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ON SIEVED ORTHOGONAL POLYNOMIALS X:
GENERAL BLOCKS OF RECURRENCE RELATIONS

JAIRO A. CHARRIS, MOURAD E. H. ISMAIL, AND SERGIO MONSALVE

Orthogonal polynomials defined by general blocks of recurrence
relations are examined. The connection with polynomial mappings is
established, and applications are given to sieved orthogonal polynomi-
als. This work extends earlier work on symmetric sieved polynomials
to the case when the polynomials are not necessarily symmetric.

1. Introduction. We study in this paper systems {p,(x)} of orthog-
onal polynomials defined by general blocks of recurrence relations of
the type

(1.1) (x = 5P (x) = Puies1 () + a0 P i1 (x)
(% = BIDies (%) = P jur (%) + @ P j_1 (%),

k—1 k-1
(% = B )P (e 1ye-1 (X) = Plaatyie (%) + @ VPua1yie-a(x) »
0<j<k-1, n>0, and satisfying initial conditions

(1.2) p-1(x) =0, po(x)=1.

We shall assume aﬁ,j) >0, j=0,1,...,k—1, n>0 and also that
k > 2. Observe that the p,’s do not depend on a(()o) , SO we make
the convenient choice a((,o) = 1. Clearly {p,(x)} is a system of monic
orthogonal polynomials.

The case of bﬁ,j) =0, n>0, 0<j<k-1, has been treated in
a previous paper [9] by Charris and Ismail, where they also assumed
that the determinants

-1 0 0 0 0
a? x -1 0 -~ 0 0

(1.3) Ap2, k-1)=| 0 -a® x -1 -~ 0 of,
0 0 0 0 a¥ v x

237
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are independent of n, thatis A,(2,k—1) = Ag(2,k-1), n > 0.
These two assumptions were motivated by the desire of the authors
of [9] to provide a unified approach to symmetric sieved orthogonal
polynomials.

Here we remove those two assumptions. Having done this, now
(1.1) covers, of course, all monic three-term recurrence relations defin-
ing orthogonal polynomials. However, the separation in blocks is again
naturally motivated by general sieved orthogonal polynomials and, as
we shall see, also arises naturally when considering systems of polyno-
mials obtained via polynomial mappings. In both cases A,(2, k — 1)
(with x changed to x — b,(,l) , X — bﬁlz) A b,(lk—l) in descending
order along the main diagonal) is independent of n. This is clearly
the case for sieved polynomials of the first kind where af,’ ) = 1/4,
b,(,l) = b,(,j) =0, n>0, 2<j< k-1, butitis not so clear for
polynomials obtained by means of polynomial mappings. In fact to
prove that the modified determinant A,(2, kK — 1) is independent of
n in the case of polynomials obtained via a polynomial mapping, we
needed to apply results where A,(2, k — 1) may depend on n. This
is done in §4.

This paper not only represents a further contribution to the under-
standing of general sieved orthogonal polynomials and systems deter-
mined by polynomial mappings, but it also covers more general sys-
tems which are not determined by polynomial mappings. As a matter
of fact, orthogonal polynomials defined through blocks of recurrence
relations, which are not necessarily sieved orthogonal polynomials and
do not originate—a priori—in conjunction with polynomial mappings,
have continued to appear in the literature, mainly in connection with
problems in physics and chemistry (see, for example, [6], [10], [20],
[21]).

The paper is organized as follows. Section 2 contains basic relation-
ships and preliminaries while §3 describes the link polynomials which
tie together the different blocks. Section 3 also exhibits the fundamen-
tal recurrence relationships satisfied by the link polynomials. These
fundamental recurrence relations will enable us to express the polyno-
mials under consideration in terms of the link polynomials. Section 4
studies the connection with polynomial mappings, and §5 deals with
sieved polynomials.

The evaluation of the Stieltjes transform of the orthogonality mea-
sures of the polynomials {p,(x)} and their associated families are
included in §3. Recall that if {p,(x)} is a system of monic polyno-
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mials which are orthogonal with respect to a unique measure u with
total mass 1, then the Stieltjes transform of u is

(1.4) X(x):/jm%, x€C—R,

and the literature on the moment problem (see [4], [11], [19]) ensures
that

xeC-R,

(1
p,_ 1( x)

(1.5) X(x) = lim =5,
where {p,(,l)(x)} is the system of associated polynomials of order 1 of
{pn(x)} (see §2 for the definition of {pf,l) (x)}). Hence, if {p,(x)} is
given a priori by a recurrence relation such as (1.1), and it is known
in advance that they are orthogonal with respect to a unique measure
4 with total mass 1, then u can be determined from X(x), as given
by (1.5), via the Perron-Stieltjes inversion formula ([7], [5], [14]),

+o00

(1.6) fdu=811r51+51n— "X (x = ig) — X(x + i)} f(x) dx

which holds for any bounded and continuous numerical function f
on R provided that the support of du is contained in a half line.
The existence of a unique measure u as above can be guaranteed
from properties of the coefficients a(’ ) in (1.1). This is the case, for
example, if there is a constant M > 0 such that

(1.7) 0<aP <M, 0<j<k-1,n>0.

In what follows, we will assume that conditions such as (1.7) are given
which guarantee the uniqueness of x. This is expressed by saying that
the Hamburger moment problem for {p,(x)} is determined.
The notation
1, n=0,

(1.8) (a)":{a(a+1)(a+2)"'(a+”"1)’ nzl,

for shifted factorials will be used throughout. If a #0, -1, -2, ...,
then the shifted factorial is

I'la+n
(19) (@n = g5,

where I' stands for the Gamma Function ([18]). The series

(1.10) 2F1(a’cb,x> Z(“ nOhnon iy <1,

(C)nn!
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is the hypergeometric series. We recall the binomial formula ([18])

(L11) (1—x)’“=2F1(a’11'x), x| <1,
and the Euler integral representation ([18])
1
(1.12) / th=1(1 = 1)~b=1(1 — xt)~% dt
0
_I(O)I'(c-b) a, b
= ———1:(—6)——2171 P X,

which holds for |x| < 1, when Re(c) > Re(b) > 0. Since the right-
hand side of (1.12) is meaningful as long as b > 0 and ¢ and c-b
are not integers < 0, we can define

(1.13) foﬂm —xt)" (1 -t~ Bdt

_ T+ )I(-=B+1) A4, c+1 )
T T T(-B+c+2) '\ -B+c+2

whenever ¢ > —1, |x| < 1 and B is not an integer > 1. The integral
in (1.13) is called a Hadamard integral and will be used in §5. Details
about the theory of Hadamard singular integrals can be found in [4],
[8], [17].

2. Basic results. The results in this section and the next section
follow closely those of §§2, 3 in [9], so our treatment will be rather
sketchy.

The system of equations (1.1) can be written in matrix form as

[ Dnk+1 1 [ (.X - bﬁlO))pnk ]
Pnk+2 aﬁ,l)p,,k
(2.1) ) B 0 ,
Dnk+k—1 0
L Pnk—1 J B Dnk+k i

where A is the k x k matrix
2.2)

S
C)
]

1 0 0 0 0 0 0 af
x-b 1 0 0 - 0 0 0 0
-a? x-pP -1 0 .. 0 0 0 0
A4=1 0 - x-p® -1 ... o0 0 0 0
0 0 0 0 - —a*? x_pk? -1 0
0 0 0 0o .- 0 —a% x—p¥Y o |
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We will also write

0, j<i—-2,
(2.3) AP, )= 1, j=i-2,
x-b{™V, j=i-1,
and
(2.4)
x=b{Y -1 0 0 0 0
—a? x-p -1 0 0 0
0 alth x _pith g 0 0
An(i’ J) = :
0 0 0 0 - -a? x-by

forn>0and j>i>1.
We now solve (2.1) for p,i.; in terms of p,; and ppiir by
Cramer’s rule and obtain the recursion

(2.5) An(2, k ~ DDpirj = An(2, j = DDuisk
+aVa? - aP A+ 2, k= Dpy
n>0,j=1,..., k- 1.

Furthermore,

(2.6) @V An(2, k — Dpyi_y

= [(x = BN A2, k= 1) = aVAn(3, k = )Py — Prksic
n>0.

In particular (we assume p_;j(x) =0, j=1,2,...),
(2.7) Pelx) = (x—=b)Ao(2, k~ 1)—a§“Ao<3, k—1) =Ag(1, k—1).

For i =1,2,...,k -1, the associated polynomials of order i,
{P(')(x)} , of {pn(x)} are defined recursively by

(2‘8) (X - bS’J))pflllz-Hj plell i+j+1 + aglj)pr(zllz i+j-1’
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PV x) =0, pPx)=1.

Writing (2.8) in matrix form and solving for p

(7)
Dinityk—i

(2.9) An(2, k= 1)pS_;;=An(2, = DD, 1y
+all - a¥PA G +2, k—1)pY

nkl’

(@)
nk—i+j

and p,(l +_; gives, exactly as in [9], the following results

in terms of

and
(2.10) aPAu(2, k- 1)p%)_._,
= =P e +Lx = B)AN(2, k= 1)
- aﬁ,l)An(3, k — 1)]p’(12_i forn > 1.
Let Zn(i + 1, k — 1) be the matrix whose determinant is (2.4) with

j=k=1 (so that Det(Ay(i + 1,k — 1)) = Ay(i + 1,k —1)). Then
the relationship

- pél) - - O -
(2.11) A(i+1,k-1) : = : ,
pl%i—z <0'>
1 4
LDy 14 LPil;d

the initial condition p(()i)(x) =1 and Cramer’s rule give

(2.12) PV =Mo(i+1,j+i-1), j=0,1,....k-i
In particular we find
(2.13) M (x) = Ag(2, k- 1).

The associated polynomials of higher order {p ”‘“)(x)}, [ >0,
i=0,1,2, , k — 1, are defined by

pU) ypth+) (lk+i) () (lk+i)
(2.14) (x - n+l)pnk—i+j(x) Pyp— z+j+l(x)+an+lpnk—i+j——l(x)’

p(111c+z)( x):=0, p(()lk+l)( x)i=1, j=0,1,..., k-1
Thus,
(2.15) An+l(2 k— 1) (lk+i)

Dy I+j

lk
:wazj—lm&gﬂ,
aV

(Tk+1i)
Ayl aftilA"H( +2, k=1, "7,
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j=0,1,...,k-1,n>1,and
(2.16)  al A2, k- Dt
= D ens + [ =B )AL (2, k= 1)
—ay) 83, k= DI,
n>1. Also,
(2.17) Py =Ai+1,j+i-1), 0<j<k-i
3. The link polynomials. Denote with {P,gl)(x)} the system of poly-
nomials defined for / > 0 by
3.1 [(x =b0)AL(2, k= DA o(2, k= 1)
— a1 A3, k= DAy1(2, k= 1)
~ a0 Aii(2, k= DA (2, k= 2)1P (x)
= Apyi-1(2, k= DPY) (%)

+ aﬁz(?laﬁzl-gl—l ' leill)lAnH(z’ k- I)Pr(ll—)l(x)’ nz0,
and the initial conditions
(3.2) POx)=0, PPx) =1
We adopt the convention
(3.3) A_1(2,k-2):=0, A_(2,k-1):=1

In (2.5) replace n— 1 by n and take j =k — 1 to find
(3.4) Ap1(2, k= 1)Ppg—1 =ABn1(2, K = 2)Dpk
+a )0l g b, n2 L

This, together with (2.6) and (3.3), shows that if P,(x) = pni(x),
n >0, then {P,(x)} satisfies (3.1) and (3.2) with / = 0. Hence,
(3.5) Py(x)=PP(x), n>0.

The polynomials {P,(x)} are called the link polynomials of the
blocks (1.1) defining {p,(x)}.
Let

3.6) WP (x), P (x))
PPy, P (x)

=A2,k-1)
PY (x), P

n>0,
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be the Casorati determinants of {P,sl) (x)}. Then
WP (x), PV () = A2, k- 1)
and
3.7) wE ), D)
n
k—
=Anpi1 2, k=D [ aap)yafnl, n2 1

j=1

Since W(P,El)(x), P,El:’ll)(x)) is not identically zero, {P,El)(x)} and

{P,Elfll)(x)} are linearly independent solutions of (3.1).
Let {Qn(x)} be a system of polynomials satisfying (3.1) for n > 1.
Then

(3.8) On(x) = APV () + BP*D(x),  n>0,
where
(3.9) Ag=Qo(x), B=Qi(x)—Qo(x)PP(x).

This follows from {P,(,l ) (x)}, {P,Elfll)(x)} being a basis of solutions of
(3.1).

For example, it is readily seen that {p,(zl,f) (x)} satisfies the recurrence
relation (3.1) for n > 1, and a calculation based on (3.8) and (3.9)
gives
Ay 1(2, k=2) pas)
Ay (2, k-1) "t

which holds for /, n > 0. Observe that p,;(x) =ps,)c)(x) = P,go)(x) =
Py(x). On the other hand, if i =1,2,...,k—1 and Qu(x) =
p((,l,’iﬁ;,)(_ /(x), then {Qn(x)} satisfies (3.1), with /+ 1 in the place of
[, for n > 1. A calculation based on (2.15), (2.16), (2.17) and (3.9)

then gives

(x),

(3.10) p"(x) = P(x) + a2, k - 1)

© Ap1(2, k=1)
A2, k= 1)

(k+1) _(tk+i)  (k+1) _(lk+i) 1 p(+2)
X [Py g "Pr—i — Py Pr_i1)Pnq

for n > 0, and it is easily verified that
lk+1 Ik+i Ik+1) (lk+i Ik+1)_(lk+i
3.12) wElS, o) =03V - b Vp
_ al(z)._'al(k—l)pl(l_kzﬂ)

= al(i) . '-afk_l)Al(2, i—2).

(3.11) pUE ) =Ai+1, k- DR (x) +a
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Thus we have established the explicit representation
(3.13) PU ) = A+ 1, k= 1P (x)
+a%a? .- a* N, i-2)

A2, k=1) 442
XA k=T D1 %)

which holds for n >0, />0, i=1,2,...,k—1. When i=1 we
have

[4
(3.14) Poin () =82, k=P D(x),  n>0,
and when A,(2, k — 1) is independent of n,
(3.15) piP(x) = PO(x) + a8, (2, k- 2)P D (x),
I 1
(3.16) P (x) =42, k= DP{D(x),
(3.17) P () =AM+ 1, k= DR (x)
+a®a? a2, i -2 PP (x),
n>0,i=2,3,...,k-1.
Let
P(1+1)
(3.18) PO (x) = -L,l—(x—) , xeC-R.
n—»oo P( )( )

The Stieltjes transform of the measure of orthogonality of {p(lk+’)(x)}
is
(lk+l+1)(x)
(3.19) X; (x) = lim t5———
i, =00 p’(llk-i-l)(x)
/>0,i=0,1,2,...,k~-1. From (3.10), (3.13), and (3.3), we
obtain the following formulae

(3.20) Xo,0(x) =Ao(2, k — 1)PO(x), i,1=0,

y xeC-R,

(3.21) Xo i(x)
_ A_i(2, k= DA, k = DPO(x)
T A2, k= 1) +a0AQ2, k- 1A (2, k-2)PO(x)’
[>0,
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and

(3.22) X; (%) = Nt 1so0,i=1,2,... k-1,
Dz,l

where

N =ANQ, k-DAG+2,k-1)

+a gt g TIALL 2, k- A2, i~ )PP ()

and
D =MN2,k-1DANGE+1,k-1)
+a%a" - a* VAL 2, k- 1)A2, i~ 2)PHD(x),
for /[ >0,i=1,2,...,k—1. When A,(2, k — 1) is independent
of n, the above relationships simplify to

(3.23) Xo,0(x) = Ao(2, k — 1)PO(x),

A2, k-1 PO(x)

O , [>0,i=0,
1+a, A1_1(2, k—2)PD(x)

(324) Xoi(x) =

and
(3.25) X; (x)
_NG+2, k=) +aa™ ) g TN Q, i - )P ()
MG+ 1, k=1)+aQal - aF DA 2, i - 2)PUHD(x)
[>0,i=1,2,...,k—1.

REMARK 3.1. When A,(2, kK — 1) is independent of n, (3.1) be-
comes
(3.26) [(x = b0y Anst(2, k= 1) = @) 0003, k= 1)
=) Ans1-1(2, k = 2)1PY (x)

it k=1) p(l
=P )l(x)+an-21a£z-21 1 51+l )1P )1(x) nz1l,

and (3.2) continues to hold.

4. Connection with polynomial mappings. Let {g,(x)} be a system
of polynomials such that go(x) = 1 and for every n, g,(x) has
degree n and positive leading coefficient. In addition, assume that the
polynomial set {g,(x)} is orthonormal with respect to a probability
measure u whose support is contained in [-s, 5], 0 <s < +00. Let
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T(x) be a polynomial of degree k > 2 with simple zeros such that
T(x) > s whenever T'(x) = 0. We say that 7T(x) is a polynomial
mapping for {g,(x)}. Choose W(x) =k~1T"(x), and let {p,(x)} be
the system of monic orthogonal polynomials obtained from {g,(x)}
via the polynomial mapping 7'(x) (with W (x) as above) in the sense
of Geronimo and Van Assche [12]. Assume {p,(x)} is given by (1.1)
and (1.2). It follows from (2.3) of [12] that

(4'1) pnk —C V Qn n ZO’

where c is the leading coefficient of 7'(x) and

()nl
(4.2) = Ha“’) ~aY, om0

More explicitly, let 7(x) and W(x) be as above, and assume that
a system of polynomials {Q,(x)} is given by

(4.3) (x = Cp)Qn(x) = AnQni1(x) + BnQu_1(x), n>0,
~1(x) =0, Qo(x)=1.

Let {g,(x)} be the corresponding system of orthonormal polynomials;
i.e.,
On(x)
X) = ==, n>0,
() VAn

where

An= | QAx)du(x).
If T(x) =cf"(x) with f’(x) monic, then
44)  (T(x) - ' Ca)pm(x)

= Dukk(X) + ¢ 2 A1 Bpp(rye(x),  n2>1,

po(x)=1,  pp(x)=T(x)-c1Cp,
so that
(4.5) Pu(X) = ¢ "y An_10n(T(x)),  n>0.

We also say that {p,(x)} is obtained from {Q,(x)} via the polyno-
mial mapping 7(x). Our next result gives a sufficient condition for
A,(2, k—1) to be independent of n.
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THEOREM 4.1. Let {p,(x)}, as in (1.1) and (1.2), be obtained
from {Qn(x)}, given by (4.3), via the polynomial mapping T(x).
Then A,(2, k — 1) must be independent of n.

Proof. Let T(x) = ¢T(x) and T(x) monic. Then (4.4) and (4.5)
hold, and from (3.1) with 1 =0 and (3.5) we obtain
[(x = BY)An(2, k= 1)A,_1(2, k — 1)
—aPA(3, k= DA (2, k—1)
—aOA,(2, k= 1)A,_1(2, k= 2)
—Ap_1(2, k = 1)(T(x) = ¢ Ca)IPmk
=[An(2, k= Daal), - af)

—An—1(2, k= 1)e™2Ay_1BplP(n—1)k » n>1.

Since the left-hand side is either 0 or a polynomial of degree at least
nk , whereas the right-hand side has degree nk — 1 at the most, both
sides must vanish. Thus,

A2, k—1)=Ap1(2, k—1)=Ag(2, k1),

aPalV ---aﬁlk_—ll) =c"24,_B,, n>1.

REMARK 4.1. The preceding results also imply

(4.6) T(x)=(x—b)A(2, k- 1) —aMAy(3, k—1) —c~'Cp,

(47) Cp=Co+c(aAn_1(2, k —2)

+aV8n(3, k=1) - aVB(3, k= 1)),  n>1,
and
(4.8) o) +a) =af’,  nx1.

REMARK 4.2. We shall see in §5 that the condition on A,(2, k—1)
being independent of » is not sufficient for {p,(x)} to be obtained by
means of a polynomial mapping. Assume, however, that (1.7) holds
and that

(4.9) An(x) = a8, 1(2, k=2)+aDAn(3, k—1)-agAo(3, k- 1)

is independent of x (which implies that (4.8) holds). Let 0 < s < +00
be such that the inverse image of [—-M , M] under Ay(l,k —1) is
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contained in [—s, 5], and choose ¢ such that cAy(l,k—1) > M at
all points where Ay(1, k—1)=0. Let

(4.10) T(x)=cAy(l, k—1).
Since Ag(1, k — 1) = pr(x), Ap(1, k — 1) must have real and simple
zeros. Let {Q,(x)} be defined by

(4.11)  (x — Cp)On(x) = Oppr +aaM, - a* V0, 1(x),
n>1,

Qo(x)=1, Qi(x)=x
where Cyp =0, C, =cA,(x), n>1. Then
(4.12) Pk (x) = ¢7"Qn(T(x)), n>0,

and T'(x) is a polynomial mapping for {Q,(x)}. Hence {p,(x)} can
be obtained via a polynomial mapping.

5. Sieved orthogonal polynomials. Let {p,(x)} be given by

(5.1) (% = b )P (%) = Pk jo1(¥) + @0y j 1 (%), m 21,
p-1(x)=0, po(x) =1,

with
(52) B’ =0, 1<j<k-1; a},f)=%, 2<j<k-1;

n > 0.
Then {p,(,i)(x)}, i=0,1,2,..., is called a system of sieved orthog-

onal polynomials. When k > 2, {p,(x)} is called a system of sieved
orthogonal polynomials of the first kind, and {pﬁ,l)(x)} a system of
the second kind. Curiously, because of historical reasons (see [2])
{p,(,l)(x)} is not the system of sieved polynomials of the second kind
of the system {p,(x)}. Instead, the system of sieved polynomials of
the second kind of {p,(x)} is the system of polynomials {q,(,l)(x)}
with {g,(x)} determined by

(5.3) (= B9 s (%) = dns g1 (X) + 8P ns j1 (%) 5
n>0, 0<j<k-1,
where

5.4) a0 =g, a0 =a®, &Y=

n »

n>0,

2

|-

~

BY =0y, b=0, 1<j<k-1,n>0
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When k = 2, the above definition is applicable provided that we
choose a( ) =1 /4 instead of a ~(0 = a((,l) n (5.4).

If {pn (x)} is a system of 51eved polynomials of the first kind, then
A2, k-1)=Up_1(x), Au(2,k=2)=A,(3, k—1) = Ur_»(x), and
their monic link polynomials {P,(x)} satisfy
(5.5 [(x = b)) Op1(x) = (@ + ) Uy ()1 Pa(x)

= n+l(-x)+42 -k $10) 5,1_)1Pn—1(x)’ n>1,

Pox)=1,  Pi(x) = (x = b )Tx1(x) — 3 Up_a(x),
where {Un(x)} (see [18]) is the system of rEonic Chebyshev poly-
nomials of the second kind: U_;(x) = 0, Up(x) = 1; xUy(x) =
Ups1 + 3Un—1(x), n > 0. This follows from (3.26). Relation (5.5)
can also be written in the form
(5.6)  2'7K[Ti(x) - by Up_y (x) + (1 2(ay” + ay")1Pa(x)

= P (x) + 47 %aa) P (x),  n21,

Pyx)=1,

Py(x) = 2" H[ T3 (x) = B Up_1 (%) + (1 = 205" ) Ug_(x)],
where U,(x) = 2" f],,(x) = sin(n + 1)8/sinf, if x = cos@, and
To(x) = 1, Tu(x) = 4((Un(x) — Up—2(x)), n > 0, are Chebyshev
polynomials of the second and first kinds, respectively. It follows that
if
(5.7) a)=1; b =0, a9 +al) =1, n>o0,
in which case {p,(x)} is called a system of sieved random walk poly-
nomials of the first kind (see [7], [9]), then

1 A
(5.8) Pk (X) = Pp(x) = 27(;{__])Qn(Tk(x))

where {Qn (x)} is the system of orthogonal polynomials determined
by
(5.9)  x0a(x) = Qn+1(x) +4aa),0, 1(x), n20,

0_1(x) =0, Qo(x)=1.
In other words, {Qn (x)} is the system of monic polynomials of the
system {Q,(x)} given by

(5.10) XQn(x) = AnQns1(X) + BnQp_1(x),
Q-1(x) =0, Qo(x)=
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with 4, = 24", B, =24, n > 1, 4y =1, By = 0. Relation
(5.8), which can also be written

(5.11) Pui(x) = 22210, (T (v)),

means that {p,(x)} is obtained from {Q,(x)} (or {O.(x)}) via the
polynomial mapping 7(x) = Ty(x). Since A, +B, =1, n > 0,
{Qn(x)} is a system of random walk polynomials ([7], [9]). The con-
verse is a consequence of the following theorem.

THEOREM 5.1. Let {p,(x)} be a system of sieved polynomials of
the first kind, and assume that {p,(x)} is obtained from the system of
orthogonal polynomials {Q,(x)},

(5.12) (x = Cu)Qn(X) = AnQn+1(X) + BnQn-1(x), 120,
~1(x) =0, Qi(x):=1,
by means of the polynomial mapping T(x). If k > 2, then
5.13) bV =5, a0 +al) =4, n>o0,
and Qn(x) = Ry(x — Cy), where {R,(x)} is a system of symmetric

polynomials.

Proof. Assume {p,(x)} is obtained from (5.12) by means of the
polynomial mapping 7(x) = cT(x), with T(x) a monic polynomial
of degree k. It follows at once that

(5.14)  pp(x)=c""Ag- - Ap_10n(T (X)), n>1;py(x)=1,
so that
(5.15) (T(x) = ™ Ca)pic(x)
= Duk+k(X) + ¢ 2Ap_1 BuP(n—1)i (%), n>1,
po(x):=1, p(x)=T(x)—c"'Co.
Thus,
(5.16) T(x)—c'Co = T(x) = bV Up—y (x) + 111 = 2a{"10s_s(x)
and
(5.17)  T(x) = c7'Cp = Ti(x) + 311 = (@ + @)1 Tpe_(x)
- bf,o)(?k_l(x), n>1.
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Therefore,
(5.18) ¢ N(Cp— Co) =[ay’ — (@ + ai)]Tj_(x)
+ (B0 —bNTp_y(x), n>1,
so that
(5.19) B =80, a2 +al) =al), C,=C,, n>0.

Hence (5.18) holds, and if R,(x) = Qn(x+Cy), n >0, then {R,(x)}
is a system of symmetric orthogonal polynomials and Q,(x) =
Rn (.X' - CO) . a

COROLLARY 5.1. Assume the polynomial mapping of Theorem 5.1
is T(x) = cTi(x), ¢ >2%1, and that {p,(x)} is obtained from the
system {Qn(x)} by means of the mapping T(x). If k > 2, then
{pn(x)} is a system of sieved random walk polynomials of the first
kind. If, in addition, ¢ = 2%-1, then Q,(x) is a system of random
walk polynomials.

Proof. From (5.15),
Te(x) — c1Co = Ti(x) = b U1 () + 3(1 = 2a{") Ty (x).
It follows that Cp = b(o) 0 and a(l) = }. Also, from (5.17),
Te(x) = 7' Co = Tie(x) = b Uy (%) + 311 — 2(a? + @3],

so that b,, =(C, =0 and a(o) + aﬁ,l) % n > 1. On the other hand,
if ¢ =2k-1,

(5200 Ti(x)Qn(Tk(x)) = AnQns1(Ti(x))
+ BnQn—1(Tr(x)), n>1.
Also,
(5.21)  Ti(x)Qy(Ti(x)) = 285" Q1 (Tic(x))
+2a00, (Te(x)), n>1,
with

n(k-2)
(5:22) QYT = 15 CTil) = “ay iy — =Pk,
*0 1

n>1,
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as follows from (5.10) and (5.11). Hence, from (5.20) and (5.22),
Qn(x) = @.(x), and then 4, = 24", B, = 2a{Y, n > 1. Thus,
Ap+ B, =1, n > 1, and, since Ay = Za(()l) = 1, it follows that
{@n(x)} is as random walk polynomial system.

Theorem 5.1 and Corollary 5.1 generalize results in [9] from the
case of symmetric polynomials to general polynomials which are not
necessarily symmetric.

REMARK 5.1. The system {p,(x)} of sieved Pollaczek polynomials
of the first kind (see [8]) has the recurrence coefficients

©) _ n 1y _ _ n+24 0_1
CB)a” = * “amrash) % " @
2S]Sk—1, nZO,
o__b  o_ <j<k- >
b, P by; 0, 1<j<k-1, n>0.

It follows from Theorem 5.1 that if £ > 2 and a # 0, it cannot be
obtained from any system of orthogonal polynomials via a polynomial
mapping. On the other hand, if a = b =0, then {p,(x)} is a system
of sieved random walk polynomials, namely, the sieved ultraspherical
polynomials of the first kind of Al-Salam, Allaway and Askey [2], and

(620 pul) = G OTi®), 120,
where

(5:25) X0(¥) = 5t Ount () + 5o l)Q,, (), 21,

Qo(x) =1, Qi(x)=
This follows from (5.11). It is readily seen that

(5.26) Qn(x) = (21) S Cn(x, 4), n=>0,

where (see [18])
(5.27) 2(n+A)Cp(x,A) =(n+ 1)Cpir(x, A)
+(n+22-1)Cyh_1(x, 4), n>0,
C_1(x,4)=0, Cox,4)=1
is the system of ultraspherical polynomials. Thus,

(5.28) Ppi(x) = Cn(Ti(x), 4),  n20.

2nk ( l)
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We also observe that if under the remaining assumptions of the
sieved ultraspherical polynomials of the first kind, i.e.,

) _ n a _ n+ 24

= = — >
(5.29) a mEh’ a CETIk n>1,
af,j)=%, pO 5 = p) — 0,
2<j<k-1, n>0,

we change aO from 1/2 to a/2, a # 1, then, if kK > 2, {pr(x)}
cannot be obtained from any system of orthogonal polynom1als by
means of polynomial mappings (because a,(1 ) 4+ a =1/2 #£ a/2 =
a(()l)) . However, it easily follows that

(3:30)  Puic(x) = S [Cn(Tk(x) , 4)

+2A(1 = @)Uy 2 (x)CV (Ti(x), A)

+ 21(1 - a)C)Sz_)l(Tk(X), ’1)]5
n>0,

2nk(i)

or equivalently,

(3:31)  puk(x) = 5 [aCu(Ti(x), 4)

2nk(/1)
+24(1 — @)xUp_1 (X)CN  (Ti (%), )],
n>1,

where {C,(,i)(x , 4)} denotes the system of ith-associated polynomi-
als of {Cy(x, A)}. Note that if k = 2, (5.30) shows that {p,;(x)}
originates via a polynomial mapping.

REMARK 5.2. Let {p,r(x)} be given by (5.1) and (5.2), and as-
sume that {p,,(x)} is obtained from the system (5.12) by means of
a polynomial mapping 7'(x). It follows from the proof of Theorem
3.1 that if k > 2 then b(0 b(() ), n>0,ie., b,(,o) is independent
of n. The general (non-symmetric) sieved Pollaczek polynomials do
not satisfy this condition (as b # 0). Hence, they cannot be obtained
via polynomial mappings, even if kK = 2. However, the symmetric
sieved Pollaczek polynomials (b = 0 in (5.23)) can be obtained via a
polynomial mapping when k = 2. In fact,

(532)  pal) = g BT). n20,
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where P,(x) = P,(x,A,a,a), n> 0, is the system of the Pollaczek
polynomials

(5.33) 2[(n+ A+ a)x + alPy(x)
=+ DP(x)+(n+24-1)P4(x), n20,

p-1(x)=0, Py(x)=1.
Thus, Theorem 5.1 cannot be extended to the case k=2.

REMARK 5.3. It is usually assumed that aO = 1/2 for sieved poly-
nomials of the first kind (perhaps for historical reasons, because this
was indeed the case for the sieved ultra-spherical and random walk
polynomials in [2], [7]). Here we drop this assumption, and some
interesting results will come about. For example, the sieved ultra-
sphencal polynomials of the first kind in [2] (i.e., aﬁl 7 given by (5.29)
with aO = 1/2 and A > 0) are orthogonal with respect to an abso-
lutely continuous measure whose support is [—1, 1]. However, if a(()l)
is changed to a/2 where a = 2/1(k2+1f)+1 ,and 4 > 3/2, the absolutely
continuous part of the orthogonality measure of the resulting polyno-
mials {p,,(x)} still has [—1, 1] as its support, but now the measure
carries masses at the end points +1 when k is even. To see this,

observe that, from (5.31),

k(1) = 2,1,% [aCa(1, ) +24(1 =)k, (1, D], n21.
But
24 1 22

as follows from (5.27). Hence
n! 2k —a(Ak — 1)+ 1) 24)n  24k(1 — )
PrX) = Zr 271 w 2A-1 ] ’
n>1,

. _ 2}k
and, if a= m 5 then
_n 2Ak(a — 1)
Let u denote the orthogonality measure of {p,(x)}. The measure u

is compactly supported and its absolutely continuous part has support
[-1, 1]. Furthermore,

+00
/ Pn(X)pm(X) du(x) = Andmn » m,n>0,

— 00

R n>1.
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where
. _ o (24), - n!
o=l = 3@ GG a)
a (2041 - 0!

/q-nk+j = qnk+j (,1)%“ ,

It follows that

P () n(A+k) [wc(l ~ Q)
n Qe | 22-1

and, since o # 1, that

pa(l)  [22k(1-)]* TQ2) 2
}'kn 24 -1 (63

2
] , n>1,

s n>1.
Since A > 3/2, Y7, pﬁk(l)/lk,, converges. Moreover, it follows
from (2.5) that

Up—1(X) Pty (%) = 27T U;_1 ()P 11 (%)

i 24 .
+2—Jnn-:_,1Uk—j—1(x)’ IS]Sk—l

Thus
kp,,k+j(1) iy [ n+1 .p(n+1)k(1)+(k_j) /1 + 24 ppr(1)
Vinsj ntitl Ak n+Ad S

from which we deduce (using the inequality (a + b)? < 2(a? + b?))
that

+00, j=1,2,..., k-1.
k=0 )-nk+j

Hence 3°%°,p2(1)/An < 400, and from [4, p. 13], we conclude that
i has a mass at x = 1 and, thus, also at x = —1. We observe
that if k£ > 2, this conclusion cannot be obtained from the theory of
polynomial mappings as presented in [12].

REMARK 5.4. Under the circumstances above it can be shown that

(5.34) p({-1}) = p({1}) = %

when k =2 (see [10]).
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We finally give an example of how our procedure can be advan-
tageous over other treatments of sieved orthogonal polynomials. To
this purpose we shall consider an example of sieved orthogonal poly-
nomials recently dealt with by Al-Salam and Ismail [1]: the sieved
associated Pollaczek polynomials. Contrary to ours, their treatment
is historical, and the polynomials are obtained from the associated
g-Pollaczek polynomials (see [3]) by the same limit process as in [8],
[13]. Then, the limit process is used to establish generating functions
for the polynomials, a very delicate matter, and the asymptotic be-
havior and the Stieltjes transform of the orthogonality measure are
determined via Darboux’s method ([15], Chap. VIII). We follow a
more direct approach.

We recall that the system of associated Pollaczek polynomials
{Rn(x)} is determined (see [16]) by the recurrence relations

(5.35) 2[(A+n+a+c)x +bIR,(x)
=n+c+ DRy (x)+(n+c+24-1)R,_1(x),
n>0, R_j(x)=0, Ry(x)=1.

The notation R,(x) = P,(x;A,a,b,c) is also used. We observe
that if P,(x;A,a,b) = Py(x;A,a,b,0) and c=1,2,..., then
{Pn(x;A,a,b,c)} is the system of cth-associated polynomials of
{Pn(x;A,a,b)}. The latter system is simply called the system of
Pollaczek polynomials.

If A>0 and a,c >0, {R,(x)} is a system of orthogonal polyno-
mials (other cases of orthogonality are possible). Let

(5.36) R(x, 1) =) Rp(x)t"*.
n=0
By showing from the recurrence relation (5.35) that
OR(x,t) 2((a+A)x—At+b) !
(5.37) at 12— 2xt+1 Rx, 1) = 12— 2xt+ 1
and
(5.38) R(x,0)=1, c=0; R(x,0)=0, ¢>0,

it follows that
(5.39) R(x, 1) =c(l -1 —ar)?
t
x/ w=1(1 = Bu)y=A=1(1 — o) du,
0

c>0,
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and

(5.40) R(x, t)=(1- 041 —at)B, c=0,

where

(5.41) a=a(x)=x+vVx2-1, B=B(x)=x—-Vx2-1

and

(5.42) A= —,1+2“x+b Be_j_2%Xt0h
-B’ a—p

From (5.39) and (5.40), and observing that R (x) is R,(x) with

¢+ 1 instead of c, it can be deduced (via Darboux’s method, for

example) that the Stieltjes transform of the orthogonality measure u

of {Rn(x)}:

R(l) +00
(543)  R(x) = lim J2=1™Y) =/ aut) - ec-r,
R—00 n(x) —00 —Xx

is

(3.44)  Rx)=4 / M= Py 41— P du,  c=0
0
and
(5.45) R(x) = ct+1 foju“’(l B2u)~A-1(1 — u)~B-1dy
c f—luc 1 1—[}2 ) —A— 1(1_u) _B— ldu
c>0.

We observe that the integrals in (5.44) and (5.45) are Hadamard in-
tegrals. As as matter of fact
1]
(5.46) / u(1 — zu)™ 11 —w)~B-1du
0

T+ DO(=B) . (A+1, c+]1
TTEBrce+ DEY —B+ce+1

2).
lz| <1, ¢> -1,

and the integral makes sense as long as B is not an integer > 0 (and
not only when Re(B) < 0). This was discussed in §1.

The branch vx2 —1 of the square root of x2 — 1 in (5.41) is so
chosen that vVxZ2—1~Xx as x — co.
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Relation (5.44) can be obtained from (5.45) by taking

(5.47) [ et (1 - éu)—A_l(l Cw By = 1

«a

when ¢ =0.
We begin by considering the system {g,(x)} determined by

(5.48) (=B dnrrj(X) = duiesji1 )+ dnprj_i(x),  n20,
0<j<k—-1,¢1(x)=0, go(x)=1L.

We assume k > 2 and

©_ n+2i+c (1) n+c

4 = = >

(3.49) " ay 4n+i+a+c)’ an dn+i+a+c)’ nz0
o___ b U) <j<k- >

(550) by = e, b =0,1<j<k-1, n20

and

(5.51) aS,”:%, n>0, 2<j<k-1.

Thus, the system p,(x) = ¢i’(x), n > 0, will be the system of
sieved associated Pollaczek polynomials of the second kind. Clearly
{p,(,r) (x)}, their system of associated polynomials of order r, is the sys-
tem of monic polynomials of the orthogonal polynomials {Qﬁ,’l” ) (x)}
in[1], for 0<r<k.

Let {P,(x)} denote the link polynomials of {g,(x)}. Then {pﬁ,') (x)}
can be represented in terms of the polynomials {P,El)(x )} and {P,gz)(x)}
via (3.15)~(3.17). Now, {P\V(x)} satisfies

b
n+il+a+c+

(5.52) — | To(x) +

(1)
Y ivatcerl Uk‘Z(x)] Pa™(x)

4l-k n+2i+c+1 n+c p

: X
n+i+a+c+1 n+i+a+c n-1(%)
n>1

1
= Pflﬁl(x) +
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and the initial conditions
(5.53) PM(x)=1,

PG = 2 b
(x) = Ty (x) + Ll s lUk~1(X
c

+ ,1+a+c+1Uk‘1

)
()|

If

~ 2%k (A+a+c+1
(5.54)  Ra(x)= (<c+1>,, pO(x),  m30,
then

(5.55) 2[(n+A+a+c+ DT(x) + bUp_1(x) + aUp_(x)}Rn(x)
=(n+c+ DRy (X)+(n+24+c+ 1D)R,_1(x),
n>0,

and
(5.56) Ro(x) =1,
~ 2
Ri(x) = —c——ﬁ[(l +a+c+ DT(x)+ bU_1(x) + cUr_»(x)].
As in the case of the Pollaczek polynomials, it can be shown that
(5.57) D Ra(x)t"* =c(1 — pFr)41(1 - oF )8!
n=0
t
/ w1 = pru)=1(1 - o*u) "B du
0
where a = a(x), f = B(x) and
2T (x) + bU;_1(x) + aUi_»(x)

(5.58)  A=-i+2 B
ax+b
=—2+28 02
-B’
aTk(x) + bUi_((x) + aUp_»(x)
B=-1-2 B — o
ax+b
=-1-2 oy X

We note that of(x) = a(Ti(x)), B¥(x) = B(Ty(x)). From (5.57)
it can be deduced (via Darboux’s method, for example, in the same
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manner as it is done for the polynomials {R,(x)}), that

N R (x)
(5.59) R(x)—’}Lrgom
et e Jy 1 — B4 - w) du

¢ fol_l uc=1(1 — p2ky)~4(1 — y)-B du.

On the other hand,

@ — (c+2)n R
(5.60) P = ki razcr o, o )
Therefore,
P
(5.61) PU(x)= lim —ig-‘@
"= Py(x)
_gkdFatctDpy yec-Rr

c+1

Now, it follows from (3.25) that the continued fraction X,(x) of
PV (x)}, ie., of {g"*V(x)}, and thus of {Q%"(x)}, is, for 0 <
r<k-1,

262U, (%) + a1 Uy (x) PV(x)

251 Up_py (%) + @ Up_1 (x) PO(x)
=24/B

(5.62) X, (x)=2

where
1]
A= cUk_,_z(x)/ w1 - pZ*u)y~4(1 —u)~Bdu
0
+(2h+c+ 1)U,(x)/3k/ l—Iuca — B%*u)=4(1 — u)~B du
0

and

1]
B= cUk_,_l(x)/O w1 (1 — B2u)~A(1 — u)® du

+2A+c+ l)U,_l(x)Bk/ ﬂuc(l — B%u)=4(1 —u) "B du.
0
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which, after using the identities
(5.63) 24 +c+ 1)/O et — puy=4(1 — )~ du
= (-4) l—luc(l — BHu)y (1 —w)y "B du
+(-B) / — B¥u)=A(1 — )P du
=c/0—| =11 = p2*u)=4(1 —u)~B du

(1- ﬂZk)/O 1 uc(l _ ﬂZku)_A—l(l _ u)—B du

and

altl — ﬂj+1
(5.64) Uj(x) = Ta-f
becomes
(5.65) X/ (x)=2BC/E
where

C = c/ 1—Iuc‘l(l — B**u)=A(1 — u) "B du
0

+ AﬂZk 2r+2)/ ﬂ2ku)—A—1(1 _ u)—B du

and

E= c/ 1—|uc“1(1 — By A(1 —uw) B du
0

+Aﬂ2k 2r)/ C(l BZku) —A- 1( _u)—Bdu

which is (3.5) of [1]. Observe that when ¢ = r = 0, we obtain (using
(5.47)) that

(5.66) Xo(x) =2 |B+ (B — a)ﬂZkA/O l_l(l = B*u)y 411 —u)Bdu

which is (3.39) of [8].
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As for the case r = k—1, we need to calculate the continued fraction
of {p(k 1)(x)}, or the same, of {q,(,k)(x)}. According to (3.24), this
is

21* Uy ()P (x)
1+ 22k U, _,(x)PD(x)

A calculation as above readily gives

(5.67) Xi—1(x) =

(5.68)
Ko () = 2EEEEEE l)f"ﬂ“cg — Bu)A(1 - u)B du
where

D= c/ 1_Iuc"l(l — B¥Fuw) 41 —u)"Bdu
0

+ AB%*(1 — a?2) / 1—]ucu — p%u)y=A-1(1 —u)~B du.
0

The above procedure can also be applied to the k-sieved associated
Pollaczek polynomials of the first kind P\**”(x) = P*(x;a, b, ¢),
k>2,n>0,r=20,1,2,...,k—1. These are given by the
recurrence relation

(5.69) 2xPH"(x) = P40 (x) + P& (x), kln+r,  n>0,

2[(m+a+c+A)x+ b]P (x)

= (m+c+24)P% '>,+1 (x) +mP&D _ (x), n+r=mk,

m>0,
and the initial conditions
(5.70) PE(xy=0, PH(x)=1.

For simplicity we will assume that b is a real number and A >
0, a, c > 0, but other cases of orthogonality can be similarly han-
dled.

It is readily verified that the system of monic polynomials of
{p(l " (x)} 1is the associated system {p )(x)} of order r of the or-
thogonal polynomial set {p,(x)} given by the blocks

(5.71) (X = 5Pk 1(X) = Prics 1 (%) + 87 Pricsj1 (%)
for n>0, j=0,1,2,...,k—1, and the initial conditions
(5.72) p-1(x)=0, po(x)=1,
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where

-b j .
(573) b,(lo)=m+c—+z, b,(:,j)=0, ]:1,2,...,k—1,

(0) n+c (1) n+c+22

ay’ = a,’ =

" T 4n+a+c+A)’ dn+a+c+4)
1

a¥) = j=2,3,....,k=1,n>0.

=7
The link polynomials of {p,(x)} satisfy
(5.74)

21—k [Tk(x) + 4 b

nrAtavcoe2)t mUk—M] Fa(x)

-2k n+c n+c+24-1
n+i+a+c—-1 n+it+a+c

Pn—l(x) H

n>0,

= Ppi1(x) +

and the initial conditions
(575) P_I(X) = 0, Po()C) =1.
If we let

2% (A +a+c)n
(c+ 1),

then Q_;(x) =0, Qp(x)=1 and

(3.77) 2[(n+A+a+c)Ti(x) + aUg_z(x) + bU_1 (x)1Qn(x)
=(n+c+D)0nn(x)+(n+c+24-1)0r1(x),

(5.76) On(x) = Py(x), n>0,

n>0.
Also
2"k(A4+a+c
578 0P = TEELEDpOG, o,
and, as before, we obtain
o (x)
5.79) lim =2
( ) n—oo Qn(x)

_ c+1 k foﬂuc(l _ ﬂZku)—A~l(1 - u)~B-1 du
¢ fol—luc‘l(l — B2ky)=A-1(1 — y)~B-14y




BLOCK ORTHOGONAL POLYNOMIALS 265

for x e C—-R, where a = a(x), f = B(x) are given by (5.41) and
A = A(x), B = B(x) by (5.42) or (5.58). Observe that o(T;(x)) =
ok (x), B(Ti(x)) = B¥(x). Thus,

PAG) _iGtate) . 0 (¥)

(0) — T n-—-1 —
(5.80)  PO(x) = lim () c+1  noc0 Qnlx)

and therefore, if x € C — R, then

(5.81)
foﬂ u(:(l _ ,BZku)_A_l(l _ u)—B—l du

2"'1 +a+c
Jo ﬂuc—x(l — B2ky)—4-1(1 — y)~B-14y

PO(x) = Bt

where as before

1
c/—luc‘l(l—ﬂZku)‘A‘l(l—u)’B*lduz 1, c¢=0.
0

k}»+a+c+l f—luc+1(1 ﬁzku) T 1(1 )—-B ldu
c+1 f—]uf(l——ﬂzku) A-1(] — y)-B-1 4y

From (5.81) and (5.82) and from relations (4.23) and (3.25), we ob-
tain for the continued fraction X,(x) of {P{* ”)(x)} the following
evaluation

(5:83) Xo¥) = gy Vet (0)PO(x)

=2}.+a+cﬁk

c

.oery CA-1(1 _ =B
Ui ()-S50 I Gk L
fo uc~1(1 _ﬂZku)—A~1(1 -—u)“B‘ldu

which reduces to

(5.84) Xo(x) = 2(A+a)B*Up_1(x) /O - g1t 11



266 JAIRO A. CHARRIS, MOURAD E. H. ISMAIL, AND SERGIO MONSALVE

when ¢ =0, and

2520, _,_1 (%) + a0 U,y (x) PO (x)
2k-2U_(x) + @V Up_(x) P (x)

A+ B
C+D

(585)  Xi(x)=2

=2

where

A=Ug_,1(x) /1 (1 - B*u)y=4=1(1 - uy=2-'du,
0
€=U x) [ e (1 pu) A (1 - ) du,
0
1
B=Upi(0p* [ wt(1- g%l (1- 0B du,
0

1
D= U—z(x)ﬂk/ w1 = g2*u)y~ =1 (1 — u)~2~ du
0
forc>0and r=1,2,...,k-1.
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