

mp(c):i=1—
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and also, by (8) and (i), for n > 1 it holds m,,(c) = 1—P,11(c) / [(¢—Bn)Pn(c)] =
1=F2n11/(Br—c) < 1 and my(c) = Y Pn-1(c) / [(c—PFn) Pu(c)] = F2n/(Bn—c) > 0,
so that

(21) mo(c) =0, 0<myu(c)<l, n=1,2,...

It follows from (20) and (21) that {a,(c)}n>1 is a chain sequence, {my(c)}n>0
being the corresponding minimal parameter sequence (cf. [6, p. 110]). Thus ¢ < €.

Now, under such conditions, let dé be the distribution function with respect
to which {Qp}n>0 is orthogonal. According to (17), for fixed ¢ > 0 and = € R,
we have

- o Nl x—a+ie T—a—i
F(x+z€;0)—F(37_Z€;U)_/§ (t—T(»’UJrié?)_t_T(x_iE)>dU(t)

=i ["ft.2) dott)
3

where
2¢[(z —a)? —c+e% + 1]

It 2) = ) e A L AV

Thus

t ’ :
fz—:(vl') < QW)( \/t—l—T/) + &2

b—a €
—i—(l— ) 5 for t>—%,
2VEEAMR) (o — by EFATL) 422

and

Hence, since £ > ¢ > — A , we have

/;zfe(t,q;)da(t):/5 ( 2\;%) = ;A/ ) - do(t)

- €
4 / (1— ) do(t)
¢ 2\/75+A/4 (2— %2+ i+ A/A) +e2
. b—a . .
where it must be understood that the terms WYy do not appear in this

t
expression if £= —% (remark that the condition ¢ < &

—% also implies a = b).



ORTHOGONAL POLYNOMIALS AND QUADRATIC TRANSFORMATIONS 93

In each of these integrals, we make the change of variables u = /t + A/4, so that
t= T(“T‘H’ + ). Thus

/snfg(t’@ do(t) = /<1 * b2_ua> (2 — (= 5+u))2 g2 do (T(4* +u)

+/:(1_b2_ua) (x_(a;biu)erEQ do (T(%2 —u)) .

a+b
2

Now, in the first of these integrals we make the substitution v = + u and in

the second one v = “T‘H’ — u, which leads to

a+b 45 a+b

(22) /g rtaydoty =2 [ 7 (e, 0)dor(v) — 2 /;__ g (2, v) dor(v)

a+b
= T

where
€ V—a

x—v)24¢e2 T'(v)

UT(U) ::U(T(U)) ) 95(377 1)) F= (

(notice that if £ = —%, i.e., r =0, then the factor (v —a)/T"(v) does not appear
in the definition of g.). Denote

S_i_::]—a;rb—kr, —“;rb—i—s[, S_::}—a;b—s, —a;b—r[

and let |¢1,to] (with 1 < t2) be an open interval (bounded or not) such that
either

Shpr <ty <ta<Hbis or Wos<ti<t<UYor.

Then the following holds:

(i) for almost all values of v in S, the function g.(z,v) is continuous with
respect to x in the open interval |y, tof;

(ii) |ge(z,v)| < Ge(v):=(v — a)/eT'(v) for all x € Jt1,t2[ and G.(v) is an
integrable function over S, with respect to op(v) (by Lemma 4); and

(iii) if ¢; or to is infinite (which can occur only if s = +o0, i.e.,, n = 400),

so that ]tl,tz[ = ]t1,+OO[ if GT—H) +7r <t <tg, or ]tl,tg[ = ]— OO,tQ[ if
t <ty < “TH’ — r, we have, in the first case,
+oo t2 € v—a
z,v)|dzr = lim dzx
/t1 19-( )| to—+oo Jy, (x—0)2 4 &2 T (v)

s ti—v\v—a V—a
_(T_ < =
(2 arctan . ) O ﬂT’(v) Gi(v) ,
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with G1(v) an integrable function over Sy with respect to or(v), and, in
the same way, for the second case

to
| l@oldr <Gio).

G1(v) being also an integrable function over S_ with respect to or(v).

Therefore, integrating from ¢; to to both sides of (22) with respect to =z,
(i)—(ili) can be used to justify a change in the order of integration (cf. Cramér
[9, pp. 68,69]), and in this way we get

/tltg [/;fs(t,x) da(t)} dx = 2/S+htl’t2 (e,v)dor(v) — 2 /S,htl’m (e,v) dor(v) ,

where
t2 ty— t— -
hi, t,(e,0) 1= . ge(z,v)de = (arctan 25 v_ arctan 15 U) ;/(UC)L .
Notice that
. T v—a
(23) ali)%l_‘_ htl,tz (67’0) = (’ﬂ' X]t1,t2[(v) + 5 X{thtz}(v)) T’(U) )

so that the functions hz?tQ (e,v) and hy, 4, (¢,v) defined by

hi, ,(g,v), veSL e>0,
hi, (e,v):=
ha(:0) 111%1+ hi, t,(e,v), vE€ Sy e=0.

e—
satisfy:
(i) for almost all values of v in Sy , hfﬁ’h (e, v) is right-continuous with respect
to € in the point ¢ = 0; and
(ii) |hi,t2(5,v)| < Gy(w):i=7(v —a)/T'(v) for all e > 0 and v € S1, Ga(v)
being an integrable function over Sy with respect to or(v).
Therefore, it holds [9, p. 67]
lim / hi, 4, (€, v) dor(v) = lim / hfﬁ t,(e,v)dor(v) = / htf t,(0,v) dor(v) .
St St S+ ’

e—0t e—07t

Now, if t; and t9 are points of continuity of the distribution function defined by
[v—al
T"(v)

dor(v) (which is a distribution function by Lemma 4), then, according to
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(23), we have

v —a
/ ht17t2 (0,v) dor(v) = /Sfx}h,tz[(v) T (o) dor(v)

0 if o s<ty <ty <tbp,
= 2 9—a )
T , m dor(v) if aTJrl’+r§t1<t2§aT+b+s,
and
2y—a
T = dor(v) if “TH’—SSt1<t2<L+b—T
/S b (0,0)dor(v) = { Ju T'(v)
- 0 if “Hbir<ty<t,<uis.

Thus, from the Stieltjes inversion formula and using the previous conclusions,

at the points ¢ and ty of continuity of & and |v,_(3)‘ dor(v), we get

5(ts) — 6(t) = lim —— / ? [F(Hia;&)—p(m—ig;&)} dz

e—0t 271

e—0t T _
1 1 _
= — [ b 00 dor() = [ i1, (0,0) dor (o)
t2y—a
R | ., if atb 4 o o, < atb ’
. T(0) or(v), if “GPH+r<t;<ta <% +s
t2yp—a
——d if o —s<t;<ty<ofr.
. T(0) or(v) if 457 —s<t1<ta <% —r

and formula (19) follows.

Remark 1. The support of dé is contained in the union of two intervals

(eventually a unique interval if {= —%):

supp(d3) € [52 — s, 4t —r| U [ 4, G s =T ()

Corollary 6. Under the conditions of Theorem 5, if o is absolutely contin-
uous, so that do(x) = w(z)dz, then & is absolutely continuous and dé&(x) =
w(z) dx where

(24) W(z):=|r —alw(T(z)), r<|z—2%<s.
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Proof: By (19) we get

45 {(m—a)w(T(m)) if b <p<attgg

(@) =
dzx —(x—a)w(T(x)) if aT*b—s<x<“T+b—r.
Taking into account that ¢ < &, we deduce (24). u

Remark 2. Theorem 5 agrees with the results of Geronimo and Van Assche.
In fact, consider the Borel measures po and g induced, respectively, by ¢ and &,
and let A be a Borel set in S = supp(do). Then, if T (2) and Ty '(z) stand
for the two possible inverse functions for appropriate restrictions of 7'(x), so that
Ty(z) = T(z) for z € |- 00, %] and Ty(z) = T(z) for = € [%42, +o0] , then we
have

Tr—a

—1 = o = —1)? o(T(x 7=
W) = [ ot = [0 s de(ra), =12,

which leads, by means of the change of variable ¢ = T;(z) (notice that Tj(x) is

(2
decreasing and T5(z) is increasing), to

—1 —a
@) WIA) = [0 duo0, )= O,

1=1,2.
This was the formula (corresponding to the quadratic case) used by Geronimo
and Van Assche to start with the approach presented in [11, p. 561].

Remark 3. One see that, at least for the quadratic case, it is not need to
impose, a priori, the restrictions “I" with distinct zeros” and “supp(do) compact”,
considered in [11]. Furthermore, in [11] it is assumed the condition |T'(y;)| > 1 on
the zeros y; of T”, which in our case corresponds to the condition T(“T‘H’) = —%
1€, n[. We have shown that ¢ < £ is a necessary condition for the orthogonality of
{Qun}n>0, which implies —£ < ¢ (because ¢ = T'(a) > —%). Hence —% ¢ 1&,1]

must hold necessarily for the orthogonality of {Qy }n>0.

3 — Problem P2

While for the solution of problem P1 it plays a remarkable role the sequence
{P}(c;-) }n>0 of the monic kernel polynomials of K-parameter ¢ corresponding to
the sequence { P, },>0, for the solution of P2 it is the sequence {P,(-;\A)}n>0 of
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the so called co-recursive polynomials that plays the key role. These polynomials,
which are defined by the relation

Po(z;)) =Py (z) — AP, (2)

(A € C), were introduced and studied by T.S.Chihara in [7] (we notice that
some generalizations of these co-recursive polynomials were provided by H.A. Slim
[24] and F. Marcellan, J.S. Dehesa, A. Ronveaux [15]). The polynomials of the
sequence {P,(-;A)}n>0 satisfy the same recurrence relation (3) as { P, }n>0, but
with different initial conditions, namely,

Poii(z;N) = (x=06n) Po(x;N) — v Pa—1(z3A),  n=1,2,..

(26)
Po(z;\) =1, Pi(x;N) =2 — (Bo+N) .

Therefore, { P, (-; A) }n>0 is a MOPS with respect to some linear functional, which
we will denote by u(\).

If A is real and u is a positive definite linear functional (and then so is
u(\) as well as the linear functional corresponding to the associated polyno-
mials {Pé”}nzo), then denoting by z,;, :1:7(11]) and z,,;(A\) (j=1,...,n) the zeros of
P,, PT(ZI) and P,(-; ), respectively, ordered in such a way that x, ; < 2, j41, it
was stated in [7] that

(27) A<0 = xn,j()\)<a:n7j<a:£2-<xn7j+1(/\)<xn7j+1, j=1,...,n—1.

Therefore, denoting by [£(M),n(A)] the true interval of orthogonality of
{Pn(-;A)}n>0, it follows that, for A <0, £(A) < & < n(A) < n. Let us prove
that £€(A\) > &€ + X. We recall that, in general, the coefficient of 2™~! of the poly-
nomial P, of an MOPS {P,},>¢ satisfying a three-term recurrence relation such
as (3) is equal to — ;-‘:_& Bj (cf. [6, p.19]) and then

n n—1
(28) Z.Q?nj:z,@j, 77,21,2,... .
7=1 7=0

Hence, using (28) and the corresponding property for P,(-;\), we can write

S ang(N) = (B + N+ I By = Ak SO B = Ak Sy g, s tha,
taking into account (27),

3711()\) =\ +:L'11 y xnl(/\) = )\+xn1 + Z(.ﬁ(}n] — an](A)) > A +J}n1, n Z 2.
7j=2
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Therefore, {(A\) = limy oo Tp1(A) > A+ limy oo 21 = A+ & We conclude that,
in general, the true interval of orthogonality of {P,(-;\)}n>0 is contained in
€+ A, n], if A < 0. However, for any A, it was proved in [7] that the zeros of
P,(-;A) are all in ¢, n] for all n if and only if

R _
e g

<A<B= lim %ﬁ),
nmree P (n)

where A (B) must be replaced by —oo (+00) in case £ = —oo (1 = +00).

The co-recursive polynomials are important in order to establish the regularity
conditions for a linear functional associated with an inverse polynomial modifica-
tion of a regular functional (Maroni, [17]). In fact, if u is regular, for fixed A\,c € C
and being u(A, ¢) defined by the distributional equation (z — ¢) u(\,¢) = —Au,
ie.,

(29) u(\, ) =ugde — Mz —c¢) tu,

where §. stands for the Dirac measure at the point ¢ and (z — ¢) ~'u is the linear
functional defined by

a1 . f(l‘)—f(0)>

(@=oy . fyi=(u HOZHD,

it was shown in [17] that u(A, ¢) is regular if and only if A # 0 and P, (c; \) # 0 for
all n=0,1,2,.... In such conditions, the corresponding MOPS, {P,,(-; A, ¢)}n>0,
is given by

Py(c; N)

P, (z;\,¢):=Pp(x) — m

P,1(z), n>0.

For the set of the coefficients {3, (X, ¢), Yn+1(A, €) }n>0 of the corresponding three-
term recurrence relation we have the relations

Poia(cs ) Pu(cN)

(30) ﬁ()()\, C) - ﬂ() + Pl (C, )\) ) ﬂn()\u C) = Bn + Pn(C, )\) - Pnfl(C; )\) )

Poy1(c;N) Po1(c A)
P2(c; \) ’

(31) (A e) = AP A),  Tmri(A ) =Tm
forn=1,2,....

Theorem 7. Let {P,},>0 be an MOPS and {Qy}n>0 a simple set of monic
polynomials such that

Q2(a) =X, Qopyi1(x) =(x—a)P(T(x)), n>0,



ORTHOGONAL POLYNOMIALS AND QUADRATIC TRANSFORMATIONS 99

where T'(x) is a monic polynomial of degree 2 and a,A\ € C. Without loss of
generality, write
Tx)=(x—a)(x—b)+c.

Then, {Qn}n>0 is a MOPS if and only if
(32) A£0, PulgA)#0, Qo(z)=P,(T(x);\,¢c), n>0.

In such conditions, if { P, }n>0 satisfies the three-term recurrence relation (3), then
the coefficients (3, and 7, for the corresponding three-term recurrence relation
for {@Qn }n>0 can be determined according to the relations

(33) Bon =a, fopns1=b, n>0,

. P,(c; \) Po_1(c; \)
n — — y n = —In y > 1.
Y2 Poi(c V) Yon+1 g Polc; \) n

(34) Y= —A

Moreover, if {P,,}n>0 Is orthogonal with respect to the linear functional u, then
{Qn}n>0 Is orthogonal with respect to a linear functional v defined on the basis
{T™(z), (x—a)T™(x)}n>0 of P by the relations

(35) (v, T"(x)) = (u(A, ¢),2"), (v,(z—a)T"(x))=0, n>0.

Proof: Expand the polynomial T" as
T(x) = > +pr+q, p:=—(a+b), g:=ab+c.

Assume that {Qn}n>0 is a MOPS. Thus, it satisfies a three-term recurrence re-
lation

JZQn(J}) = Qn—i—l(x) + Bn Qn(x> + Yn Qn—l(x> , n=172..,

(36) :
Qo(r) =1, Qi(x)=2—70,

with 4, # 0 for n > 1. It is clear that §y = a and 43 = —A. Then A # 0. In the
three-term recurrence relation (3) for { P, },>0 replace x by 22 + px + q and then
multiply by x—a, so that

(37) (2™ pr+q) Qant1() = Qant3(7) + BrQan+1(2) + 1Qan—1(z), n>0.

Now, use successively (36) to expand xQ2,11(x) and 2% Qa2p41(7) as a linear
combination of the @;(x) and then substitute the obtained expressions in the left
hand side of (37). This yields a linear combination of elements of the sequence
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{@n}n>0 which vanishes identically. Therefore, since this sequence is a basis for
P, we find the following relations:

(38) Bonsz + Pons1 +p=0, n>0,

(39) Yont2 + Bany1 + Font1 +PBong1 + 4= Bn, n=0,
(40) Bons1+ Bon+p=0, n>0,

(41) Yon Yon+1 = Yo, n>1.

Combining (40) (after the change of indices n — n + 1) with (38) it leads to
52n+3 :/BQn+1 for n >0, so that Bgnﬂzﬁl =b (n>0) and, consequently, from (38),
Bon=-b—p=a (n>0). Hence, we can rewrite (39) as Y2n+4+2 + Yon+1 = Bn — €
(n>0), or, according to (41),

(42) 72n+2+;n =Bh—c, m>1.

2n B
Now, define recurrently a sequence {y,}n>0 by
Yo = 17 Yn+1 = _5/2n+2 Yn, M= 0.

Remark that y, # 0 for all n > 0, hence o492 = —Ynt+1/yn for n > 0; if we
substitute in (42), we can deduce

(43) Ynt1 = (¢=Bn)Yn = YnYn-1, n=1.

For n =0, we have y; = =32 = —(fp —c — 1) = — (6o — ¢+ A), so that

(44) yo=1, y=c—(Go+A).

It follows from (43) and (44) that y, = P,(c; A) for n > 0 and, therefore,
Pa(c;A) #0, n>0.

Furthermore, we have

Yn+1 :_Pn-i-l(c; A) ~ TYn+1 I M n>0.

g = ; 2n+3 — = 1 R
T, Pu(ch) T e M BN

Now, using these relations, the change of indices n — 2n in the recurrence
relation (36) yields

Pu(c; \)

(z—a) Q2n(7) = (x—a) Pu(T(z)) — Poi(cn) (z—a) Pp1(T(z)), n=>0,
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and then the expression for Q2,,(z) as in (32) follows. Thus, conditions (32) are
necessary for the orthogonality of the sequence {@Qy}n>0. We also have proved
that relations (33) and (34) hold.

Conversely, it is straightforward to verify that conditions (32) are sufficient in
order to guarantee that {Qy}n>0 be a MOPS. For that, define complex numbers
$, and 4, by formulas (33) and (34). These parameters are well defined, according
to the hypothesis that P,(c; \) # 0 for all n > 0, and, in addition, 7, # 0 for all
n > 1. Then {Qn}n>0 satisfies the three-term recurrence relation (36), so that,
by Favard’s theorem, it is a MOPS.

Finally, if conditions (32) are satisfied, we prove that {Q,}»>0 is orthogonal
with respect to the linear functional v defined by (35). For this, since {Qn}n>0
is a MOPS, it is sufficient to show that

(v,1) #0, (v,Qn)=0, n>1.
If we set n = 0 in the first relation of (35), then (v,1) = (u(\, ¢), 1) # 0 follows
because u(A, ¢) is regular. Next, notice that

(v, (@=a) f(T(@))) =0, (v, f(T(@)) = (ulr0), [(x)) ,

for all f €P. Hence (v, Q2nt1(2)) = (v, (z—a)Po(T'(x))) = 0 and (v, Qan+2(2)) =
(v, Ppi1(T(z); N, ¢)) = (u(A, ), Poyi(z; A, ¢)) = 0 holds for n=0,1,2, ..., which
completes the proof. n

Corollary 8. Under the conditions of Theorem 7, the coefficients of the three-
term recurrence relation verified by the MOPS’s { Py, }n>0, {Pn(-; A, ¢)}n>0 and
{Qn}n>0 are related by

Bo(A,¢) =F1+c, PN c)=Fms1 +Fon+c, n>1,
’7n(>\ac) = '?anl ’3/2117 n>1 s

(45) 5 N
Bn = Yont1 + Yong2 +¢c, n>0,

Yo = Yon V2n+1 n>1.
In order to provide an answer for question c) in P2, we establish some pre-

liminar lemmas.

Lemma 9. Under the conditions of Theorem 7,

Qg'ln)—l(x) = (.’L‘—b) Pél—)l(T(x%)\’C)a n= 1727"' .
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Proof: We begin by putting P,(z; A\, ¢) = >y agn)xi and then, mutatis
mutandis, we follow the same steps as in the proof of Lemma 3. n

Lemma 10. Under the conditions of Lemma 4, if ¢ < § and fg ?; i‘) <400,
then

do(T(x))
(46 / e —— <400, n=0,1,2,...
) len)  lr—a|T'(x)

Proof: First, assume ¢ < £. Then, we can write

xQ”M: a?  |z—0| o(T(x
Fresens™ a1 = sy TG0 77) 470

! / 2 [z —b| do(T(x)) < 400
L(gmD

S T'(x)

where the last inequality follows from Lemma 4, interchanging the roles of a and
b. Suppose now that ¢ = £. Since we can write 22" = 3 [an; + bpj(z—a)] T7(z),
to prove (46) it is sufficient to show that

., dop(x) ~
47) /T—lqs,nb T()l |z—al T'(x) <
and
(48) [ mer ) < e
(1€.m0) T'(x)

for all n=0,1,2,.... In fact, using

1 a—b 2 .
T(x)—] (1 * wm) = aaT@: ST e,

where we take the sign + if z > “—+b and the sign — if x <

that

L doT@) (Pl
frsgen T ey = 2450 [t <.

The last integral is finite since, for each fixed n, we can find nonnegative numbers
kj (j=0,...,n41) such that |y|"/|y —c| < ko/|y—c|+> 75— kj1]yl’, and because
J¢ do(@) 4 . Hence (47) is proved. To prove (48), observe first that if & > -2

|z—c]

then a # b, hence 1/|T"(x)| = 1/2/T(z) + A/4 < 1/2r, so that

e do@@) L
S TN S < 4 [ doty) < oo

a+b, we can verify
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and, if ¢ = —% then ¢ = —% and a = b, hence (z—a)T'(z) = 2[T(z) -] and
T(x)|"x —a| < (T ()" + |z —al?)/2 = (|T(z)** + |[T(x) — c|)/2, so that

(T g do(T(@)
Jrsgeny TP 7 = e P =0l e

1 n 2n
< / <1+ 1 )da(y) < +00 . m
£

~2 ly—c|

Remark 4. If ¢ < &, then the condition fg T;E‘Q < 400 in (46) holds.

Theorem 11. Let {P,},>0 be a MOPS with respect to some uniquely de-
termined distribution function do(x) and let [{,n] be the true interval of ortho-
gonality of { Py, }n>0, with —oo < { < +o00. Let a and X be fixed real numbers,
T(z) = (x—a)(z—b)+c a real polynomial of degree two and put A :=(b—a)? —4c.
Let {Qn}n>0 be a sequence of polynomials such that

Q2(a) =X,  Qam+1(z) = (z — a) Po(T(7))

for all n=0,1,2,.... Assume that one of the following two conditions hold:
(i) c<&E+ N\
P, . P,
(ii) ¢ <, —oo< lim T@EAS)\SBEhm ?(7))
nTree P (6) nTree P (n)

(with B = 400 if n = 400).

Then, {Qn }n>0is a MOPS with respect to a positive definite linear functional if
and only if

(49) A<0, Qon(z)=P,(T(x);\0),
hold for all n=0,1,2,....
In these conditions, {Qn}n>0 is orthogonal with respect to the uniquely de-
termined distribution function ¢ defined as
A do(T(x))
jz—al T'(z) °

(50) d5(x) = M 6,(x)

where
M:=uy+AF(c;o0) >0, 7r:= 54_%’ si= 7]‘*‘%-

Proof: Suppose that {Q,}n>0 is a MOPS with respect to a positive definite
linear functional. It follows immediately from Theorem 7 that A = —5; < 0 and

Qon+1(x) is given as in (49).
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Conversely, assume that conditions (49) hold. We will show that {Q,}n>0 is
a MOPS with respect to a positive definite linear functional if (i) or (ii) hold.
Assume that (i) holds. Since, for A < 0, the zeros of P,(-; ) belong to [+, 1],
then the condition ¢ < £ + A implies that P,(c;\) # 0 for all n =0,1,2,....
Hence, from Theorem 7, {Qy }n>0 is @ MOPS. Now, it is obvious from (33) that
5,1 is real for every n = 0,1,2,... and, using again the fact that all the zeros
of P,(-;A) are in |+ A, [, so that sgn P,(x;\) = (=1)" for & < £ + A, then
P,(¢;A\)/Py—1(c; \) < 0 holds and (34) gives 7, > 0 for all n=1,2,.... Thus,
{Qn}n>0 is a MOPS with respect to a positive definite linear functional in the
case (i). Assume now that (ii) holds. Then, the zeros of P,(-;\) are in ¢, n],
and so the condition ¢ < £ implies that P,(c; A) # 0 for all n = 0,1,2, ..., hence
{Qn}n>0 is a MOPS. As before, we can show that By, is real and An > 0 for all n,
so that {@n}n>0 is a MOPS in the positive definite sense, also in situation (ii).

It remains to show that the distribution function, &, with respect to which
{@n}n>0 is orthogonal is given by (50). As for problem P1, one can easily show
that & is uniquely determined. Now, observe that, since A < 0, condition (i)

implies that ¢ < €. On the other hand, conditions (ii) imply fg ?ta(g < 4o00. In
(1)

_— . Pu(€) _ 4 < P© _ g

fact, by hypothesis —oo < nhrfoo P (@ = A < X\ <0, then nEJrOO Pn(é) = A

hence there exists the integral [©2° % = F(&0) = -, so that fg ClltG(Zl =

Je dU t) < J! dU(t) < +00. We have shown that the hypotheses of Lemma 10
are Verlﬁed in both situations (i) and (ii). Thus, we can define a distribution
function, o1, such that
do (T (x))
d =
) = o Ty

with supp(do1) € T71([¢,n]). Let’s show that

1

zZ—a

(1) F(z01) =

[P(T(2);0) = F(e;0)], 2 C\T (&) -

In fact, with the notations of the proof of Lemma 4, for z € C\T~1(]¢, n[) we can
write

(52) F(z;01) = /+001 doy(t) = /—i-oo L _do(T(t )i =11(2) + I2(2)

0o t—2 oo t—2z |t—a| T'(t)

where

e o) [T o)
nO= [, Taiarm s (t=2) (=a) T'(1)

2
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Now, by hypothesis, we have £ > ¢ > —A/4. Hence, if £ > —A/4 then also
y > —A/4 for y € [£,n], and since for y > —A/4 it holds

1 1 1

(z—a) (y=T(2)) z—ay—c

1
2zt~ iyt A7) (Y50 + VY T A7) Vit A/
1

+ )
2(z -+ Vy + A7A) (Y50~ Vy T A/3) Vy + AT
integrating both sides of this equality with respect to o(y) over [, n] we get
1 n do(y) 1 /77 do(y)
53 = I I .
(53) z—a /5 y—T(2) z—a J¢ y—c +h(2) + B(2)

We have used the relations

T'(t) = 2sign(T'(t)) \/T(t) + AJ4, t—a="2+1T'(t),

l—z= (Z_GT—H; lT,(t))? T(GT_‘—I):ET):&-’ T(%%is):nv

as well as the substitution y = T'(t) in the above integrals I; and I3 in order to
show that

do(y)
- 2/ ot Sy + A7) (Yt 4 Vy+ AJA) Vy T AL

_ 1o do(y)
Z)_2/¢ (=t + Vy+A71) (b2 - Vy+A74) Vy + A/A

Therefore, (51) follows from (52) and (53), in case £ > —A/4. Consider now the
other possible case, £ =—A/4. Then, also ¢ =—A/4, so that a=b, (t—a)T'(t) =
2QT(t)—c], t—2=a—2+\/T({t)—c if t>a and t — 2z =a—z— /T(t)—c if
t < a. Hence, it follows directly from the definition of I; and Iy, again after the
change of variable y = T'(¢),

1 do(y) _ 9
Ii(z) = 2/£ GC—a—Vi—0 (-0 2 z—a+\/y c) (y—c)

and, consequently,

F(z01) = L(2) + Iz L )dd>__

2 (z—a—\/ﬁ—i_z—cﬁ-\/ﬂ
g [ do®) _ 1 [ ymday)  [rdo(y)
= )/5 (y=T(2)) (y—c) z-a Vg y—T(z) /5 y—c] ’
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which completes the proof of (51). Now, we proceed by finding the relationship
between the Stieltjes functions F(-;0) and F(-;5). By Markov Theorem and
Lemma 9 we can write

F(z6) = (2 =0) F(T(2);0xc)

where o). is the distribution function with respect to which the sequence
{P.(-; A, ¢)}n>0 is orthogonal, and since (Marcellan [14, p.116])

F(zone) = — [uo + A F(z;0)] ,

z—c
we obtain

u A 5 _ ut+AF(go)

(54) F(z;0)=—

—AF(z .
z—a z—a z—a (z01)

One see that ¢ has, possibly, a mass point at © = a, with jump M :=ug+AF(c;0).
Combining (54) with (51), we obtain (50). Finally, we show that the jump M
is nonnegative. In fact, in situation (i), we have 0 < 1/(t —¢) < 1/(§ — ¢), for
t € [§,m], so that

(notice that 0 < 5%)‘6 < 1 because it holds 0 < —\ < £—c), hence ug+AF(c;0) > 0;
and, in situation (ii), we deduce F(c;0) < F(§;0) = —ug/A < —up/A (remark
that —oo < A < A < 0) and so, again, ug + AF(c;0) > 0.

Remark 5. One can deduce that dé has a mass point at x = a, with jump
M = ug + AF(c;0), by showing that

1/2

S =00, ator=(uT7) .

In fact using the well known identity P, (c) Pél_)z(c) — P,_1(0) P, pY 1(e) =
—H” 1% (n > 1), it is straightforward to verify that P,(c)P,— 1(0 A) —

Po(c;\) Pu_1(c) = A1y (n>1), and so we easily get Qa,(a) = (c A c)
AH?:]I%/Pn,l(C; A), Qan+1(a)=0. Therefore, since, by Theorem 7, H T =
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AT Po(e; N/ Po—1(c; \), we can write

“+00 +<>o —+00 n—
1 n 11 A ;

— o 15/2 g ug = P 1(¢; )\) (¢ )\)
_ Lt .1 = ( ) . P,(c)
- Z( (c; )\) Pn,l(c, )\)) wo B Bl )
o Pa(c) - PV, ()
o uog nL—&-oo Pn( ) )\P(l) ( ) l (1 )\nL-i-oo Pn(c) >‘| ’

hence, if 1 # Alim PT(Ll_)1 (¢)/Py(c), then there exists a mass point at = a, with
jump ug[l — Alim Péi)l(c)/Pn(c)] =ug+ AF(co0).

Remark 6. In Theorem 3 in [11] is described how the Stieltjes transforms
associated with ¢ and W), the orthogonality measures for {P,gl)}nzo and

{Qg)}nzo, respectively, are related. Our result gives a direct proof of the re-
lation between o and 7.

Corollary 12. Under the conditions of Theorem 11, if o is absolutely con-
tinuous, i.e., do(x) = w(x) dz and w is supported on the interval [, 7], then

A

|z —al

(55) do(z) = M, (x)dx —

w(T(x))dx

with
supp(da) C [“TH’—S, QTH)—T’} U{a} U [“TH’+T, CLTH’%—S} .

4 — Examples

As an application of Theorem 11, we can find examples of families of orthogo-
nal polynomials {@Q, }n>0 such that there exist mass points located at the interior
of the support of the absolutely continuous part of the corresponding measure.
This fact was observed by Geronimo and Van Assche [11, p. 580] by starting with
some families of Jacobi polynomials. We also refer that, in a very interesting
work [5], J. Charris, G. Salas and V. Silva studied another family of orthogonal
polynomials, { Ry, }n>0, for which this fact appears. Consider

n+2 n+1

Ro, = R R R =R — R
T Mign 2n+1+4( ) In—1, T In+1 2n+2+4(n+2) 2n
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(n > 0), with initial conditions R_; = 0 and Ry = 1. They found that {R,},>0
is orthogonal with respect to du:= %\/1—:132 dz + %50(1’) de, -1 <x<1. We
will find this sequence {R), }»>0 in our next example 1, for the particular choice
a=1/2, A= —1/8.

Example 1. Consider the sequence {U, },>0 of the Chebyshev polynomials
of second kind, Uy, (cosf):=sin(n+1)0/sinf (n>0), which is orthogonal (in the
positive definite sense) with respect to 27~ 'v/1—22dz, —1 < < 1. The monic
polynomials {ﬁn}nzg corresponding to {Up}n>0 are given by U, =2 Uy (x)
and satisfy the three—teim recurrence relation :Bﬁn = An+1 + iUn_l (n>1),
with initial conditions Uy = 1, Uy = z. Let {P,}n>0 be a MOPS defined by
P(z)=a" ﬁn(g), with @ > 0. Therefore, we easily check that {P,},>0 satisfies
the three-term recurrence relation (3), with 3, :=0, y,11:=0a2/4 (n=0,1,...).
Let A € R and {Qn }n>0 a sequence of monic polynomials such that

(56)  Q2(0):=A, Q2n+1(:n):::nPn(x2—a)Ea”xﬁn(ag?;a), n=0,1,2,....

Hence, we have T(z) =2?—a, a=b=0, ¢ = —a (with the notations of

Theorem 7). Using Un(1) = (n+1)/2" = (=1)" Un(—1) and Ut = U, we see
that Py(—a;A) = a"Un(—=1) = Aa" L Up_1(=1) = (—a/2)"[1 + n(1+2X/a)].
Then, by Theorem 7, {Qy, }n>0 is a MOPS with respect to a quasi-definite linear
functional if and only if

P
A#£0, 14+n(l+2X\a)#0, Qn(r)=« Un<T;>\,—a) ,

hold for all n = 0,1,2,.... In this case, the coefficients of the corresponding

three-term recurrence relation are explicitly given by

1+ (n+1) (1427 /a)
1+n(1+2\/a)

al+(n—1)(1+2)/a) . o«
2 1+n(l+2)\/a) & 2T

Bn = 07 ’?2n+1 =

for all n=0,1,....

In order to determine conditions for {@Qy }»>0 to be orthogonal in the positive-
definite sense, notice first that {P,},>0 is orthogonal with respect to do(x):=
w(z) dz, where w is the weight function

2
w(r):=—5Va2-2?, —a<zr<a.

yye;

The corresponding Stieltjes function is given by F(z;0) = —2a72(2z — V22 —a?2),
where the square root is such that |z + 22 — a?| > a whenever z € C\[—a, ]
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(cf. [26, p.176]). Thus, uy = [®,do(t) = 1, F(—o;0) = 2/a and (with the
notations of Theorem 11) A = —a/2, B = a/2, { = —n = —a. Consequently, by
Theorem 11, {Qp }n>0 satisfying (56) is an MOPS in the positive definite sense if

a ~ 2l —a
—§§)\<0, an(x):a"Un(?;)\,—a), n=0,1,2,....

In such conditions, according to Corollary 12, {@Qy, }»>0 is orthogonal with respect
to the distribution function

2 2
do(z) ::(1 + E) do(z) dz — —3 V2a—22dr, —V2a<z<V2a.

Notice that choosing A= —a/2, then dé(x) = (ra) 'v2a—22dz, —v2a <z <
V2, so that {Qn}n>0 is also defined by a linear transformation in the variable
of the Chebyshev polynomials: Q,(z) = (2a)"/2U, (x/+/2a). In this case, there
is no mass point at x = 0. However, if we choose A such that —a/2 < A\ < 0,
then there is always a mass point, located at x = 0, which is an interior point of
the support of the absolutely continuous part of the measure dé(z).

Example 2. We recover a result by Van Assche [25]. We omit the details
(see [1]). Consider the sequence of monic polynomials {Q,},>0 defined by a
three-term recurrence relation with recurrence coefficients

BQn::aa /BQTH-l::b? ;5/277,—}—1::97 ’?Qn—&-?::h (n:0717) )

where a,b € R and g,h > 0. Let T'(x) :=(z—a) (z—b) and \:= —g. Starting with
P,(z) = a" Un(%), a:=24/gh, B:=g+h, one can use Theorem 11 to derive
the representations

Qoni1(z) = (gh)"* (x—0) Un(2),  Qan(x) = (gh)"/ [Un(2) + /£ Un1(2)] |

where z:=[(z—a)(x—b) — g — h] (4gh)""/2, {Qn}n>0 being orthogonal with
respect to the distribution function

o min(g, h) (@) [, [(w—a) (@—b)—g—n]* "
do(x) := W\/Z( h> Sa() + |$E_a| {1 — Ioh } dz

(in fact, this is the expression of d&(z) given by (55) up to the factor \/g/h /7),
where x g denotes the characteristic function of the set

E:= [“TH’—S, GTH)—T] U [“TH’—H“, %HH—S] ,
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r and s being defined by
_p2\1/2 0N 1/2
ri=(Va VAP 1) s (Ve VAP )
In this example, notice that there is a mass point located at x =0 if g < h, and

there is no mass point if g > h. For a = b = 0, we recover a result by Chihara
[6, p.91].

Example 3. Now, let {P,},>0 be the sequence of the monic Laguerre
polynomials, P, = L%V) . They can be defined by a three-term recurrence relation
as (3), with 8,:=2n+ v +1 and vy1:=(n+1)(n+v+1) for n=0,1,...,
provided that v #—1, —2, ... (orthogonality conditions [19]). Consider A € R and
a sequence of monic polynomials {@Qy, }»>0 such that

(57) Q200):=X,  Qopi1(z):=2LP(2?), n=0,1,2,...

With the notations of Theorem 7, we have T(z) =22, a=b=c=0. Moreover,
using the explicit representation LY (z) = (=1)"n! S3_o(M7Y) (—z)*/k!, we can
deduce L (0) = (=1)" (v+1), and (L )V(0) = (=1)"nl Sp_, (57 (~1)F -
-(v+1)i/k!, where (a)o:=1, (a)n:=a(a+1)---(a+n—1) =T'(n+a)/I'(a) for
a#0,—1,—2, ... (I denotes the Gamma function). Hence, by Theorem 7, we find
that {Qn}n>0 is a MOPS with respect to a quasi-definite linear functional if and
only if

n

ntvy, gpnt (e 1 _ w2

hold for all n=0,1,2,....

In order to have orthogonality in the positive definite sense, we must impose
v > —1, and in this case {Lg/)}nzo is orthogonal with respect to do(z) : = w(x) dz,
where

x

w(z):=2"e ", 0<z<+4o00

(then £ = 0, n = +00). If v > 0, we have F(0;0) = [t Le7tdt = ['(v) =
F'v+1)/v = up/v and A = —uy/F(0;0) = —v, B = 4oo. Therefore, by
Theorem 11, {Qy, }n>0 satisfying (57) is an MOPS in the positive definite sense if

—v<A<0, Qoulz)=LW (%N 0), n=0,1,2,....

In such conditions, according to Corollary 12, {@Qy, }»>0 is orthogonal with respect
to the distribution function

A
dé(z):=T(v+1) (H——) So(z)dz — Xz ! e dr, —co<a<+oo.
v
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Choosing A =—v, then d&(z) = v |z|? e~ dz, with p:=v — %, hence {Qn}n>0
is the sequence of the generalized Hermite polynomials: @, = H,(L“ ), w> —%
(cf. [6, p.157]). However, if we choose A such that —v < A < 0, then there is

always a mass point, located at x = 0.

Remark 7. The quadratic transformations studied here give us new examples
of families of semiclassical orthogonal polynomials (for details about this class of
orthogonal polynomials, see, e.g., [19] and [14]). In fact, it can be proved that if
the starting MOPS { P, },,>0 is semiclassical, then {Q,, },,>0 as defined in problems
P1 or P2 is also semiclassical. In particular, related to problem P1, in [16] the
classification of all possible sequences {@Q }n>0 in case that { P, },,>0 be a classical
MOPS has been given.
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